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General Introduction

Inflammation represents an immune response of body triggered by multiple harmful stimuli such as
infection, physical agents, radical oxygen species (ROS), metabolic stress (hypoxia). Excessive
production of inflammatory mediators could be detrimental, contributing to the development of
inflammatory diseases. Acute inflammation has been considered a defence of innate immune response
induced by infection or injury. Apart from pathogens or injury, chronic inflammation can accompany
various diseases such as cancer. Steroidal and nonsteroidal anti-inflammatory compounds are widely
used in the treatment of inflammatory disorders to balance inflammatory and immune responses.
However, their common side effects such as gastric irritation, ulceration, bleeding, renal failure, and
hepatic failure cannot be ignored and the solution is to reduce medical dosage and improve therapeutic
effect.

Nanobiotechnology has attracted considerable attention in drug delivery and various nanoparticles
even exhibited unique thermal, magnetic, and optical properties. These nanocarriers could efficiently
deliver imaging probes, therapeutic agents, or biological materials to reach target structures, which
may provide opportunities in clinical treatment. Their key advantages include delivery of poorly water
soluble molecular agents, protection of encapsulated agents, targeting specific organs/tissues or a
cellular and subcellular specificity, controlled release of drugs, multimodal diagnostic and/or
therapeutic functions. Nanoparticle-mediated drug delivery systems such as polymeric nanocarriers,
lipid-based nanocarriers, and silica based nanocarriers have been used in inflammatory diseases such
as rheumatoid arthritis and colitis therapies. Notably, noble metal nanoparticles such as gold
nanoparticles, silver nanoparticles themselves possess anti-inflammatory properties, acting as

antioxidants or inflammatory inhibitors.

Apart from aforementioned principal drug carriers, Metal-Organic Frameworks (MOFs) as a class of
porous crystalline organometallic coordination polymer have witnessed their burst development in
drug delivery, especially in the past 10 years, mainly due to their tunable composition, structure, pore
size, and volume, easy functionalization, flexible network and/or accessible metal sites. Nontoxic
MOFs consisting of endogenous cations (Ca?*, Fe?***, and Zn?*) and bioactive molecules as linkers
are highly desired in biological applications. Among all the metals used in MOFs, iron is the least toxic
and iron-based MOFs (Fe-MOFs) such as MIL-101 and MIL-100 have shown high drug loading and
excellent biocompatibility. They are biodegradable and can be eliminated from body and more
importantly, stimuli responsive drug release is observed in tumor microenvironment. Although cancer
therapy is still the hotspot, more recently, MOFs have emerged as nanocarriers for anti-inflammatory

drug delivery.
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General Introduction

Theranostics combines therapeutic property and diagnostic imaging to treat disease with high
therapeutic effects through a precise and personalized approach together with minimal side effects. As
is mentioned, MOFs as porous materials are advantageous in drug delivery but their imaging properties
are usually unsatisfactory. In parallel, as ideal imaging contrast agents of fluorescence imaging (FLI),
magnetic resonance imaging (MRI) or computed tomography (CT), inorganic metal or metal oxide
nanoparticles show low drug loading capacity. Thus, hierarchical multifunctional MOFs consisting of
MOFs and inorganic nanoparticles are of great interest to improve physical and chemical properties
and realize synergistic effects.

Guided by the concept “green synthesis”, more and more MOFs can be synthesized in mild conditions
such as nontoxic solvents and room temperature. This is of interest not only to meet the requirements
of sustainable chemistry but also to develop novel hierarchical structure. For example, zeolitic
imidazolate framework-8 (ZIF-8), which could be built from low-toxicity Zn?* and 2-methylimidazole
(2-MIM) in water or ethanol, has emerged as a potent platform in biomedical fields. Based on the facile
synthesis method, various heterostructures consisting of ZIF-8 and guest nanoparticles have been
fabricated. Similar with ZIF-8, our group has also developed a green room temperature synthesis
protocol of MIL-100(Fe), and thus hierarchical NPs@MIL-100(Fe) MOFs are expected to construct

by the same method.

In this thesis, we will first design and synthesize series of theranostic NPs@MIL-100(Fe) via an in situ
room temperature synthesis strategy. Based on Maghnemite@MIL-100(Fe), we will study their drug
loading capacity and release property of chemodrugs or anti-inflammatory drugs, biodegradation and
anti-inflammatory or anti-cancer properties. Moreover, as a MRI imaging contrast agent, their
magnetic properties will be tested. Also, we will focus on another hierarchical MOF atomically precise
gold nanoclusters@MIL-100(Fe). Similarly, anti-inflammatory drug delivery will be studied. Gold
nanoclusters could be anti-inflammatory agent and imaging contrast agent, synergistic anti-
inflammation will be thus of interest. Apart from MIL-100(Fe), different MOFs such as ZIF-8 and
Ui0O-66 will be chosen as candidates to encapsulate Au NCs for more potential bioapplications.

11
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summary
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General Introduction

This thesis aims at inflammatory disease or cancer therapy through the construction of hierarchical
theranostic inorganic particles or complexes associated with metal-organic frameworks (MOFs).
These porous solids have attracted recently considerable attention in drug delivery and they are being
further developed for theranostics for the purpose of personalized medicine in recent years. In terms
of the construction of theranostic MOFs, one of the main strategies is to encapsulate inorganic
nanoparticles into MOFs directly. However, the majority of works rely on complicated synthesis in
harsh toxic conditions, which are major obstacles for practical applications particularly in biomedicine.
To overcome this challenge, we have synthesized series of theranostic NPs@MOFs via an in situ room
temperature synthesis strategy. Choosing MIL-100(Fe), a mesoporous poorly toxic iron carboxylate
MOF, as a representative example, we have obtained for the first time maghemite@MIL-100(Fe) and
gold nanoclusters@MIL-100(Fe) through this facile synthesis method. These composites
nanoparticles exhibited a high drug loading capacity, stimuli-responsive drug release and excellent
anti-inflammatory effects. Also, they showed great promises for imaging such as magnetic resonance
imaging (MRI) and near infrared Il window (NIR I1) fluorescence imaging. Similarly, apart from MIL-
100(Fe), Au NCs coated with cysteine with potentially improved optical features could also be
encapsulated into zinc based MOF (ZIF-8) and zirconium based MOFs (UiO-66); their properties have

not been fully investigated due to time limitations.
In detail, this thesis is divided into five chapters, as summarized below:

1. Introduction of nanoparticles for anti-inflammation and functional MOFs as theranostics

2. Hierarchical superparamagnetic MOFs nanovectors as theranostic anti-inflammatory
nanomedicine

3. Atomically precise gold nanoclusters - MIL-100(Fe) for dexamethasone delivery and
inflammatory disease synergistic therapy

4. Novel hybrid Au NCs@MOFs

5. General discussion and perspectives

Chapter 1 is divided in two parts, namely “nanoparticles for anti-inflammation” and “functional
MOFs as Theranostics”. In the first part, the current research status of nanoparticles for anti-
inflammation is summarized not only as drug delivery systems of anti-inflammatory drugs but also as
anti-inflammatory agents themselves. As typical drug carriers, polymer based nanoparticles and lipid
based nanoparticles have been widely used for anti-inflammatory drug delivery and even promising
for clinical transfer. Meanwhile, mesoporous silica nanoparticles as porous materials were also shown

to deliver on a controlled manner anti-inflammatory drugs. Other inorganic nanoparticles such as gold,

13



General Introduction

silver, zinc or cerium oxide nanoparticles possess intrinsic anti-inflammatory properties by
downregulating pro-inflammatory cytokines express, inhibiting the activation of inflammatory
pathway or decreasing the reactive oxygen species (ROS) production by enzyme-mimetic activities.
Apart from aforementioned nanocarriers, biomimetic nanoparticles by camouflaging nanoparticles
with cell membrane were able to reduce the immune system capture and elimination, facilitating
targeting delivery, which is a novel direction. Especially, MOFs have showed great promises as drug
delivery systems due to their huge porosity and large chemical and structural diversity in the past 15
years and those well-known biocompatible MOFs were exemplified accordingly. More recently, they
have also emerged as drug delivery systems of anti-inflammatory drugs to treat inflammatory disease,
although still at their infancy. Theranostics is a concept of combing therapy and diagnosis, and in the
second part, “functional MOFs as theranostics” is summarized as a book chapter published in 2020
(Metal-Organic Frameworks for biomedical applications, Elsevier, 2020, 397-423). Considering the
blooming development in the field in the past two to three years, we have updated it with newly
published literatures. In brief, we mainly discussed the development of nanoscale MOFs for cancer
and other diseases theranostics in the past decade, and series of theranostic MOFs such as magnetic
nanoMOFs, nanoMOFs embedding noble metal nanoparticles, nanoMOFs coated with polymers,
fluorescent nanoMOFs, phototherapeutic or nuclear medical imaging nanoMOFs along other stimuli-
responsive nanoMOFs. Notably, hierarchical MOFs pave a new avenue to design advanced

multimodal imaging and synergistic therapy systems.

In Chapter 2, a hierarchically porous nano-object (denoted as USPIO@MIL) combining a benchmark
nanoMOF (MIL-100(Fe) nanoparticles) and ultra-small particles of superparamagnetic iron oxide
(USPIO or maghemite) was synthesized through an in situ room temperature synthesis strategy.
Briefly, to obtain USPIO@MIL heterostructures, preformed USPIO NPs were mixed with precursors
of MIL-100(Fe) directly in water under stirring at room temperature. The protocol is facile, cost-
effective, environmentally friendly and also scalable. The synergistic coupling of the physico-chemical
and functional properties of USPIO and MIL-100(Fe) nanoparticles confer to these nano-objects
valuable features such as high colloidal stability, biodegradability, low toxicity, high drug loading
capacity as well as stimuli-responsive drug release and superparamagnetic properties. Notably, in
addition to common fluorescence labeling techniques, as far we know, it was the first time to visualize
the whole cellular internalization and degradation process of hierarchical USPIO@MIL NPs by Bio-
TEM. After more than one week’s monitoring, their biodegradability was substantially confirmed.
This bimodal USPIO@MIL nanocarrier possessed a large drug loading capacity of anti-tumoral or

anti-inflammatory drugs (doxorubicin or methotrexate), and surprisingly, the loading of doxorubicin

14



General Introduction

was found to be four times higher in comparison with previous reported MIL-100(Fe), maybe due to
structural defects. Drug loaded USPIO@MIL exhibited stimuli responsive release, leading to high
anti-inflammatory and anti-tumoral activities. In addition, USPIO@MIL nano-objects presented
excellent relaxometric properties and their applicability as efficient contrast agent for magnetic
resonance imaging was demonstrated. This chapter highlights the high potential of maghemite@MOF
composite integrating the functions of imaging and therapy as theranostic anti-inflammatory

formulation. Currently, this work has been submitted as a publication.

In Chapter 3, following the same strategy, Au NCs@MIL NPs were synthesized by encapsulating
atomically precise glutathione protected gold nanoclusters (Au2sSGig NCs) into MIL-100(Fe).
Dexamethasone phosphate (DexP) is a glucocorticoid anti-inflammatory drug, whose dimensions
match the ones of the mesopores of MIL-100(Fe) while one expects the coordination of the phosphate
groups of DexP onto the Lewis acid sites from MIL-100(Fe). As expected, the resulting DexP loaded
hierarchical AuNCs@MIL NPs (Au NCs@MIL/Dex) showed a high drug loading capacity and stimuli
responsive release of DexP, similar to MTX loaded USPIO@MIL in Chapter 2. Moreover, co-
polymer hyaluronic acid-polydopamine (HA-PDA) could be used to coat the nanoMOF and slow down
DexP release from Au NCs@MIL/Dex NPs in neutral physiological environment. Apart from DexP,
gold nanoclusters could also act as anti-inflammatory therapeutic agent while exhibiting a potential in
medical imaging. In terms of in vitro anti-inflammation, the drug loaded nanocarrier specifically
inhibited inflammatory cells growth, scavenged intracellular reactive oxygen species (ROS) and
downregulated pro-inflammatory cytokines secretion. As for an in depth study, they could block
related inflammatory pathways such as the nuclear factor kappa B (NF-«B) pathway and the interferon
regulatory factor (IRF) pathway efficiently. Altogether, the co-delivery of chemodrug and metallic
nanoclusters by MOFs may provide a new approach for inflammatory disease therapy and diagnosis.

This work is under preparation for publication.

Chapter 4 is dedicated to developing novel hybrid Au NCs@MOFs with enhanced optical properties.
The NIR-I1 window fluorescence imaging property of AuzsSGig NCs was quenched in the presence of
MIL-100(Fe). In this Chapter 4, cysteine (Cys) protected Auzs NCs (AuzsCysis NCs) and different
MOFs have been used in order to limit/remove this fluorescence quenching. Using the approach
described in Chapter 3, a variety of Au NCs@MOFs nanoobjects were synthesized and characterized:
AuxsCysig NCs as well as different MOFs (MIL-100(Fe), ZIF-8(Zn), UiO-66(Zr)) were used.
However, due to lack of time this was not possible to complete the set of advanced characterizations.
Their possible application in bio-imaging, drug delivery, antimicrobial treatment or even in catalysis

are finally discussed as perspectives.
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In the last chapter, a general conclusion is proposed and meanwhile, perspectives such as in vivo anti-
inflammation, anti-bacteria by combined chemodynamic and photodynamic therapy, NIR 11 window

fluorescence imaging and catalysis are discussed. Subsequently, serval main co-authored works were

also attached in the annexes.
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Chapter 1 Introduction

This chapter contains two parts, namely “nanoparticles for
anti-inflammation” and “functional MOFs as Theranostics”.

The latter one is adapted to the following book chapter:

Chapter 18 - Functional MOFs as Theranostics

Metal-Organic Frameworks for biomedical applications, (Ed: M.
Mozafari), Elsevier, 2020, 397-423.

Heng Zhao et al.
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1.1 Nanoparticles for anti-inflammation

Since two decades ago, nanoparticles have been widely used for drug delivery. Figure 1.1.1 has been
obtained by extracting data from Web of Science after crossing the terms “nanoparticles” and “drug
delivery”. Obviously, this is still a very hot research topic with a publication of >10000 articles per
year now and the growing tendency remains, revealing the strong interest of the scientific community
for the discovery of nanoparticles for drug delivery. In terms of possible biomedical applications, it is
dependent on not only the drug model but also the nanocarrier. Due to the unique thermal, fluorescent,
and magnetic properties under external or internal stimulus, nanocarriers or nanoparticles (if not drug
delivery) themselves could also be nanodrugs and imaging contrast agents, which are promising for
diagnosis and therapy of cancer and other diseases.

12000 -

10000 - Wl

8000 -

6000 - —

Number of articles

4000 -

"Ll

Figure 1.1.1 Number of publications of nanoparticles for drug delivery in the period 2002-2021. Data from
Web of Science after crossing the terms “nanoparticles” and “drug delivery”.

As well established, cancer therapy has been a hotspot for decades and numerous nanocarriers or
nanoformulations have been reported (Figure 1.1.2) and the trend keeps increasing. Compared with
nanoparticles for cancer therapy, the use of nanoparticles for anti-inflammation is still at its infancy
(Figure 1.1.3) with however a dramatical increase trend. Inflammation underlies a wide variety of
physiological and pathological processes in all vertebrates, which is an immune response triggered by
exogenous or endogenous noxious stimulus such as infection, tissue injury and malfunction of tissue.’
The mechanism of inflammation is exceedingly complex, especially those non-infectious
inflammation processes. Regardless of the puzzling cause and mechanism, inflammation presumably

evolved in restoring homeostasis.! If the abnormal conditions are transient, an acute inflammatory

19



Chapter 1 Introduction

response may return the immune system to the basal homeostatic set points, whereas if they are

sustained, chronic inflammation occurs.!
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Figure 1.1.2 Number of publications of nanoparticles for cancer therapy in the period 2002-2021. Data from
Web of Science after crossing the terms “nanoparticles” and “cancer therapy”.
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Figure 1.1.3 Number of publications of nanoparticles for anti-inflammatory in the period 2002-2021. Data
from Web of Science after crossing the terms “nanoparticles” and “anti-inflammatory”.

Chronic inflammatory diseases also increase the risk of developing many types of cancer.?™

Inflammatory responses play decisive roles at different stages of tumor development, including
initiation, promotion, malignant conversion, invasion, and metastasis. In Figure 1.1.4, tumors that
produce little cytokines result in constrained tumor growth. In contrast, an abundance of pro-
inflammatory cytokines can lead to a level of inflammation that potentiates angiogenesis, thus favoring
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neoplastic growth. In response to an altered balance of cytokines, high levels of monocytes and
neutrophil infiltration can be associated with cytotoxicity, angiostasis and tumor regression. Therefore,
anti-inflammatory therapy combined chemotherapy approach is one of the most popular therapeutic
strategies to treat cancer. Notably, diverse cancer chemotherapy drugs are also commonly used to treat

symptoms of inflammation.®

Ty1 cytokines Ty2 cytokines
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Figure 1.1.4 Cytokine and chemokine balances regulate neoplastic outcome. The balance of cytokines in any
given tumor is critical for regulating the type and extent of inflammatory infiltrate that forms.

As for inflammatory disease, one can use rheumatoid arthritis (RA) as a representative example. It is
considered as a chronic disease that cannot be cured and its aetiology is unknown, and therefore, no
causal treatment is available.® RA is mainly characterized by inflammatory synovial hyperplasia and
erosion of cartilage and bone and the mechanism of RA pathogenesis is related with macrophages,
cytokines and inflammatory signaling pathways. As a type of innate immune cells, macrophages are
with high plasticity and they can be polarized into two types, M1 macrophages and M2 macrophages,
by various stimulating factors. M1 macrophages are known to secrete a variety of pro-inflammatory
cytokines such as interleukin-1p (IL-1pB), IL-6, tumor necrosis factor-o (TNF-a), etc. Also, M1

macrophages upregulate the expression of various proteins such as inducible nitric oxide synthase
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(iNOS). M2 macrophages mainly exert anti-inflammatory effects by secreting pro-inflammatory
cytokines such as IL-10. As an early sign of RA, macrophages influx in the synovial tissue and
activated M1 macrophages secret a large number of pro-inflammatory cytokines and chemokines,
triggering RA. Thus, it is important to regulate the dynamic balance of M1/M2 macrophages for RA

inflammation regression and tissue repair.

The occurrence of RA is a complicated process, which is controlled by multiple signal pathways, so
that blocking a certain signal pathway may be inefficient for RA therapy. The related signaling
pathways include nuclear factor kappa-B (NF-kB) signaling pathway, Mitogen-activated protein
kinase (MAPK) signaling pathway, Toll-like receptors (TLRs) signaling pathway, etc. NF-xB
signaling pathway is one of the most important transcription factors. The activation of NF-«xB signaling
pathway can induce the production of TNF-o and IL-1B, and in turn, the upregulation of pro-
inflammatory cytokines positively regulates the activation of NF-kB, resulting in amplified
inflammatory response.’ The use of NF-xB inhibitors is expected to block the effect. MAPK is a serine-
threonine kinase that mediates intracellular signaling to transduce extracellular stimulus signals into
the nucleus, regulating a variety of cellular activities such as cell proliferation, differentiation, survival,
death, and transformation.2 TLRs are expressed in innate immune cells such as dendritic cells (DCs)
and macrophages as well as non-immune cells such as fibroblast cells and epithelial cells. The TLR
family comprises 10 members (TLR1-TLR10) in human and 12 (TLR1-TLR9, TLR11-TLR13) in
mouse.® TLRs play crucial roles in the innate immune system, primarily known for recognizing
pathogen-associated molecular patterns. TLRs often recruit specific adaptor molecules such as
myeloid differentiation protein 88 (MyD88) and TIR domain containing adapter inducing IFN-
(TRIF) to transmit biological signals, leading to activation of the transcription factors NF-kB and
interferon regulatory factors (IRFs).°

As one of TLRs, TLR4 locates on the cell surface and it was first identified as the receptor for
lipopolysaccharide (LPS), a component of outer membrane of Gram-negative bacteria. TLR4 mediated
signaling pathways are the key players regulating the inflammatory response, and TLR4-mediated NF-
kB hyper inflammatory signaling pathway is illustrated in Figure 1.1.5.1° Briefly, LPS recognition by
TLR4 leads to recruitment of TRIF/TRAM and TIRAP/MyD88 receptor complex. The signaling
contains MyD88-dependent and MyD88-independent pathways and ultimately free NF-«kB is released
for nuclear translocation and pro-inflammatory cytokines production. Based on the intersection of
multiple inflammatory signal pathways, designing one drug delivery system to inhibit these targets is

a promising treatment for RA or other inflammatory disorders.
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Figure 1.1.5 Overview of TLR4-mediated NF-kB hyper inflammatory signaling pathway.

The current anti-inflammatory treatments could alleviate symptoms, such as joint pain and swelling,
and prevent disease progression and generally, three major classes of drugs are used in the clinic:
glucocorticoids (GCs), non-steroidal anti-inflammatory drugs (NSAIDs) and disease-modifying
antirheumatic drugs (DMARDs).!! Corticosteroids are a class of steroid hormones involved in a wide
range of physiological processes, including stress response, immune response and regulation of
inflammation.>'® According to the action time, glucocorticoids can be divided into three types: short-
acting (hydrocortisone and cortisone), intermediate-acting (prednisone, prednisolone, and
methylprednisolone), and long-acting glucocorticoids (dexamethasone and betamethasone).
Corticosteroids are commonly prescribed in combination with other anti-inflammatory drugs, such as
NSAIDs and DMARDs. NSAIDs act through the inhibition of cyclooxygenase (COX) enzymes at
sites of inflammation, achieving symptomatic relief in arthritis patients.'* The prescribed NSAIDs are

ibuprofen, flurbiprofen, diclofenac, celecoxib, indomethacin, meloxicam, piroxicam and naproxen.

23



Chapter 1 Introduction

DMARDs are first-line disease-modifying agents with potent efficacy in diminishing joint and
cartilage damage, halting disease progression, and improving the mobility and overall function of
inflamed joints.'® Representative drugs include methotrexate (MTX), sulfasalazine (SSZ), leflunomide
(LEF), iguratimod (IGU). Other inflammatory diseases such as inflammatory bowel disease (IBD),
acute lung injury (ALI) and hepatitis will be also mentioned in this introduction. The general strategy
to treat inflammatory diseases by nanoparticles is to construct nanocarriers of anti-inflammatory drugs
or therapeutic nanoparticles with enzyme-mimic antioxidative properties to deplete excess reactive

oxygen species (ROS).

This chapter will introduce different conventional nanoparticles or nanocarriers such as polymers
based nanoparticles, lipid-based nanoparticles, inorganic nanoparticles and biomimetic nanoparticles
for anti-inflammatory drug delivery. Interestingly, metal-organic frameworks (MOFs) have emerged
as anti-inflammatory drug vectors in recent years, possessing great promises and this part will also

discuss biocompatible MOFs and the current progress in anti-inflammation specifically.

1.1.1 Polymer-based nanoparticles

Polymer-based nanoparticles have been widely developed for drug delivery, mainly anti-inflammatory
drugs here. Few typical polymers such as polysaccharides, polydopamine (PDA) and

poly(lactic/glycolic) acid (PLGA) have been selectively listed and discussed as below.
1.1.1.1 Polysaccharides

Polysaccharides have been widely used for drug delivery applications due to their natural highly
biodegradability, and interestingly they possess intrinsic anti-inflammatory properties. Herein three

widely used polymers hyaluronic acid, chitosan and cyclodextrins are discussed below.

Hyaluronic acid (HA) is a linear polyanionic polysaccharide composed of a repeating disaccharide unit
B-1,4-D-glucuronic acid-p-1,3-N-acetyl-D-glucosamine that is naturally present in hyaline cartilage,
synovial fluid, and vitreous humor of the eye. HA can bind to overexpressed receptors in cancer cells
such as cluster determinant 44 (CDA44) for targeted cancer therapy, and HA is biocompatible and can
be degraded by hyaluronidase (HAdase) to release drugs or molecules.’® For these reasons, HA
nanomedicines have been extensively studied in the drug delivery field to increase the colloidal
stability and biocompatibility of the material, improve the delivery of drugs through passive and active
targeting and even function as a gatekeeper to regulate the drug release.'® Under inflammatory stimuli
such as lipopolysaccharide (LPS), the CD44 expression of human synovial / peripheral monocytes /
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macrophages increases. Since HA can specifically bind to CD44 of activated macrophages, and MTX
was thus conjugated onto the HA backbone via the pH sensitive ester linkage, which is labile in the
acidic environments such as the inflamed synovial fluid and the intracellular compartments, including
endosomes. The cleavable HA-MTX conjugate was used for targeted therapy of rheumatoid arthritis,
which could be effectively taken up by the activated macrophage and selectively accumulated into the
inflammatory joint site of the collagen-induced arthritis (CIA) mice and it improved clinical outcomes
compared to free MTX and suppressed pro-inflammatory cytokines.” Although the synthesis of HA-
MTX conjugates is simple, it seems that they are not typical nanovectors and the premature MTX
release in neutral physiological conditions is another concern. Interestingly, apart from the targeting
ability of HA, HA backbone is cleavable in response to ROS. The conjugation of HA conferred up-
conversion nanoparticles (UCNPs) not only water solubility but also biocompatibility and ROS
recognizing properties. Thus, UCNPs were covalently conjugated with chromophore rhodamine B
(RhB) labeled hyaluronic acid (i.e., HAR-UCNP) for efficiently in vitro imaging reactive oxygen
species and in vivo diagnosing rheumatoid arthritis (Figure 1.1.6).18 In this process, RhB was an
energy acceptor and its broad absorbance matched well with the green emission of UCNPs, so that the
HA backbone cleavage triggered by ROS could inhibit the luminescent energy transfer (LRET) and
allow rational metric up-conversion luminescence (UCL) emission as the detection signal. As a
diagnosis system, HAR-UCNP showed potentials on ROS imaging, but it is not a drug delivery system
and maybe the possible photothermal effects of UCNPs could be further studied.

a ™. HA conjugation - RB labeling ™ »
L
— k — RS

% N
¥ T ¢
UCNP HA-UCNP HAR-UCNP
NIR NIR
s My A
e " 3
b » — » % 4* - e
< 26 - RET
» “ﬁ | » ROSActivation 5 S50 R *
L " = -gr =
R T, = Wb
LY -

¥ In'Vivo Imaging
Therapy Monitoring

,“’ v
\ y 2

2% thodamine B(RB) A~ RB labeled HA fragments

Figure 1.1.6 Schematic illustration of HAR-UCNP nanoprobes for ROS imaging and rheumatoid arthritis
diagnosing. (a) The conjugation of HA confers UCNPs not only water solubility but also biocompatibility and
ROS recognizing properties. The functional groups on HA backbone are available for conjugation of up-
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conversion luminescence acceptor chromophores. (b) The LRET process of HAR-UCNPs towards ROS for
rheumatoid arthritis diagnosing and therapy monitoring.

Chitosan is also a polycationic polysaccharide consisting of randomly distributed p-(1,4)-linked D-
glucosamine (deacetylated) and N-acetyl-D-glucosamine (acetylated) units, which naturally exists in
crustacean exoskeleton. Chitosan is also biocompatible and biodegradable (by lysozyme), which has
been extensively used for the fabrication of numerous polymeric NPs for drug delivery applications.*®-
2L In terms of anti-inflammation of ocular diseases, anti-inflammatory drugs such as prednisolone and
dexamethasone have been encapsulated into chitosan nanoparticles.??2 Chitosan nanoparticles have
also been investigated for the treatment of inflammatory bowel disease (IBD) with the loading of an
amino acid without a carboxyl group taurine (2-aminoethanesulfonic acid) by intracolonic instillation,
alleviating inflammation and oxidative stress.?* In the treatment of inflammatory lung disease, nasal
drug delivery method represents a promising strategy and chitosan nanoparticles loaded with
hesperidin were developed for nasal delivery of the anti-inflammatory nanocomposite to inflammatory
lungs.® Clodronate (CLO) as a first-generation bisphosphonate drug is a structural analogue of
pyrophosphate, and metabolized to a cytotoxic analogue of ATP, resulting in the induction of cell
apoptosis. In terms of potential arthritis treatment, an intra-articular delivery system has been
constructed by loading chitosan-clodronate nanoparticles in poloxamer gel.?® The drug loading of CLO
was high (31.0% %5.4 w/w), but if chitosan-clodronate nanoparticles were not loaded in poloxamer
gel, the release of CLO in 0.9% NaCl at 37 °C was more than 50% in 8 h, indicating that chitosan itself
is not a good sustained release carrier. Notably, different molecular weight of chitosans showed
different effects on their anti-inflammatory activities, and larger chitosans (300, 156 and 72 kDa) are
anti-inflammatory whereas smaller chitosans (7.1 and 3.3 kDa) are pro-inflammatory in the RAW
264.7 macrophage model.?’

Another major polysaccharide is cyclodextrin (CD), a series of natural amphiphilic cyclic
oligosaccharides composed of 6, 7, or 8 D(+)-glucose units linked by a-1,4-linkages, and named a-,
B-, or y-CD, respectively.?® In terms of the structure, cyclodextrin looks like a circular truncated
microporous hydrophobic cone and recently numerous nanocarriers based on cyclodextrins have been
developed.?®=° Among the class of glucocorticoids, dexamethasone is the most frequently used anti-
inflammatory and immunosuppressive drug used for treating rheumatoid arthritis (RA) but its poor
pharmacokinetics and severe associated side effects limited its application. Dhananjay Jadhav et al.
developed a cyclodextrin based nanoparticulate drug delivery system with an average particle size of

105 +£15 nm to deliver dexamethasone sodium phosphate (DexP) for the treatment of rheumatoid
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arthritis.®* The encapsulation efficiency of optimized DEX-NPs was 65.40 +4.63% but it suffered

from a burst release in the first 1 h, and 92% release at the end of 24 h.

Reactive oxygen species are side-products of mitochondrial oxidative metabolism and excessive ROS
production results in various inflammatory diseases such as rheumatoid arthritis and inflammatory
bowel disease. Superoxide dismutase (SOD) and catalase (CAT) are two antioxidant enzymes capable
of respectively scavenging superoxide and hydrogen peroxide. However, oral delivery of enzyme is
still a challenge for therapeutic applications due to its instability and easy degradation in the
gastrointestinal tract. Cyclodextrin can self-assemble into nanoparticles in aqueous solution and
achieve superior encapsulation of SOD and CAT by simply mixing with protein solution for effective

treatment of dextran sulfate sodium-induced colitis by oral administration.®?

Although these natural polysaccharides polymers show great promises in drug delivery and anti-
inflammation, the limitations such as batch-to-batch variability and broad molecular weight
distributions make them less reproducible and versatile. Moreover, concerning anti-inflammatory
drugs delivery, some of them are promising in terms of drug loading, but the burst release shall be

circumvented.
1.1.1.2 Polydopamine

Polydopamine (PDA) derived from self-polymerization of dopamine shows many unique chemical
properties, which has attracted much attention in nanomedicine.®® Owing to strong NIR absorption and
photothermal conversion capacity (similar with melanin), good biodegradability, biocompatibility and
negligible long-term toxicity, PDA-based materials present a great potential as excellent photothermal
therapy (PTT) agent.>* As a mussel-inspired material, PDA coating is one of the simplest and most
versatile approaches used for functionalizing most substrates, including most metal oxides and noble
metals as well as low energy surfaces such as polystyrene, poly(lactic-co-glycolic) acid (PLGA),

graphene and carbon nanotubes.®5-%

Photothermal therapy has its own limitations such as uneven distribution of hyperthermia and
penetration depth of near-infrared (NIR) radiation, resulting in incomplete eradication of lesion.
Fortunately, PDA nanoparticles or PDA-coated nanoparticles could also be carriers of anti-cancer

drugs such as Dox and glucocorticoid anti-inflammatory drug such as Dex.3"-%

Importantly, the phenol groups of PDA make this polymer an excellent free radical scavenging agent
to eliminate ROS both in vitro and in vivo.*® Interestingly, even degradable products of PDA or PDA

extracts could limit the release of pro-inflammatory cytokines by downregulating TLR-4/MYD88
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expression and NF-«xB signaling pathway, which may also be related with ROS scavenging.* Zhao et
al. developed bare PDA nanoparticles as an anti-inflammatory nano-drug for the treatment of acute
inflammation-induced injury including acute peritonitis and acute lung injury (ALI). PDA NPs
scavenged either H202- or LPS-induced cellular ROS and effectively suppressed the in vivo
inflammation process.*? Using a similar antioxidative therapy strategy, PDA NPs were also explored
for the treatment of oxidative-stress-induced periodontal disease (Figure 1.1.7).** Although these
promising results have been achieved, the bio-related mechanisms are not totally clear. Carmignani et
al. have investigated the effects of PDA NPs size on their antioxidant and photothermal properties
both in vitro and ex vivo. It was shown that nanoparticles with a larger diameter displayed higher NIR
absorbance and superior resistance to degradation, and those small size (< 200 nm) PDA NPs induced
both improved antioxidant properties and enhanced cellular uptake.** Although PDA is well known as
free radicals scavengers, the pro-oxidant effect of donating electrons to O» to generate ROS under the
irradiation of near-infrared light is also reported.*>*¢ PDA is redox-active and can both accept electrons
from reducing agents and donate electrons to various oxidants. The electron-donating ability of PDA
depends on its redox state and could be affected by the combination of metal ions or near-infrared

irradiation. The functions of PDA may vary in different conditions.
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Figure 1.1.7 Schematic illustration of the typical synthesis of PDA NPs and their usages as efficient ROS
scavengers in periodontal disease.

1.1.1.3 Poly(lactic/glycolic) acid

Among the range of biodegradable polymers, PLGA has been approved by the food and drug
administration (FDA) for use in humans, and is being widely considered as a carrier for drugs or
macromolecules. Non-steroidal anti-inflammatory drugs (NSAIDs) such as diclofenac sodium,
diclofenac and naproxen, steroidal anti-inflammatory drugs such as prednisolone and dexamethasone,

inhibitors such as rapamycin and carvedilol have been loaded into PLGA NPs to form pharmaceutical
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formulation.*”>? In terms of arthritis therapy, etoricoxib is a cyclooxygenase-2 (COX-2) selective
NSAID with a lower risk of gastrointestinal toxicity, which was loaded into PLGA-PEG-PLGA
nanoparticles to attenuate osteoarthritis progression by intra-articular injection.®® As a
biomacromolecule, small interfering RNA (siRNA) has also been loaded into PLGA nanoparticles and
the siRNA-loaded nanoparticles mediated a dose-dependent tumor necrosis factor alpha (TNF-a)
silencing in lipopolysaccharide-activated RAW 264.7 cells in vitro and there was no difference
between the specific and the nonspecific SIRNA treatment groups in vivo when the siRNA dose was
low.>* Moreover, PLGA NPs are also used to load NSAID pranoprofen or natural compound
Licochalcone-A for ocular inflammation therapy.*>>>’ The drawbacks of bare PLGA NPs lie mainly in
their challenging scale up, a lack of specific target localization and burst release rate, while their in

vivo behavior has not been fully characterized.>®

1.1.2 Lipid-based nanoparticles

There are different types of lipid-based nanocarriers such as liposomes, solid lipid nanoparticles, and

nanostructured lipid nanoparticles.
1.1.2.1 Liposomes

Liposomes are membrane-like vesicles consisting of one or more concentric bilayers, produced from
natural nontoxic phospholipids and cholesterol, alternating aqueous and lipophilic compartments.
Because of their size, amphiphilic properties, and biocompatibility, liposomes are highly suitable for
drug delivery.>® They can accommodate both hydrophilic and lipophilic drugs, respectively, into the
aqueous compartment or the lipid bilayer. The pioneering work of countless liposome researchers have
led to numerous clinical trials in such diverse areas as the delivery of anti-cancer, anti-fungal and
antibiotic drugs, the delivery of gene medicines, and the delivery of anesthetics and anti-inflammatory
drugs.®® There are already plenty of liposomal formulations such as liposomal doxorubicin (Doxil) for
anticancer and AmBisome for antifungal approved by US FDA and EMA (European Medicines
Agency).%

1.1.2.2 Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) are highly studied as promising alternative carriers for drugs and
diagnostics. Glucocorticoids are effective in treating IBD flares, but their considerable side effects
limited their use. The incorporation of butyrate and dexamethasone into SLN has a significant positive

anti-inflammatory effect in the human inflammatory bowel disease whole-blood model.®?%3 To
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improve the solubility of NSAIDs in water and reduce the frequency of administration, SLNs are used
for the controlled delivery of poorly water soluble NSAIDs such as ibuprofen (IBP), ketoprofen (KP),
indomethacin, and nimesulide.®*% SLNs have showed high drug loading for naturally derived anti-
inflammatory drugs such as curcumin (37 £2.5%) from rhizome of turmeric, sodium aescinate (SA,
76.5%) from the dried fruits of aesculus wilsonii Rehd and auraptene (AUR) (84.11 *3.30%), a
bioactive antioxidant coumarin.®5%° Atorvastatin is a highly lipophilic anti-hyperlipidemic drug which
shows a poor oral bioavailability due to first-pass metabolism, and to achieve a better transdermal
delivery, it is important to overcome skin barriers, and atorvastatin SLNs appeared as a promising
approach for dermal delivery of an anti-inflammatory agent.”® In terms of ocular drug delivery, to be
effective, most drugs must penetrate across the eye’s tissue barriers to reach therapeutic targets within
the globe. Lipid nanoparticles represent promising alternatives to conventional and very popular ocular
carrier systems.”* Although SLNs showed a lot of advantages such as drug protection against harsh
environment, ease of scalability, biocompatibility, and biodegradability, they still suffer from several
drawbacks such as unpredictable gelation propensity and possibility of drug crystallization during the

storage conditions and also the limitations are related to specific route of administration.”>"
1.1.2.3 Nanostructured Lipid carriers

Nanostructured lipid carriers are nano-sized colloidal drug delivery systems composed of
biocompatible lipid core and surfactants. Phosphatidylserine-containing curcumin-loaded
nanostructured lipid carriers exhibited enhanced anti-inflammatory activity.”* Lipid nanoparticles have
also been investigated for combining two therapeutic anti-inflammatory approaches dexamethasone
palmitate nanoparticles (CDXP-NP) associated with TNF-a siRNA in a single drug delivery system.”
Similarly, lipid nanoparticles also play a crucial role in delivering messenger RNA (mRNA) with anti-
inflammatory properties by partially substituting cholesterol with Dex.”® Lipid nanoparticles could be
alternative drug delivery systems for sustained delivery of CO with the improved solubility of carbon

monoxide-releasing molecules (CORMS).”’

1.1.3 Biomimetic nanoparticles

Nanoparticle capture and elimination by the immune system are great obstacles for drug delivery.
Camouflaging nanoparticles with cell membrane represents a promising strategy to communicate and
negotiate with the immune system. As a novel class of nanotherapeutics, biomimetic nanoparticles are
hybrid nanostructures in which the uppermost layer is similar to a cell membrane (e.g., erythrocytes,

immune cells, and platelets) and targeting inflammation based on cell membrane biomimetic
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nanotechnology provides an opportunity for targeted drug delivery.”® Zhang et al. have developed
neutrophil-NPs as an anti-inflammatory strategy for rheumatoid arthritis management (Figure 1.1.8).
Unlike existing unspecific targeting anti-cytokine agents, neutrophil-NPs provide a function-driven,
broad-spectrum and disease-relevant blockade that dampens the inflammation cascade in the disease
process.”® In addition, the direct use of membrane from the effector cells of the disease allows
neutrophil-NPs to neutralize highly relevant inflammatory factors without the need to identify them.
Even if the target is known, the top-down fabrication of neutrophil-NPs can avoid the necessity to
engineer binding motifs that are often difficult to synthesize and conjugate.
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Figure 1.1.8 Schematic representation of neutrophil-NPs designed for suppressing synovial inflammation and
ameliorating joint destruction in inflammatory arthritis. Neutrophil-NPs are constructed by wrapping polymeric
cores in natural human neutrophil membranes, which mimic source cells to bind with immunoregulatory
molecules without potentiating the immune cascades for disease progression.

Similarly, inspired by the intrinsic inflammation-targeting capacity of macrophages, a macrophage-
derived microvesicle (MMYV) coated nanoparticle (MNP) was developed to encapsulate a model drug
tacrolimus for targeting RA.8° Also, a targeted oral delivery system of yeast glucan particles (YGPSs)
carrying a clinically used anti-inflammatory drug methotrexate (MTX) to the inflamed sites in IBD

mice for therapy is reported.8!

1.1.4 Inorganic nanoparticles

Inorganic nanoparticles are nowadays widely considered for a wide range of biomedical applications
and a lot of studies have been reported to develop porous drug carriers nanoparticles such as
mesoporous silica nanoparticles for anti-inflammatory drug delivery or new metal and metal oxide

nanoparticles like gold, silver, zinc and cerium oxide as anti-inflammatory agents.8%83

31



Chapter 1 Introduction

1.1.4.1 Mesoporous silica nanoparticles

As a versatile class of porous materials, mesoporous silica nanoparticles (MSNSs) are promising drug
carriers with the following features such as homogeneous size, high pore volume and surface area and
potential surface functionalization, which allows to better control over drug loading and release of
pharmaceuticals.8+®° Although silica is considered as on the whole to be poorly toxic, their
biodegradation is relatively slow and this is still under debate while physicochemical parameters such
as size, shape, surface property, and structure might affect the biocompatibility.3® Slow biodegradation
might also cause the potential accumulation risk after intravenous injection of MSNSs, and thereby
might give rise to biosafety issues. To improve the biodegradability of silica-based mesoporous
nanoparticles, a series of redox-, pH-, and enzyme- triggered biodegradable mesoporous organosilica

nanoparticles (MONSs) has been successfully developed recently.®’

MSNSs were firstly reported as a drug delivery system for loading ibuprofen, an anti-inflammatory
drug, into the mesopores of MCM-41 type MSNSs in 2001.%8 In addition, the loading and release of
other nonsteroidal anti-inflammatory drug (NSAID) naproxen, nimesulide and indomethacin have also
been studied.®*%* Positive-charge functionalized MSNs have been studied for oral drug delivery of an
anti-inflammatory drug sulfasalazine (used for bowel disease) and Orange Il (a fluorescent tracing
molecule).”? These drugs can be remained trapped in the nanovehicle when passing through the
stomach’s acidic environment and be released in intestine where the environmental pH is close to
neutral. In the treatment of osteoarthritis and rheumatoid arthritis, hollow MSNs were an ideal carrier
for natural drug celastrol with poor solubility and were of high biocompatibility for intra-articular
injection, presenting a pH-sensitive anti-inflammatory property.®® Lin’s group have constructed a
nanosystem for catalytic treatment of rheumatoid arthritis by loading the parent ligand manganese
porphyrins and their related Schiff base complexes in the cavity of an Mn-engineered hollow MSN
after polyethylene glycol (PEG) modification (Figure 1.1.9).%* After the degradation in pathological
site, the in situ synthesized manganese porphyrin features both SOD and catalase-like activities, which
can deplete intracellular ROS in M1 macrophages to facilitate their polarization shift toward anti-
inflammatory M2 phenotype. Simultaneously, the Si-containing oligomers released from the
manganese silicate nanocarrier will promote the biomineralization of hydroxyapatite by bone
mesenchymal stem cells, synergizing the catalytic antiarthritic treatment. However, a lot of questions
still need to be addressed before clinical application, including synthesis method optimization, the
control of host-guest interaction to monitor the drug encapsulation and release, and extensive

preclinical studies on acute and chronic toxicity.%
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Figure 1.1.9 Schematic illustration for the therapeutic concept of a nanosystem of PEGylated 5,10,15,20-
tetrakis(N-ethylpyridinium-2-yl)-porphyrin loaded Mn-engineered hollow MSN (Mn-HMSN-PEG-H,TE-2-
PyP**, denoted as MHPH) for catalytic anti-inflammatory treatments such as rheumatoid arthritis therapy.

1.1.4.2 Gold nanoparticles

Gold is an ancient drug with a long medical history. Intramuscular (IM) gold is the oldest disease
modifying antirheumatic drugs (DMARDSs), and it remains an ideal candidate for a step-up
combination therapy strategy with MTX, since its mechanism of action is different from that of MTX.%
The therapeutic effects could be attributed to two possible mechanisms: 1) gold binds to thiol-
containing proteins and disturb receptor-ligand recognition; 2) gold ions can be sequentially oxidized
in Au®* by ROS, then reduced to Au* by reacting with lysosomal enzymes, resulting in both a decrease

of oxidative stress and an inhibition of lysosomal protease activity.%

Apart from ionic gold, gold nanoparticles (Au NPs) have interesting applications in medicine because
of their particular physicochemical properties such as their high density and plasmonic properties,
which are interesting for X-ray imaging or photothermal therapy. Au NPs are promising drug delivery
systems of CO-releasing molecules (CORMs), antioxidant or anti-inflammatory siRNA for anti-
inflammatory.®”® Au NPs also have intrinsic anti-inflammatory properties for improving
inflammatory microenvironment via reducing regenerative cytokine production and decreasing ROS
accumulation.®®-%* Macrophages make crucial contribution in the development of arthritis and acute
lung injury (ALI), and upon stimulation, resting macrophages (MOQ) are polarized into the pro-
inflammatory phenotype (classically activated, M1) and gold nanoparticles could repolarize

macrophages from the M1 to anti-inflammatory M2 type,102-10
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The anti-inflammatory activity of Au NPs is size-dependent, and Yang’s group have studied series of
peptide-gold nanoparticle hybrid in vitro and in a mouse model of acute lung injury and the peptide-
Au NP hybrids with a Au NP core of 20 nm exhibited the most potent inhibitory activity on TLR4
activation and its downstream cytokine production in THP-1 cell-derived macrophages.'® Surface
chemistry of NPs can be used to generate pro- and anti-inflammatory responses in cells and animals.
Khan’s group studied the acute and subchronic pro-inflammatory cytokines mRNA expression effects
of naked Au NPs (10 and 50 nm) in the liver and kidneys of rats and both of them significantly
increased cytokines gene expression on day 1 which subsided on day 5.1% Based on a 2 nm gold core,
hydrophobic zwitterionic functionality boosted inflammatory outcomes, whereas hydrophilic
zwitterionic nanoparticles generated minimal immunological responses and neutral particles generated
a significant anti-inflammatory response both in vitro and in vivo.1% These results provide important

clues for controlling nanoparticle surface functionalities to regulate immune responses.

Although Au NPs exhibit excellent therapeutic efficacy in numerous studies, there still exists
significant biosafety concerns. In terms of biodegradability, Alice et al. have monitored the
biotransformation of citrate protected gold nanoparticles of different sizes (4, 15 and 22 nm) on
primary fibroblasts up to 6 months and they revealed the unexpected degradation of Au NPs induced
by ROS, and evidenced the recrystallization of 2.5-nm sulfur containing Au NPs and self-assembly of
their degradation products into ultimate nanoleaves structure for possible elimination.'®” The general
conclusion is that Au NPs are eventually degradable, but this process is size dependent (the smaller
the faster). The use of Au NPs with different surface coatings, different morphologies or the use of
different cell models may lead to different results, so that more works is still needed to better
understand gold metabolism in vivo. Au nanoclusters (NCs) have been widely studied as antiphlogistic
drug-free nanomedicines because of their biosafety, insignificant bioaccumulation in the body, and
antioxidant effects.’%11% Gold nanoclusters (1-2 nm) capped with N-acetylcysteine (Au NCs-NAC)
displayed preferential renal enrichment (< 2 h) and longer retention (> 24 h) in acute kidney injury
owing to the smaller size than kidney threshold (5.5 nm) and as a nanozyme-based antioxidant, Au
NCs-NAC showed superiority in the restoration of renal function in AKI mice than free NAC by
protecting the kidneys from oxidative injury and inflammation without systemic toxicity (Figure
1.1.10).11
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Figure 1.1.10 Schematic illustration of broad spectrum antioxidant and anti-inflammatory activities of
ultrasmall Au NCs-NAC for AKI alleviation as compared with NAC.

Gao’s group have synthesized a peptide coated gold cluster AuzsSve to evaluate its effects on
inflammatory osteoclastogenesis in vitro and inflammation-induced bone destruction in vivo and gold
clusters prevent inflammation-induced bone erosion through inhibiting the activation of NF-xB
pathway.12 Another gold cluster Au2sSG27 NCs can effectively suppress both inflammation and bone
damage in collagen-induced arthritis (CIA) in rats and also the dose-dependent efficacy of Au29SGa7
NCs on the 30-day toxicity has been comprehensively evaluated.'3'* Results showed that continuous
intraperitoneal injection of 15 mg/kg (Au content) for 30 days resulted in slight hematological
abnormalities and increases on organ coefficients (i.e., organ weight to body weight) of kidney and
adrenal gland, while 10 mg Au/kg did not cause any obvious toxicity and side effects and 5 mg Au/kg
is the optimal dose of Au2SG27 NCs for RA therapy in rats, which provides a theoretical basis for
further preclinical research.

1.1.4.3 Silver nanoparticles

Similar with gold nanoparticles, silver nanoparticles also possess anti-inflammatory property and they
exert their anti-inflammatory effect through the TNF-a pathway in peritoneal adhesions without
significant toxic effects.!’® Spherical silver nanoparticles and monodisperse hexagonal gold
nanoparticles were synthesized by eco-friendly synthesis, and the nanoparticles reduced expression of
inflammatory mediators and cyclooxygenase-2 (COX-2) was attenuated in lipopolysaccharide (LPS)-
induced RAW 264.7 cell.*'® More specifically, Ag and Au nanoparticles could suppress activation of

NF-kB signaling pathway via p38 MAPK.*6-117 Sun et al. synthesized an atomically precision AuzsAg:

35



Chapter 1 Introduction

“clusterzyme” that hosts an ultrahigh catalytic activity as well as antioxidative activity via atom
manipulation (Figure 1.1.11). The designed artificial enzyme activates the Ag—S active site via lattice
expansion in the oligomer atom layer, showing an antioxidant property 72 times higher than that of

natural antioxidant Trolox.8
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Figure 1.1.11 Schematic illustration of atomic engineering of Auas clusters and Au2sAg: clusterzyme’s catalase-
like (CAT-like) and glutathione peroxidase-like (GPx-like) activity.

1.1.4.4 Zinc oxide nanoparticles

Zinc oxide (ZnO) nanoparticles have also been as anti-inflammatory materials.!'%*?? The anti-
inflammatory activity and mechanisms of ZnO nanoparticles were systematically discussed in few
reviews, including inhibition of pro-inflammatory mediator gene expression; downregulating the
protein level of IL-6, IL-1B, IL-10, TNF-a and inhibiting NF-xB pathway by post-translational
modification.'?®12* The usage of zinc ions is known for enhancing the anti-inflammatory effect of
NSAIDs, and ZnO nanoparticles demonstrated beneficial effects over zinc oxide standard form on the
anti-inflammatory and gastric activity of ketoprofen in rats.'?®> ZnO NPs are also dietary supplements
as they have immunomodulatory effect. Kidney nephropathy induced by cisplatin can be treated by
antiapoptotic and anti-inflammatory effects of ZnO NPs along with their antioxidant activity.'?® Apart
from various beneficial effects of ZnO NPs, the potential risks related to zinc oxide nanoparticles such

as toxic effects cannot be ignored too.*?’
1.1.4.5 Cerium oxide (CeOz) nanoparticles

Cerium (Ce) is a rare earth element that belongs to the lanthanide series of the periodic table. The basis
for both the enzyme-mimetic and ROS/RNS scavenging capacity of CeO2 NPs is dependent on the
inherent physicochemical properties of nanoscale materials, the specific ability of CeO2 NPs to absorb
and release oxygen and the redox cycling between Ce** and Ce®*.*?® CeO, nanoparticles with high
Ce**/Ce** ratio exhibit high SOD-mimetic activity, whereas CeO, NPs with low Ce3*/Ce** ratio on
their surface function as efficient antioxidant CAT-mimetics, and whether or not a CeO> NPs behaves

predominantly as a SOD-mimetic or as a CAT-mimetic is critically dependent on the purity of the
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starting reagents.'?® The possible reactions of SOD-mimetic or CAT-mimetic involve the radical

quenching and regeneration of oxidation states.

Ce3 + 0, + 2H* (aq) — Ce** + H20; (1)
Ce* + 0" — Ce® + 0 (2)
H20; + 2Ce** + 20H" — 2Ce®*" + 2H,0 + 02 (3)

Generally, CeO2 NPs possess anti-inflammatory properties due to their role of free radicals scavenger
and thus are able to decrease the ROS production but the size, morphology and Ce3*/Ce*" state of CeO;
NPs should also be taken in consideration and their extrinsic properties such as agglomeration may
result in a negative impact on anti-inflammatory effects.!?%-13! Kim et al. synthesized ultrasmall citric
acid-coated CeO> NPs with strong antioxidant properties that can alleviate inflammation induced
edema and pain hypersensitivity by reducing secretion of proinflammatory cytokines and suppressing
macrophage recruitment to the inflammation site and their biocompatibility and rapid excretion from
the body were also verified in the study.**? Dihydrolipoic acid-stabilized gold nanoclusters with cerium
modification were employed for treatment of the RA rat model in vitro and in vivo, exhibiting
extraordinary ROS scavenging and anti-inflammation effects by regulating macrophage polarization,
and they were found to show superior enzyme-like activities compared with sole gold nanoclusters
and be more effective than methotrexate. 3

Considering the promising anti-inflammatory property of CeO2 NPs, their toxicity should not be
underestimated. In a complete in vitro toxicological assessment of the biological effects of CeO2 NPs,
CeO2 NPs showed a reduced toxicity in acute exposure (24 h) to A549, Calu3 and 3T3 cells, but in
subchronic exposures cytotoxic and inflammatory responses were observed in the human airway
epithelial model after 60 days of exposure to CeO2 NPs.'** In another study, repeated oral exposure of
CeO2 NPs did not induce severe toxicities either up to the dose level of 1000 mg/kg. ® All these results
suggest a low toxicity of CeO2 NPs, while further toxicity studies are required to better assess the

potential risk to humans.

1.1.5 Nanoparticles of Metal-Organic Frameworks (nanoMOFs) for anti-inflammation

Metal-organic frameworks (MOFs) are a class of porous crystalline coordination polymers, consisting
of metal nodes and organic linkers to form one-, two-, or three-dimensional structures. MOFs possess
large surface areas and a versatile porosity making them widely used in various applications, such as

gas adsorption and separation, catalysis, sensing, and biomedicine.**® This part will first introduce few
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biocompatible MOFs and then discuss the current progress of nanoMOFs for anti-inflammation.
Interestingly, some enzyme-mimicking nanoMOFs act as intrinsic anti-inflammatory agent to
downregulate oxidative stress, pro-inflammatory cytokines, etc. NanoMOFs are also promising for
conventional anti-inflammatory drug delivery, biological agents delivery and more recently, hybrid

nanoMOFs even potentiate anti-inflammatory applications.
1.1.5.1 Biocompatible MOFs

In the domain of drug delivery, one important challenge is the efficient delivery of drugs in the body
using non-toxic carriers. Compared with most existing carrier materials, MOFs with the ability to tune
their structures and porosities for better drug loadings are well suited as drug delivery systems and
even for imaging applications. The framework of a biocompatible MOF consists of bioactive linkers
and nontoxic cations (mainly Ca?*, Fe**®* and zZn?*) and these bioMOFs can deliver cargos via

framework degradation.

1.1.5.1.1 Fe based MOFs

¢ Biodegradable porous iron carboxylates
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Figure 1.1.12 Crystalline structure of topical biodegradable Fe carboxylate based MOFs.

Poorly-toxic iron(l1l) carboxylate MOFs such as MIL-53(Fe), MIL-88(Fe), MIL-100(Fe) and MIL-
101(Fe) (MIL stands for Materials of Institute Lavoisier) are either rigid or flexible microporous (< 2
nm) or mesoporous carriers (2-5 nm) (Figure 1.1.12). These nanoMOFs have been shown to behave
as suitable nanocarriers for efficient controlled delivery of challenging drugs against cancer and
AIDS. %1% |n addition to drug loading, they exhibit some magnetic resonance imaging (MRI)
properties due to paramagnetic iron atoms in their matrix particularly once they degraded into iron
oxide nanoparticles once injected into blood. Especially, MIL-100(Fe) has been widely studied as drug
carrier due to its high specific surface area (SgeT~2000 m?/g, Vp~1,2 cm®g), high porosity (smaller
cages ~25 A and larger cages ~29 A), and stability in a biological environment.***4° |t can also be

synthesized under green ambient pressure conditions as small nanoparticles (< 100 nm)*! and its
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surface can be easily functionalized by a wide range of biopolymers to confer them a better stability4?
146 arge quantities of hydrophilic, hydrophobic, and amphiphilic drugs could be loaded, and the most
important factors influencing drug encapsulation are the time of incorporation and the solubility of the
drug tested.

Moreover, MIL-100(Fe) NPs are biodegradable and cytotoxicity studies have shown high
biocompatibility, keeping iron homeostasis and the liver function intact. In terms of colloidal stability,
MIL-100(Fe) nanoparticles tend to reversibly aggregate in body fluids depending on the pH, with
usually a better colloidal stability in acidic conditions while there is a progressive aggregation in
neutral ones. This benefits for intravenous lung targeting drug delivery but may lead to unspecific
reticuloendothelial system (RES) capture.!*” MIL-100(Fe) NPs are also fragile in PBS (1.19 mM, pH
7.4) at 37<C and release large amounts (34 3 wt%) of their constituting ligand (i.e., trimesate) and
lost their crystallinity within only 6 h. However the NPs maintained their initial sizes as the NPs turned
into amorphous iron oxophosphates.'*®14° Note that the degradation mechanism of other Fe based
MOFs is similar with MIL-100(Fe) and the process is dependent on with the phosphate concentration,
the particle size or even synthesis method (crystallinity). Concerning these limitations, surface coatings
may improve the colloidal stability and in some cases slowdown the kinetics of degradation. For
instance, though the addition of BSA to the PBS medium (5.4% wi/v), a significant reduction of ligand
release was observed (15.1 2.7 wt% vs 29.9 2.1 wt% in PBS, after 24 h).*>°

1.1.5.1.2 Zinc based MOFs

Zn is an endogenous element, relevant to important biological functions and zinc based MOFs as
nontoxic and biodegradable platforms are promising for biomedical applications.**! ZIF-8 is the most
popular Zn MOF due to its relative good stability under physiological conditions (PBS, pH 7.4). Its
facile preparation based on the ambient temperature reaction between Zn?* and 2-methylimidazole (2-
Melm) in polar solvents enables to accommodate directly, during its synthesis, various entities such
as drugs, NPs and bio-macromolecules to establish multifunctional MOF based composites.!5?
Additionally, the acid dependent degradability makes it highly attractive for the construction of pH-
responsive drug delivery systems (DDSs). The mechanism of the ZIF-8 degradation was also attributed
to the affinity of phosphate groups for Zn?* cations and acidic conditions resulted in the protonation of
the coordinate bonds of Zn-based NMOFs. The kinetic of decomposition of different particle size of
ZIF-8 particles in PBS (10 mM, pH 7.4) showed that 79% and 88% of 2-MelM was released for 2 um
and 250 nm ZIF-8, respectively, within the first hour treatment (faster than MIL-100(Fe)), and

meanwhile insoluble zinc phosphate particles were formed.*>® As a drug carrier, ZIF-8 could be easily
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decomposed in the acidic endo/lysosomal compartments and thus an abundant of Zn?* release and ROS

generation would enhance the cancer therapy or increase the toxicity.*>*

1.1.5.1.3 Phenol based MOFs

Polyphenols as a secondary metabolite of plants have been approved by FDA in food and medicine
and most plant polyphenols such as tannic acid (TA), epigallocatechin gallate (EGCG), gallic acid
(GA) and ellagic acid (EA), contain a common chemical group of pyrogallol, which could chelate with
various metal ions (Fe**, Cu?" and Mn?*) to form phenol based MOFs in a simple, rapid and robust
manner.>>1% Metal-polyphenol coordination polymer (MPCPs) or phenol based MOFs have shown
few advantages, which is described in Figure 1.1.13, and have been proposed for imaging and drug

delivery.
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Figure 1.1.13 The advantages of plant polyphenols and the usage of MPCPs as a precursor. (a) Low-
cost, renewable, non-toxic compounds, (b) mussel-inspired adhesion and (c) multiple interactions of
plant polyphenols. (d) Broad-spectrum metal coordination ability, substrate coating ability and tunable
morphology and pore structure of MPCPs and their derived mesoporous materials.

1.1.5.1.4 Cyclodextrin (CD) based MOFs

Cyclodextrin has been introduced as a drug carrier before, and here it also could be the backbone of

MOFs. y-CD as well as its derivatives and alkali metal cations (Li*, Na*, K*, Rb*, Cs") are involved in
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the construction of CD-MOF.’ Besides crystallinity and porous nature, cyclodextrin based MOFs are
highly biocompatible and environmentally safe as it is derived from natural resources and they have
attracted wide attention in biological sciences including drug delivery and cancer therapy. Although
these CD-MOFs are soluble in water, these have been proposed for the non-covalent inclusion
complexes for drug molecules like quercetin (QT), 5-fluorouracil (5-FU) and doxorubicin (DOX),
enhancing their solubility, stability, bioavailability and safety and also they can be decorated with
different functionalities to make them stimuli responsive for controlled drug release.®8%
Interestingly, anti-inflammatory drug sodium diclofenac (DFNa) and curcumin could also be loaded
in y-CDs and the latter one was based on hydrogen bond type interaction between the OH group of
cyclodextrin of CD-MOFs and the phenolic hydroxyl group of the curcumin.'®®®! The main
drawbacks of CD-MOF based materials are their low water stability, strongly limiting them to the

common practices.
1.1.5.1.5 Amino acid based MOFs

Amino acids have a terminal amino group and a terminal carboxyl group and potential sulfhydryl,
hydroxyl, amino and carboxyl groups in their side chain, which affords abundant coordination sites for
metal ions to synthesize amino acid based MOFs.%2 Aromatic amino acids phenylalanine (Phe) and
tyrosine (Tyr) derivatives were synthesized first and chosen as the ligands to construct MOFs.1%® Wang
et al. has reported a microporous zirconium amino acid MOF, MIP-202(Zr) (MIP stands for Materials
of Institute of Porous Materials), constructed from natural a-amino acid L-aspartic acid by a green,
scalable and facile preparation, showing a good chemical stability in solutions of wide pH range and
boiling water and potential for biological and pharmaceutical applications.®* Can et al. has synthesized
biocompatible amino acid-based MOFs in ethanol under reflux by incorporating L-glutamic acid as
organic ligand and the acetate salts of Co (11), Ni (1I), and Cu (1) as metal nodes into MOF structure,
exhibiting remarkable antibacterial activities against Escherichia coli and Staphylococcus aureus.®®
Various enantiopure amino acids such as L-tyrosine, L-histidine, L-tryptophan and L-glutamic acid
are coordinated with Zn?* or Co?* ions to fabricate homochiral metal-organic frameworks for HPLC
separation. However, amino acid based MOFs are scarcely studied for biomedical applications mainly

due to their poor stability in water and/or their limited porosity to accommodate drugs.
1.1.5.1.6 Porphyrin based MOFs

Porphyrins belong to a class of heterocyclic macrocycles and these organic compounds are constructed
from four conjugated pyrrole rings arranged in a circle with the connection of methylene bridges.

Porphyrins have a total of 26 m-electrons, of which 18 m-electrons are in a planar, continuous
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macrocycle.!®® Porphyrins have potent biological properties, including biocompatibility, effective
clearance, long residence time in tumors and few side effects. Although it is possible to construct
biofriendly porphyrin-based MOFs with biocompatible metal ions (e.g., Fe, Zn, Ca, Mg), their
development in biomedical applications is still at the early stage since their physicochemical properties
and toxicology have not been fully investigated.'®’ This stems probably from their complex preparation
route involving toxic solvents although very promising anticancer in vivo results have been reported
recently by W. Lin et al. 168172

1.1.5.2 nanoMOFs as intrinsic anti-inflammatory agent

Anti-inflammation is frequently associated with anti-oxidant property because excessive ROS will
lead to irreversible cell damage and induce the activation of resident immune cells and inflict
secondary tissue or organ injury. MOFs are of interests to act as enzymes mimics to remove the

overproduction of these species.
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Figure 1.1.14 Illustration of the synthesis of rationally designed GPx-mimicking MIL47(V)-X MOF
nanozymes for anti-inflammation therapy. Substituted terephthalate linkers (X=F, Br, NH2, CH3, OH,
and H) were used to coordinate with vanadium metal ions to form isostructural MIL-47(V)-X MOFs
with modulated GPx-mimicking activities. Among them, MIL-47(V)-NH2 had the highest GPx-
mimicking activity and was selected for further investigation in anti-inflammation therapy. Its
excellent antioxidation ability can effectively attenuate inflammation in both ear-inflammation and
colitis models.
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Glutathione peroxidase (GPx) plays an important role in maintaining intracellular redox balance. It
however suffers from some limitations common to most natural enzymes, namely low stability and
poor availability. Specifically, Wu et al. has modulated the GPx-mimicking activities of the
microporous vanadium terephthalate MIL-47(V)-X MOFs by varying the substitution of H in the 1,4-
benzenedicarboxylicacid (BDC) ligand with F, Br, NH2, CHs, and OH. Among these isostructural
MOFs of MIL-47(V)-X, MIL-47(V)-NH2 as a ROS scavenger exhibits the highest GPx-mimicking
activity in vitro and demonstrates a broad-spectrum anti-inflammatory effect toward both ear

inflammation and colitis (Figure 1.1.14).173

To mimic an enzyme more efficiently, one possibility is to obtain nanoenzymes with the simulation of
size and the three-dimensional architecture of natural enzymes. Bio-inspired Cu-TCPP MOF nanodots
(denoted as CTMDs) were fabricated to mimic natural SOD for alleviating endotoxemia with the
ability of renal enrichment and clearance (Figure 1.1.15). Together with the GPx-like activity, CTMDs
could protect cell components in vitro as well as reduce the systemic inflammation and mortality in

LPS-induced acute kidney injury during endotoxemia in vivo.1™
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Figure 1.1.15 Scheme illustration of the synthesis of CTMDs and the treatment of acute kidney injury.

Sepsis is a life-threatening systemic inflammatory response to infection and circulating cell-free DNA
(cfDNA) released by damaged cells could cause inflammation and has been associated with the
progression of sepsis. As an alternative of anti-oxidant activity, elimination of inflammation related
DNA is also an alternative approach to treat inflammatory diseases. The strategy is to use cationic
nanoparticles (NPs) to bind and eliminate the anionic proinflammatory nucleic acids. Liu et al. created
cationic MOFs “nanotraps” for scavenging inflammatory circulating DNA by grafting cationic
polyethylenimine (PEI) polymers onto a zeolitic imidazolate framework-8 (PEI-g-ZIF) via a simple
one-pot process (Figure 1.1.16A).1°> Authors compared PEI-g-ZIF NPs fabricated using PEI of 600,
1800, and 25k Da and with pure PEI (lacking ZIF), and in vivo study showed that the PEI 1800-g-ZIF
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NPs effectively mitigated cecal ligation and puncture (CLP)-induced multiple organ damage and

increased the survival rate of mice with severe sepsis, outperforming free PEI 1800.
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Figure 1.1.16 (A) Preparation of PEI-g-ZIF NPs. (B) CLP-induced sepsis model. (C) Schematic of
inflammation in untreated sepsis (left) and sepsis treatment by cfDNA scavenging by PEI-g-ZIF NPs (right).

Magnesium (Mg) is an abundant mineral that contributes to the structural development of bone in the
human body. Mg/HCOOH metal organic framework with a continuously release of Mg?* for a long

time was reported as a therapeutic compound for osteoarthritis.*”®
1.1.5.3 nanoMOFs for conventional anti-inflammatory drug delivery

MOFs are porous materials and it is common to explore their drug delivery capacity. As discussed
before, methotrexate (MTX) has been used as a clinical drug for the treatment of rheumatoid arthritis
(RA). To avoid the severe side-effects of MTX, Guo et al. employed phenolic-based MOFs as
nanocarriers to deliver MTX for targeted rheumatoid arthritis therapy and better anti-inflammatory
activity and biosafety of the nanosystem was confirmed in comparison of free MTX counterpart

(Figure 1.1.17).1"" Herein, although there is a lack of characterization, MTX was first conjugated with
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tannic acid (TA) and then coordinated with ferric ion (Fe®"), followed by surface modification of
hyaluronic acid (HA). Its facile and green preparation and exceptionally high drug loading capacity
are the main advantages of this nanocarrier. Although tannic acid (TA) is a type of natural polyphenols
and MOFs constructed by bioactive ligands are quite advantageous, authors did not demonstrate the

formation of a crystalline and porous MOF structure.
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Figure 1.1.17 Schematic illustration the construction of MTX-TA/Fe**@HA for targeted RA treatment. MTX
was covalently conjugated with TA, and then coordinated with Fe3* to form the drug loading MOF with surface
HA modification. Upon intravenous administration, the resulting MTX-TA/Fe**@HA could passively
accumulate in the inflamed joints via ELVIS effect, and selectively deliver MTX into the activated macrophages
through CD44 receptor-mediated endocytosis for RA therapy.

Encouraged by the anti-oxidative properties of CeO2 NPs, Ce-MOF was also chosen as ROS scavenger
and as the carrier for anti-inflammatory drugs.'’® Interestingly, the valence change of cerium ions upon
ROS excitation alters the coordination between cerium and p-phthalic acid (PTA), thus inducing pore
size transformation of Ce-MOF from mesopore to macropore (Figure 1.1.18). This MOF exhibited
excellent drug loading of 5-Amino salicylic acid (5-ASA), a classical nonsteroidal anti-inflammation
drug and laquinimod, an immunomodulator. Moreover, after the modification of poly(sodium4-
styrenesulfonate) (PSS), the obtained Ce-MOF@PSS with negatively charged surface preferentially
adheres to inflammatory intestine. Although Ce-MOF@PSS vehicle showed promising synergistic
therapeutic effects on IBD via daily rectal enemas, the micrometer scale of Ce-MOF here and stability

maybe a hurdle for translational nanomedicine. Currently, there is no systematic toxicological
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assessment of Ce-MOFs, which should be similar with CeO, NPs, but more related studies are still

required. Nevertheless, Ce-MOF is still a good candidate for inflammatory diseases therapy.
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Figure 1.1.18 Synthesis of 5-ASA@Ce-MOF@PSS and drug release at inflammatory intestine. A) Fabrication
and drug encapsulation of 5-ASA@CeMOF@PSS. B) Proposed mechanism for inflammation-targeting drug
delivery by Ce-MOF@PSS.

1.1.5.4 nanoMOFs for biological agents delivery
1.1.5.4.1 SIRNA

Gene delivery is a recent treatment of inflammatory diseases, and an ideal drug delivery system should
possess high loading capacity and protective effects against biological degradation. In Figure 1.1.19,
TA-Fe®* MOFs were prepared via coordination between tannic acid (TA) and Fe** and upon loading
TNF-a siRNA, they were used for RA therapy 1° The MOF, although once again poorly characterized

46



Chapter 1 Introduction

with no analysis of the structure and porosity, show excellent biocompatibility, and enable rapid
endo/lysosome escape of SiRNA via the proton-sponge effect for effectively down-regulating
cytokines. Importantly, such nanomedicine displays intrinsic radicals scavenging capability to
eliminate a broad spectrum of ROS and nitrogen species (RONS), which in turn repolarizes the M1
macrophages into anti-inflammatory M2 phenotypes for enhanced RA therapy in combination with
SiRNA.
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Figure 1.1.19 Schematic illustration of the construction of TFSB, and its in vivo application for RA therapy.

1.1.5.4.2 Catalase

As is mentioned before, activated macrophages (M1-type) in the synovium is believed to play a vital
role in the progression of osteoarthritis (OA) and excessive ROS and mitochondrial dysfunction are
their main features. One strategy of anti-inflammation is to simultaneously regulate intracellular gases
and remedy mitochondrial function by inhibiting iINOS and H.O>. In Figure 1.1.20, catalase and S-
Methylisothiourea sulfate (SMT) were encapsulated in ZIF-8 nanoparticles to catalyze the production
of oxygen (O2) from H20; and to inhibit iNOS, hence reducing NO production, respectively.8-18!
Results demonstrated that modified NPs were capable of inhibiting hypoxia-inducible factor 1la,
further rescuing mitochondrial function.
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Figure 1.1.20 (a) Schematic illustration of the synthesis processes for CAT&SMT@ZIF-8-Ab NPs. (b)
Modified ZIF-8 NPs target synovial macrophages to regulate intracellular gases and reprogram the metabolic
pathway, thus attenuating OA.

1.1.5.5 Hybrid nanoMOFs for anti-inflammation

Compared with natural enzyme, nanozymes have expressed particular advantages such as low cost,
high stability, multifunctionality, and ease of large-scale production, and hybrid nanoMOFs make anti-
inflammation even more efficient based on nanoenzyme cascade reactions. A nanozyme-containing
biomimetic cascade system (Pt-INOS@ZIF) was designed by the co-precipitation approach of
simultaneously loading enzyme molecules (iNOS) and Pt NPs into the ZIF-8 supporting matrix against
hepatic ischemia-reperfusion injury (IRI).182 Herein, the synthesized Pt nanozyme showed SOD/CAT-
like properties and then iNOS enzyme could further catalyze r-Arginine (L-Arg) and O to produce -
Citrulline (c-Cit) and NO. It can reduce oxidative stress and inhibit proinflammatory cytokines,
resulting in effective prevention the liver from IRI (Figure 1.1.21). Also, Liu et al. integrated cascade
nanozyme into a formulation of Pt@PCN222-Mn to eliminate excessive ROS in two forms of IBD
(i.e., ulcerative colitis and Crohn’s disease).!8 Mn(I11) active site in Mn SOD, was synthesized to
mimic SOD.

Apart from the integration of nanoenzymes, the structure or function of hybrid nanoMOFs is very
diverse. A hierarchical micro/nanofibrous scaffolds incorporated with curcumin loaded ZIF-8 NPs
have been designed for enhanced diabetic wound healing via anti-oxidant and anti-inflammatory

activities.18
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Figure 1.1.21 Schematic illustration of hepatic IRl prevention performance by Pt-INOS@ZIF
nanoreactor.

In conclusion, inflammatory response is associated with different diseases, and more and more
nanocarriers have been developed for anti-inflammation. The general strategy is to deliver anti-
inflammatory drugs and anti-oxidants or modulate inflammatory microenvironment. Recently, MOFs
as potential drug delivery system emerged for anti-inflammation and theranostic MOFs could be a
promising benign system that can be used to deliver anti-inflammatory drug, alleviate oxidative stress

and monitor the progression of inflammatory diseases.
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1.2 Functional MOFs as theranostics

Inflammation response is involved in various diseases and MOFs as emerging anti-inflammatory
agents or drug delivery systems are certainly of interest. As versatile drug vectors, nanoMOFs can
encapsulate different drug molecules and so far have been mainly investigated in cancer treatment. To
evaluate the therapeutic effects of nanoMOFs, it is also necessary to monitor the process by medical

imaging in time, namely integration of diagnosis and treatment.

Since the publication of the book chapter “functional MOFs as theranostics”, in which most works are
published before May 2019, a fast development of theranostic nanoMOFs in the past 3 years has
occurred. Thus this was necessary to include some new important reported works in this field, so in

this part, recent functional theranostic nanoMOFs are summarized based on the book chapter.
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Theranostics combines therapeutic property and diagnostic imaging to treat disease with high

therapeutic effects through a precise and personalized approach together with minimal side effects.? In

recent years, it has become a hot topic with an increasing interest from chemists or scientists to explore

novel theranostic nanoprobes.?3

In terms of diagnosis, imaging techniques include Fluorescence imaging (FLI), Magnetic resonance

imaging (MRI), Photoacoustic imaging (PAI). Ultrasound (US), single photon emission computer

tomography (SPECT) imaging, computed tomography (CT) imaging, positron emission tomography
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(PET) imaging, etc. In vivo FLI uses a sensitive camera to detect fluorescence emission from
fluorophores in whole-body living small animals and to overcome the photon attenuation in living
tissue, fluorophores such as indocarbocyanine dyes and quantum dots (QDs) with long emission at the
near-infrared (NIR).* MRI is a non-invasive method of mapping the internal structure and certain
aspects of function within the body, which is widely used in the diagnosis of pathology. The MRI
contrast agents used to improve diagnostic accuracy in clinic are divided into T1 positive contrast
agent such as gadolinium(111) chelates and T2 negative contrast agent such as superparamagnetic iron-
oxide nanoparticle (SPION).>® PAI is an emerging hybrid imaging technique that combines the high
contrast of optical imaging with the high spatial resolution of ultrasound imaging. The PA effect is a
phenomenon where substrates produce broadband acoustic waves at megahertz frequencies due to
thermoelastic expansion after absorption of short laser pulses and then these acoustic waves will be
detected by an ultrasound transducer and reconstructed into an image. PAI contrast agents contain
small molecule NIR dye such as indocyanine green (ICG) and metallic nanostructures with a
reasonable extinction coefficients and also nanomaterials for photoacoustic imaging in NIR 11 window
is a new direction.”® Other classical clinical imaging techniques such as US, PET, SPECT and CT
would not be introduced here.

Concerning therapy, referring to cancer therapy in most cases, the methods are quite various, including
chemotherapy, radiotherapy, photothermal therapy (PTT), chemodynamic therapy (CDT),
photodynamic therapy (PDT), sonodynamic therapy (SDT), magnetic hyperthymia therapy (MHT),
microwave thermal therapy (MTT), immunotherapy, gene therapy, etc. Chemotherapy and
radiotherapy together with surgery are the most common cancer therapy techniques in clinical, which
would not be introduced repeatedly. Thermal treatments such as PTT, MHT and MTT are based on
driving a part or the whole body above its normal temperature (37 °C) for a defined period of time.
Briefly, PTT utilizes diverse photothermal agents (PTAs) with large light-to-heat conversion
efficiencies such as plasmonic metallic nanoparticles, quantum dots, carbon nanotubes, and organic
nanoparticles) to harvest NIR light and rapidly converts the light energy into heat to destroy tumors.®
Tumor microenvironment (TME) is featured by acidity and the overproduction of hydrogen peroxide,
and thus CDT was defined as in situ treatments using the Fenton reaction or Fenton-like reaction to
generate *OH in tumor sites.'® Briefly, under the mildly acidic conditions of the TME, iron-based
nanomaterials could be dissolved into ferrous ions, thus initiating the Fenton reaction to generate «OH
to trigger apoptosis and inhibit the tumor. PDT has emerged as a disease site specific treatment
modality, which involves the administration of a tumor-localizing photosensitizer (PS) such as

porphyrin or porphyrin-based macrocyclic structures followed by local illumination of the tumor with
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light of a specific wavelength to activate the PS and the excited PS then transfers its energy to
molecular oxygen, thus generating cytotoxic reactive oxygen species (ROS).1* Eventually, ROS could
further oxidize key cellular macromolecules leading to tumor cell ablation. Similarly, SDT therapy
will rely on biological model, the sonosensitizer and the ultrasound parameters.'? Other therapy
techniques are also of interest and here we end up with the introduction of starvation therapy.
Starvation therapy has emerged for suppressing tumor growth and survival through blocking blood
flow or depriving their essential nutrients/oxygen supply and combination therapy of cancer starvation
agents with other cancer treating approaches has demonstrated to be an efficient way.!® In real
application, multi-modal imaging and synergistic therapy are widely used for an efficient cancer

therapy and multifunctional materials are thus desired.

Biocompatible metal-organic frameworks (MOFs), highly porous crystalline porous solids, have been
widely known as drug delivery systems considering their large pore sizes/volumes and ideal drug
adsorption capacities. Apart from drug delivery, nanoMOFs also have been considered as imaging
agent to diagnose different diseases such as cancer or as therapeutic agent used in preclinical
research.1*® Most of the nanoMOFs reaching a preclinical in vivo evaluation are based on Fe
carboxylates or Zn azolates.*®?> Until 2010, nanoMOFs have been mainly considered for imaging or
therapy, and their use for theranostics gradually attracted researchers’ attention particularly since 2015
where it encountered a rapid development.??" Particularly, the construction of hybrid systems
associating nanoMOFs with functional organic or inorganic nanoparticles paved the way for the

development of multifunctional or multimodal nanoMOF theranostic probe,4 20 28-29

In this chapter, we mainly discuss the developments of cancer and other diseases theranostics based
on nanoMOFs within the past decade, which includes topical MOFs such as MIL-100(Fe), MIL-
101(Fe), ZIF-8(Zn) and UiO-66(Zr), etc. This contains the following sub-topics: stimuli-responsive
nanoMOF, magnetic nanoMOFs, fluorescent nanoMOFs, nuclear medical imaging nanoMOFs,
phototherapeutic nanoMOFs, etc. Note that a single type of nanoMOF system combines several
features and applications at the same time and could match more than one classification.

1.2.2 Stimuli-responsive nanoMOF for theranostics

Among various nanoMOFs, the stimuli-responsive ones have garnered immense attention in
biomedicine and they were designed to specifically change their property upon exposure to interior
stimuli (e.g., pH and GSH) in target tissues or external stimuli (e.g., temperature, light, and magnetic
field).33! Encapsulation of stimuli-responsive molecules into MOFs paves the way for constructing

novel stimuli-responsive systems able to trigger drug release at tumor site. Actually, most theranostic
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nanoMOFs are stimuli-responsive, but specifically, only typical MOFs nanocarriers sensitive to tumor

microenvironment are summarized as below.
1.2.2.1 pH responsive nanoMOF

ZIF-8 is well-known for physiological pH responsive drug delivery.*> Meanwhile, Tumor cell
autophagy increases the expression of inhibitory molecules to block antitumor cytotoxic responses,
and thus autophagy inhibitors treatment could enhance the efficacy of anti-tumor therapy. Fang’s
group encapsulated autophagy inhibitor 3-methyladenine (3-MA) into ZIF-8 to build a pH-sensitive
and tumor-targeting controlled drug delivery system denoted 3-MA@ZIF-8 NPs for antitumor
application.® ZIF-8 framework was shown to be effective not only in drug control release but also in
controlling autophagy by encapsulating autophagy inhibitors. Based on ZIF-8 MOF, pH-responsive
theranostic nanoMOFs have been developed for imaging, tumor suppression and multidrug resistance
(MDR), etc.3+3

1.2.2.2 GSH responsive nanoMOF

The high GSH concentration at tumor sites can be beneficial to trigger drug release from MOFs toward
cancer cells. The introduction of disulfide bonds is a common strategy to construct GSH-responsive
DDSs, and when it is exposed to high GSH in tumor microenvironment, the covalent bond will break
and release the drug by redox reaction.®® Zhu’s group developed a novel and pH/GSH-responsive
nanocarrier based on a ZIF-8 core and an organosilica shell containing disulfide bridges in its
frameworks with antitumor drug DOX loading for controlled release and cancer treatment.®” The
disulfide bond could also be introduced in the ligand for the construction of stimuli-responsive MOF.
Qi’s group developed an intrinsic GSH-responsive MOFs carrier, denoted as MOF-Zr(DTBA), using
4.4'-dithiobisbenzoic acid (4,4-DTBA) able to release drugs in vivo.® Curcumin (CCM) was further
incorporated into MOF-Zr(DTBA) to construct CCM@MOF-Zr(DTBA). Its superior anticancer

efficacy was verified through in vitro and in vivo experiments.
1.2.2.3 H202 responsive nanoMOF

For a better drug delivery, it is critical to pass biological barriers in vivo, biomimetic membrane
camouflage of MOF strategy has been developed for the inhibition of tumor growth considering its
advantageous homotypic targeting ability, prolonged circulation and phagocytosis prevention.®® Li’s
group constructed a biomimetic cascade nanoreactor (designated as Mem@GOx@ZIF-8@BDOX) for
tumor-targeted starvation therapy-amplified chemotherapy by assembling tumor cell membrane cloak

and glucose oxidase (GOx) onto zeolitic imidazolate framework (Z1F-8) with the loading prodrug of
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hydrogen peroxide (H.02)-sensitive BDOX.*® The biomimetic cascade nanoreactor could be for
fluorescent imaging, and meanwhile, remarkably improve the therapeutic efficacy through the

synergistic therapy.
1.2.2.4 Prospects of stimuli-responsive nanoMOF

Considering that MOFs have emerged as promising delivery vehicles, the construction of stimuli-
responsive nanoMOFs is critical for the development of cancer theranostics, and Liu’s group designed
a general approach for the preparation of stimuli-responsive multifunctional MOFs.*! Different types
of MOFs including ZIF-8, MIL-101 and UiO-66 were synthesized firstly and then functionalized with
polydopamine (PDA) after DOX loading, followed by the conjugation with targeting molecules for
targeted drug delivery. Importantly, the stimuli-responsive multifunctional MOFs showed great

potential in combined chemo-photothermal therapy.

For the purpose of precise therapy and reducing side effects, more smart targeting molecules-modified
stimuli-responsive nanotheranostic probe with the ability of affording immune evasion shall be
developed, and it is very meaningful to explore series of facile and general synthesis methods of

stimuli-responsive nanoMOF hybrid composites based on tumor microenvironment.

1.2.3 Magnetic-based MOFs NPs for MRI guided therapy

Magnetic nanoMOFs are a class of nanomaterials combining the magnetic properties of the metal or
metal-oxides nanoparticle with the drug loading ability of the nanoMOF. These systems are able to
carry and deliver specific drugs in biological systems whose release is triggered on a controlled manner
under the application of a magnetic field.*>*®> Magnetic resonance imaging (MRI) is a powerful
imaging technique due to its ability to provide high spatial resolution and tissue penetration. In the
presence case, the magnetic nanoparticles affect the relaxivity of the protons from water. High spin
paramagnetic gadolinium (Gd) or iron (Fe) oxides superparamagnetic nanoparticles are typically

integrated or coupled with nanoMOFs as MRI contrast agents.
1.2.3.1 Bare magnetic-based MOF NPs
1.2.3.1.1 Gd-based MOF NPs

As positive contrast agents, despite their potential high in vivo toxicity, Gd-based nanoMOFs produce
a large shortening of the longitudinal relaxation time (T1) and high longitudinal relaxivity (r1). Boyes’s

et al. have prepared polymer-modified Gd nanoMOFs via a reversible addition-fragmentation chain
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transfer (RAFT) polymerization for targeted imaging and treatment of cancer.** However, bimodal
imaging (magnetic resonance and fluorescence microscopy) and cell growth inhibition were only

considered at the in vitro level.

Yin’s group also developed a Gd-carboxylate nanoMOFs theranostic platform for MRI-guided pH-
responsive chemotherapy in vivo based on a 5-boronobenzene-1,3-dicarboxylic acid (BBDC) as a
versatile ligand, leading to an enhanced permeability and retention (EPR) effect and glucose-mediated
glucose-transported protein (GLUT1) tumor targeting; this led to: (i) an improved biocompatibility,
(ii) efficient active targeting of tumors, and (iii) a pH responsive switch for leakage-free DOX delivery

as three birds with one stone.*
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Figure 1.2.1 Schematic illustration of the fabrication of PPF-Gd NS-based drug delivery systems and their
efficient cancer therapy and multimodal bioimaging.

Via utilizing photodynamic porphyrin carboxylate based MOFs ligand, Li’s group developed a folic
acid (FA) conjugated Gd-porphyrin MOF for fluorescence imaging (FLI) and MRI dual-modality
imaging and photodynamic therapy (PDT) using zebrafish to develop tumor model of hepatocellular
carcinoma.*® The relaxivities of the resulting Gd-based nanoMOFs were significantly higher than
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typical Gd chelates and the EPR effect took advantage of their higher molecular weights. Such a multi-
modal imaging approach is attractive to guide cancer therapy clinically. 2D functional Gd-porphyrin
MOF nanosheets (NSs) with high surface-to-volume ratio and surface charge were fabricated via a
surfactant-assistant solvothermal method, and display superior performance in terms of drug (DOX)
loading capacity (> 1500%) and persistent drug release, tumor tissue penetration (Figure 1.2.1).4’
Moreover, these biodegradable 2D nanomaterials were promising for enhanced fluorescence (FL) and
Ti-weighted MR imaging and cancer chemotherapy.*’ However, the potential toxicity of Gd®* ions
such as nephrogenic systemic fibrosis (NSF) in patients, and undesired deposition in different tissues

and large scale production have seriously to be addressed before translating into clinical application.*®
1.2.3.1.2 Fe-carboxylate MOFs NPs

Considering the potential leaching of highly toxic Gd** ions from the in vivo degradation of Gd-
carboxylate based nanoMOFs, highly porous nontoxic iron(l11)-carboxylate nanoMOF have attracted

so far a great deal of attention as drug nanocarriers.

To make nanoMOFs efficient theranostic systems, it is necessary to synthesize nanoparticles of several
hundred nanometers with a narrow polydispersity. Among the large number of existing Fe-carboxylate
MOFs, MIL-n materials combine several features of interest: a good chemical stability, a large porosity
suitable for high drug payloads, a low toxicity and intrinsic imaging properties. Horcajada et al. has
shown that MIL nanoMOFs with engineered cores and surfaces, are a class of nanocarriers for the
controlled delivery of series of challenging antitumoral and retroviral drugs, which also possess

interesting in vivo imaging properties.*

Lin’s group also reported a strategy of delivering an imaging contrast agent organic fluorophore
together with an anticancer drug ethoxysuccinato-cisplatin (ESCP) prodrug by postsynthetic grafting
of the outer surface of the MIL-101(Fe) nanoMOF.*

To overcome the poor biodistribution of drugs with frequent dose-related side effects, Zhang’s group
reported a biocompatible nanoMOF based tumor targeting drug delivery systems (DDS) developed
through a one-pot organic solvent-free “green” post-synthetic surface modification procedure. Authors
started from the preformed MIL-101(Fe)-N3 nanoMOF, then functionalized by a bicyclononyne
functionalized B-cyclodextrin (B-CD) derivative (through strain-promoted [3+2] azide-alkyne
cycloaddition (SPAAC)) further combined with an adamantane functionalized PEG polymer and
targeting peptide cyclic arginine-glycine-aspartic acid (RGD) through host-guest interactions.>! Due
to the covalently linked pH-responsive benzoic imine bond and the redox responsive disulfide bond,

this multifunctional DDS showed an acidic environment-enhanced tumor cell uptake and tumor
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intracellular GSH-triggered drug release, which inhibited tumor growth effectively with minimal side

effects.
1.2.3.1.3 Mn-based MOFs NPs

Manganese (11) (Mn?"), although with a higher toxicity and lower daily dose compared to iron ions,
has been demonstrated with its five unpaired 3d electrons to be an effective T1 contrast agent in MRI.

Recently, Mn-based MOF have therefore been considered for theranostics.

Lin’s group reported the self-assembly of a Mn-bisphosphonate nanoscale coordination polymers
(NCPs) with a lipid and PEG coating; this theranostic NCP platform was capable of delivering a
chemotherapeutic drug zoledronate (loading capacity of 63 &5 wt%) to cancer cells and behaved as
an MRI contrast agent simultaneously.> Another strategy is to construct theranostic bimetallic MOFs,
and Pan et al. synthesized a low toxicity bimetallic zeolitic imidazolate framework (Mn-ZIF-8) with a
drug (5-FU) loading capacity of 25%, which showed favorable pH responsiveness and MRI for glioma

diagnostic and therapeutic applications simultaneously.>®

Considering the toxic adverse effects and resistance to drugs of chemotherapy, Yin’s group developed
theranostic Mn-porphyrin Zr(1V) carboxylate nanoMOFs; the bridging Mn-porphyrin ligand was used
for a MRI-guided nitric oxide and photothermal synergistic therapy.®* Interestingly, free-radical NO
treatment was introduced to overcome the disadvantages of singlet oxygen (*O2)-based PDT due to the
local hypoxia of tumor and through the formation of heat-sensitive NO donor S-Nitrosothiol (SNO).
NO release and PTT were obtained simultaneously under near-infrared (NIR) light irradiation.
Similarly, a multifunctional all-in-one theranostic platform by using mixed-ligand TCPP and Mn-
TCPP was developed for FL, MRI, and PTI trimodal imaging, redox-responsive drug release, and

enhanced photodynamic and photothermal therapy.*
1.2.3.2 Hybrid MOFs nanocomposites

The association of MOFs and functional nanoparticles has led to the creation of new multifunctional
composites hybrid systems. However, until recently, these hybrid materials have been mainly
considered for other applications such as hydrogen storage or heterogeneous catalysis.>®° In
nanomedicine, series of hybrid nanostructures were recently constructed from nanoMOFs to form

multifunctional drug-delivery systems.

1.2.3.2.1 Nano-objects based on MOFs and PB NPs
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Chen’s group developed core-shell Prussian Blue (PB) nanocube@Fe-BTC MOF for pH-responsive
artemisinin delivery, MRI and fluorescence optical imaging (FOI)-guided chemo-/photo- thermal
combinational cancer therapy.®® Interestingly, dual nanoMOFs integrated the T1/T2 MRI,
photothermal ability and photoluminescence properties of PB. Furthermore, this strategy was applied
for the construction of PB@ZIF-8 nanoparticle system, and the endogenous degradation of ZIF-8 in
acid tumor microenvironment was combined with exogenous NIR stimuli to realize efficient drug

delivery 1. A similar strategy was applied by using preformed PB nanocubes Mn3[Co(CN)s]2.
1.2.3.2.2 Nano-objects based on MOFs and iron oxide NPs

Ultra-small super-paramagnetic magnetite (FesO4) nanoparticles have generated a widespread interest
due to their potential applications in magnetic separation, magnetic hyperthermia, magnetic targeting,
and MRI. Sahu’s group incorporated Fe3Os nanoparticles into a degradable zinc carboxylate metal
organic framework (IRMOF-3) and the cancer chemotherapy drug paclitaxel was conjugated to the
magnetic NMOFs through hydrophobic interactions for targeted anticancer drug delivery and MR
imaging.®? The targeting nanoparticles killed the cancer cells effectively, but only an in vitro model
was considered so far. To some extent, these folic acid-conjugated magnetic NMOFs also showed a
stronger T>-weighted MRI contrast. Similar core—shell FesO4@MOF nanocomposites were also
obtained with UiO-66 and Bio-MOF for simultaneous drug delivery and tumor visualization via
MR|.63—64

Chen’s group developed Fe304@C@Fe-BTC MOF nanoparticles through a layer-by-layer formation
of Fe-BTC MOF at the surface of particles combining Fe3O4and carbon dots. While Fes04@C imparts
multimodal imaging properties (photoluminescence and MR) and magnetic targeting ability, Fe-BTC
MOF was used for the co-delivery of the anti-cancer Dihydroartemisinin (DHA), the toxicity of which
is increased in the presence of Fe(11).%° Through the pH-responsive degradation of Fe-BTC MOF,
Fe(l11) was released in the tumor followed by its reduction into ferrous ions. The interaction of Fe(ll)
with DHA led to the production of ROS.

As an ultra-small superparamagnetic iron oxide (USPIO) NP, maghemite (y-Fe;O3) is of a great
interest. Steunou et al. designed through a post-synthetic strategy a maghemite-nanoMIL-100(Fe)
bimodal nanovector as a platform for image-guided therapy®®; when the maghemite content was of 10
wt%, this led to relaxivity values reaching those of the commercial USPIO systems, while keeping the

drug delivery properties of the bare nanoMOF paving the way for their use in theranostics.

1.2.3.2.3 Nano-objects based on MOFs and MnO2 NPs
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In addition to these aforementioned Mn-based MOFs, MnO- also could be integrated into MOFs via a
facile in-situ growth method by the decomposition of KMnOQO4 for the construction of hybrid MnO»-

MOFs nanocomposites.®’-8

. Benzoic acid Cu?® .*, GOD # KMnO,
.1?+w_}/7—-}'-}§—} E.

TCPP

PCN-224 PCN-224(Cu) PCN-224(Cu)-GOD  PCN-224(Cu)-GOD
@MnO,

Figure 1.2.2 The main synthesis procedures and synergistic antitumor mechanism of PCN-224(Cu)-
GOD@MnO; NPs.

In Figure 1.2.2, PCN-222(Zr) was first synthesized and Cu?* was then coordinated with the TCPP
ligand of PCN-224 due to the chelating effect, followed by the conjugation of glucose oxidase (GOD)
outside PCN-224(Cu) via the reaction of the amino groups (—NH2) of glucose oxidase with the
functional carboxylic groups (—COOH) of the TCPP ligand, which was further coated by MnO> layer
(named PCN-224(Cu)-GOD@Mn0,).*® The surface coating of MnO2 would protect GOD from
damage in the blood circulation or normal cells and when the fusiform-like PCN-224(Cu)-
GOD@MnO> was endocytosed into tumor cells, the MnO: layer could be decomposed by the excess
H20; in the tumor microenvironment (TME), and the generated O> could alleviate tumor hypoxia and
enhance the oxidation of Glucose by GOD. Meanwhile, the chelated Cu?* could be reduced to Cu* by
GSH, thus producing * OH via the Fenton-like reaction or O, by the Russell mechanism (a
spontaneous recombination reaction of peroxyl radicals). PCN-224(Cu)-GOD@MnO- was also a good
agent for in vivo fluorescence imaging and T1 weighted MRI as it contains the TCPP ligand and Mn,

and provides precise guidance for co-enhanced starvation and chemodynamic synergetic cancer
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therapy.®® Herein, the synthesis procedure is however quite complicated and as a result, reproducibility

issues should be considered.

1.2.4 MOFs NPs for fluorescence imaging guided therapy
1.2.4.1 Fluorescent MOFs

TCPP and the ‘extended’ structure bis (2, 20-bipyridy) (5, 50-di-p-benzoicacid-[2, 20] bipyridinyl)
ruthenium (1) dichloride (HzL) exhibit fluorescence and singlet oxygen generation properties. >
Fluorescent MOFs could be then constructed using this molecule as the organic ligand and zirconium
(Zr*") ions as the metal nodes.’ The resulting biocompatible multifunctional H,L-MOFs realized 94%
DOX uptake and efficient in vitro photodynamic therapy and chemotherapy was confirmed. Although
the fluorescence imaging diagnosis capability was validated via in vivo normal mice and tumor-bearing

mice imaging, in vivo therapy was not studied in this work.
1.2.4.2 Fluorescent dyes encapsulation

Most near-infrared region (NIR) organic dyes such as Indocyanine green (ICG) are ideal imaging and
photodynamic/photothermal therapy agents. However, their poor aqueous solubility, low cancer
specificity, and low sensitivity in cancer theranostics have limited so far their clinic translation.
Moreover, they showed a dose-dependent toxic effect. To overcome these issues, Liu’s group
developed hyaluronic acid (HA) and 1ICG-engineered MIL-100(Fe) nanoparticles (MOF@HA@ICG
NPs) for imaging-guided, anticancer photothermal therapy (PTT)."

Apart from common direct encapsulation fluorescent dyes into MOFs, one can also use MOFs to pre-
target lesion site, and subsequently label cells or tissues with the fluorescent molecules through
bioorthogonal reaction without interfering with native biochemical processes. In Figure 1.2.3,
metabolic labeling molecule 3-azido-d-alanine (d-AzAla) were first encapsulated into MIL-100 (Fe)
NPs, and then the synthesized nanoobjects were delivered to the infection site via tail vein injection.
Following a second injection of clickable fluorescent dyes (DBCO-Cy5) or antibacterial agents (AIE
NPs-DBCO) with dibenzocyclooctyne (DBCO) group, d-AzAla was conjugated with DBCO-Cy5 or
AIE NPs-DBCO through strain-promoted alkyne-azide cycloadditions (SPAAC) reaction in the
infection site.”? Herein, iron(l11) in MIL-100 (Fe) can catalyze the decomposition of H,0 and the
coordination bond between trimesic acid and iron(l11) breaks in the reaction. Then, d-AzAla could be

selectively released from degraded MIL-100(Fe) in H>O> oversecreted tissues, which was further
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integrated into the cell walls of bacteria to label azido group to staphylococcus aureus (MRSA).

Ultimately, a specific in vivo imaging of bacteria and image-guided antibacterial therapy was realized.
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Figure 1.2.3 The proposed strategy of bacteria diagnosis and therapy by the H,O,-responsive MOFs assisted in
vivo metabolic labeling of bacteria (methicillin-resistant Staphylococcus aureus (MRSA)). A) The synthesis of
azido labeled D-AzAla@MIL-100(Fe) NPs (d-AzAla = 3-azido-D-alanine). B) The accumulation and
decomposition of D-AzAla@MIL-100(Fe) NPs in the presence of H,O, at the site of the infected tissue,
followed by of internalization of invading bacteria. C) Ultrasmall AIE (aggregation-induced emission) NPs with
dibenzocyclooctyne (DBCO) group bind with bacteria through click reaction for tracking and effective
photodynamic therapy (PDT) of bacteria.”

Apart from MIL-100(Fe), NIR dyes were also combined to ZIF-8, MIL-53 or Fe(lll) tetracarboxylate
“socMOF” (or MIL-127), and the dye-MOF NPs inhibited tumor growth through photothermal or
photodynamic therapy while exhibited outstanding NIR or fluorescence imaging capacity both in vitro
and in vivo.”*" Damirin’s group synthesized a smart multifunctional NMOF for MR/optical imaging
and targeted drug delivery.’® First, Fe-MIL-53-NH: was used for encapsulating the drug 5-fluorouracil
(5-FU) and served as a MR contrast agent. Subsequently, the fluorescence imaging agent 5-
carboxyfluorescein (5-FAM) and the targeting reagent folic acid (FA) were conjugated to the 5-FU-
loaded Fe-MIL-53-NH2. The obtained drug delivery system (DDS) showed both a good
biocompatibility, tumor enhanced cellular uptake, strong cancer cell growth inhibitory effect, excellent

fluorescence imaging, and finally an outstanding MRI capability.
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1.2.4.3 Carbon dots

As a class of promising carbon materials, carbon dots (CDs) emerge as superior and universal
fluorophores because of their excellent optical properties, small size and biocompatibility and they
have shown great promises in various biomedical applications such as bioimaging, biosensing and
drug delivery.”” However, aggregation-induced fluorescence quenching of carbon dots is the main
obstacle for their potential applications. MOFs could efficiently reduce the aggregation of carbon dots,
thus enhancing their optical properties and meanwhile, benefiting from the ultrahigh porosity and
tunable pore size of MOFs, CD@MOF composites are designed as fluorescent sensors.’® Wang’s
group reported a two-step room temperature synthesis of green fluorescent C-dots incorporated into
ZIF-8 as a simultaneous pH-responsive drug delivery and fluorescence imaging system.’® These hybrid
nanocomposites showed remarkable properties depending on the incorporated C-dots with versatile

shapes and functions.
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Figure 1.2.4 Schematic illustration of the structure of PCDTs and their application to 808 nm NIR
light-activated and mitochondria-targeted PDT.

Porphyrin-based MOFs have been studied for PDT (81.2.5.1). and most porphyrins could only be
sensitized by ultraviolet (UV)/visible light, limiting their in vivo application. Therefore, development
of NIR light-activated porphyrinic MOFs for amplified PDT is still highly desirable. Weng et al.
designed a “peeled pitaya-like” heterostructure PCN-224@CDs (donated as PCDTSs), on which the
external NP surface was further modified with triphenylphosphines (TPPs) for targeting mitochondria
(Figure 1.2.4).8% Under NIR laser irradiation, the abundant carbon dots could transfer the energy to
the porphyrin MOF due to the tight coupling and short distance, so that 1O, generation efficacy was
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enhanced. Apart from being photosensitizers, carbon dots possessed good up-conversion
photoluminescence (PL) property and therefore in vivo fluorescence was also performed for
biodistribution analysis. In this work, a mitochondria-targeted amplified PDT of cancer cells was
achieved both in vitro and in vivo. However, there are only limited works on this topic, and more

CD@MOF composites are desired for cancer or other diseases therapy.

1.2.5 MOF NPs for nuclear medical imaging guided therapy
1.2.5.1 Positron emission tomography (PET)

Compared to other imaging techniques, positron emission tomography (PET) imaging has superior
detection sensitivity, deeper signal penetration, and better quantitative capacity, thus gaining more
widespread use in both preclinical and clinical scenarios. Hong’s group developed a biocompatible
isotope zirconium-89 (3Zr, t1, = 78.4 h)-labeled UiO-66 nanoMOF platform for PET imaging and
tumor targeting DOX delivery to treat tumor-bearing mice.®! These functionalized 3°Zr-UiO-66
nanoMOFs with strong radiochemical and material stability are of interest as an image-guidable,
tumor-selective cargo delivery nanoplatform. Boron neutron capture therapy (BNCT) is one of the
most promising glioma therapies and Zr-TCPP MOFs were synthesized via a solvothermal reaction
and then boric acid loaded as guest molecules.®? TCPP had fluorescence properties and 8Zr had
positron emission properties. Based on an orthotopic glioma mice model, 8Zr-MNCs nanoparticles
were studied for PET imaging, which enabled accurate in vivo tracking their spatiotemporal

distribution , especially in tumor for BNCT.

The size of nanoparticles might also affect their targeting and other features, but it is seldom studied
due to lack of a biocompatible method to precisely control the particle size of MOFs and also a facile
radiolabeling technique to trace nanoparticles in vivo. Liu’s group used a modulator poly(allylamine
hydrochloride) (PAH) to precisely tune the size of drug-loaded amorphous ZIF MOF particles at room
temperature and analyze in vivo the impact between the particle size of MOFs and cancer theranostics
through PET imaging.® Considering of the similar coordination properties of Zn?* and Cu?*, Cu-64
radiolabeled DOX@AZIF-8 ((*CuDOX@AZIF-8) was obtained by utilizing %CuCl.-mixed ZnCl, as
the precursor. These 60 nm radiolabeled nanoMOFs exhibited a longer blood circulation with over
than 50% higher tumor accumulation compared with larger particles of 130 nm. Although ZIF MOF
is specifically promising for drug carrier, the toxicity of ZIF-8 nanoparticles cannot be ignored, which

may severely limit its further clinical application.
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Tumor hypoxia, a phenotype of inadequate O supply in fast-growing tumors, could lead to drug
resistance and poor therapeutic efficacy. Especially for radiotherapy, hypoxic cells are less sensitive
to radiation damage than normoxic cells and thus O2-evolving strategy is proposed for tumor therapy.
Chen’s group fabricated a PEGylated Zr/porphyrinic MOF-Au nanohybrid via an in situ growth
method by reducing HAUCI4 to NPs for Oz-evolving synergistic chemoradiotherapy (Figure 1.2.5).84
The biodistribution of the nanomedicine was investigated by PET imaging through Cu-64
radiolabeling method. Herein, AuNPs as radiosensitizers were decorated on the surface of MOF to
stabilize the nanocomposite, whereas the MOF scaffold acts as a container for loading
chemotherapeutic drug doxorubicin, achieving an enhanced synergistic chemoradiotherapy. Notably,
AUNPs or MOF alone contributed little to the production of O, but the nanohybrid showed a good

performance in Oz generation under the same condition.
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Figure 1.2.5 The main components of Dox@MOF-Au-PEG and the mechanism of O, self-supplying synergistic
chemoradiotherapy.

1.2.5.2 Single photon emission computed tomography (SPECT)

From a clinical point of view, SPECT allowed images based on the distributions of imageable
radionuclides such as ®™Tc, 121 , or ™!In in the body to be acquired and displayed as tomographic
slices.® Liu’s group fabricated PEG functionalized 2D-NMOFs composed of Zn?" and tetra (4-
carboxyphenyl) porphyrin (TCPP) labeled with the diagnostic radioisotope **™Tc for single photon
emission computer tomography (SPECT) imaging and chemo-photodynamic cancer therapy.®
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Through SPECT, efficient tumor homing of those **"Tc-labeled 2D-NMOFs was observed upon

intravenous injection.

Utilizing nanoMOFs as a single nanoplatform to label various radionuclides for tumor imaging and
radioisotope therapy (RIT) has been rarely studied. Liu’s group first synthesized PEG modified
ZrMOFs (PCN-224) with a size of ~140 nm and then metal radionuclides (**"Tc and ’Lu) were
labeled onto MOFs via chelating with the porphyrin structure. Another metal radionuclide 21 could
also be labeled on MOFs via chemical substitution of hydrogen in the benzene ring. Importantly, these
radionuclide-labeled PCN-PEG nanoparticles all exhibited high radiolabeling yield and were stable in
different solutions. According to fluorescence and SPECT/CT imaging, these nanoparticles achieved
high tumor accumulation after intravenous injection and *”’Lu-PCN-PEG exhibited significant tumor

inhibition and prolonged survival time by RIT.%

1.2.5.3 Computed Tomography (CT)
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Figure 1.2.6 The synthesis and mechanism for cancer therapy of TCPC-UiO by light activation. (a) Synthesis
of TCPC-UiO NMOF and schematic description of heat and singlet oxygen generation under laser irradiation.
(b) Photophysical mechanism for cancer therapy under light activation of a combination therapy guided by
CT/thermal/photoacoustic imaging.

Meanwhile, considering strong X-ray attenuating ability of the Hf element, Xie’s group developed a
multifunctional Hf-porphyrin NMOF platform [Hf/TCPP] with a high tirapazamine (TPZ) loading for
Computed Tomography (CT) imaging that combined PDT and hypoxia-activated chemotherapy.®
Hf/TCPP nanoparticles could efficiently produce ROS for PDT upon irradiation, while the depletion
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of the oxygen did further enhance the hypoxic environment of tumors to induce the activation of TPZ
associated with better in vivo efficacy. Via a mixed-component strategy, photoactive chlorin was
incorporated into the Hf-UiO-66 archetype structure, named TCPC-UiO, in a view of multimodal
CT/thermal/photoacoustic imaging, photodynamic and photothermal therapy (Figure 1.2.6).8° TCPC-
UiO showed an impressive anticancer activity against tumor-bearing mice in vivo, with a tumor

inhibition rate above 90%.

Although not endogenous and poorly soluble in body fluids, ZrO. exhibits favorable biocompatibility
with an extra property of enhanced computed tomography (CT) imaging efficiency. Meng’s group
developed biocompatible ZIF-8 nanoparticles by coating ZrO- onto the surface for chemo-microwave
thermal tumor synergistic therapy.” lonic liquid (IL) exhibited great prospects in microwave
absorption and as a microwave sensitizer, IL was thus loaded into the pore of ZIF-8 for enhanced
microwave thermal therapy and ZrO could also act as an excellent CT contrast agent. Meaningfully,
the toxicity problem of ZIF-8 nanoparticles successfully was solved by surface coating of ZrO, which
could downregulate the degradation process of ZIF-8 and this strategy is believed to be helpful for

further research.

Figure 1.2.7 Multimode imaging diagnosis and combination of low-temperature PTT and PDT for cancer
treatment based on siRNA/Zr-FeP MOF nanoshulttles.

As mentioned before, tumor hypoxia is a typical feature of solid tumors, which limits the applications
in radiotherapy because of radiation resistance. Carbonic anhydrase 1X (CA IX) as a cancer-related
cell surface enzyme could catalyze the reversible conversion of carbon dioxide to bicarbonate ion and
proton, endowing tumor cells with survival advantages in hypoxia.®* Based on the upregulated
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expression of carbonic anhydrase X (CA IX) by hypoxia in tumor, Meng’s group developed quercetin-
modified Zr MOFs for simultaneously enhancing radiotherapy therapeutic effects and CT imaging.®?
Quercetin acts as a radiosensitizer here. The 1,4-benzenedicarboxylic acid produced from Zr-MOF
biodegradation can strongly bind to the Zn?* of CA 1X, which can inhibit the catalytic activity of CA
IX and result in downregulating tumor hypoxia. The as-prepared Zr-MOF-QU as CA IX inhibitor

exhibited improved radiation mediated apoptosis.

Following again an “all-in-one” strategy, Dong’s group developed zirconium-ferriporphyrin MOF (Zr-
FeP MOF) nanoshuttles for multimodal imaging diagnosis, PDT and low-temperature PTT synergistic

treatments (Figure 1.2.7).%

1.2.6 MOFs NPs for imaging guided phototherapy

Phototherapy, including photothermal therapy (PTT) and photodynamic therapy (PDT) is a highly

effective, noninvasive, selective method for cancer treatment.%
1.2.6.1 Porphyrin-based MOFs

Porphyrin ligands are interesting for photodynamic therapy but their use is limited by their poor
solubility, self-quenching and aggregation issues. Porphyrin-based MOFs have recently been reported
as suitable candidates to overcome these problems. Ju’s group designed multifunctional porphyrin-
based MOFs NPs by assembling porphyrin, folate targeting-motif and dye-labelled peptide into MOF
cages.® After folate receptor-mediated uptake, the nanoprobe could efficiently generate O, in
mitochondria to induce cell apoptosis.

Zr(IV)-based porphyrinic MOF nanoparticles PCN-224 also attracted attention for tumor targeted
photodynamic therapy and hypoxia-amplified bioreductive therapy®®’. Through cancer cell
membrane coating, another novel cancer cell membrane@Pt(Il) porphyrinic MOF (mPPt) was also
developed as a biomimetic theranostic O.-meter for cancer targeted photodynamic therapy and
phosphorescence imaging®. In type 11 mechanism of photodynamic therapy (PDT), the ground triplet-
state molecular oxygen (302) is transformed to the reactive singlet oxygen (*O2). However, the process
is extremely dependent on oxygen (Oz2), and the lack of Oz will directly suppress the PDT efficacy. In
the type | mechanism, Oz "+ molecule could be further converted to partially recyclable Oz under the
effects of intracellular superoxide dismutase (SOD) and part of them could be transformed to high
toxic hydroxyl radical (OHe). To overcome a hypoxia microenvironment, Dong’s group developed

bacteriochlorin-based Hf MOFs termed DBBC-UiO as a NIR laser-induced Oz« generator for
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photoacoustic imaging (PAI)-guided PDT through synergistic type | (O2-independent) and type 1l
mechanism for hypoxia tumor ablation (Figure 1.2.8).%° Tumor-specific PAI and highly efficient

hypoxic solid tumor ablation were shown in the experiment.
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Figure 1.2.8 The synthetic procedure and photoinduced PDT mechanism of DBBC-UiO.

Although photodynamic therapy (PDT) is the most considered strategy of ROS generation, it suffers
from critical limitations including tissue-penetration depth, high oxygen dependence, and
phototoxicity. Sono-, radio-, microwave-, chemo-, thermos- and electro- dynamic therapies show good
potential to overcome the drawbacks of PDT.1% Meng’s group prepared flexible Mn-doped UiO-66
nanocubes (NCs) with a small particle size (~60 nm) through a one-pot hydrothermal route. This led
to a nanosystem combining microwave dynamic (MDT) and microwave thermal (MTT) therapies well
suited to suppress the tumor cell growth in vivo and in vitro under mild microwave irradiation!®,
highlighting the synergic effect between MTT and MDT.

1.2.6.2 Nano-objects based on MOFs and noble metal nanoparticles

Noble metal nanoparticles (NPs), especially anisotropic gold NPs (AuNPs), are broadly recognized as
candidates for cancer theranostics because of their good biocompatibility, high light-to-heat
conversion efficiency, and unique near-infrared (NIR) light absorption feature. Note that the
elimination pathways of such nanoparticles is highly questionable particularly when the nanoparticles
are non-degradable. In general, nanoparticles with a size of < 5 nm will undergo in vivo renal

elimination via the kidneys and finally through urine. In the case of nanoparticles > 5 nm, the
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biodegradable ones can be disassembled firstly and then return to the metabolic circulation while most
non degradable nanoparticles (> 5 nm) will be retained in long term in liver non-parenchymal cells
such as Kupffer cells, which act as barriers of hepatobiliary elimination.'%2 In recent year, Au NPs-
MOFs or plasmonic MOFs along with the encapsulation of drugs or functional molecules for cancer

diagnosis or therapy has attracted a considerable attention.1%%-10°

1.2.6.2.1 Au NRs@MOFs

Tang’s group combined anisotropic gold nanorods (AuNRs) and ZIF-8 into core—shell nanostructures
AUNRs@ZIF-8 as a multifunctional nanoplatform for near-infrared-induced synergistic chemo-
photothermal therapy (Figure 1.2.9).1% Gold nanorods with high NIR-light-triggered photothermal
properties are good candidates for photothermal therapy, and its drug-loading capacity was improved
through the ZIF-8 shell. However, this work was mainly focused on synergistic photothermal /
chemotherapy and only photothermal imaging was performed, which was insufficient in terms of
biodistribution.
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Figure 1.2.9 The fabrication of AUNR@ZIF-8 core—shell nanostructures as a novel multifunctional
nanoplatform for synergistic chemo-photothermal cancer therapy both in vitro and in vivo.

To confer to the AUNRS@ZIF-8 heterostructure a multimodal imaging property, three types of NPs
(Ag2S, AgSe, up-conversion nanoparticles (UCNP)) and the anticancer drug Dox were first
introduced into ZIF-8 and then Au NRs were attached via electrostatic interaction (NPs@ZIF-8@Au
NR-DOX).1% Under NIR irradiation using an 808 nm laser, the tumor could be completely eliminated
in vivo through computed tomography, photoacoustic, and NIR fluorescence imaging-guided
photothermal / chemotherapy. Although these aforementioned heterostructure nanoparticles have

shown a great potential as theranostic platform in tumor treatment, electrostatic attraction were not
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strong enough to guarantee their structural stability. Han’s group prepared a unique lactobionic acid
(LA) modified AUNR/ZIF-8 Janus nanoplatform via a selective growth of ZIF-8 on the polyacrylic
acid (PAA) side of preformed Janus Au NR/PAA nanoparticles. These original nano-objects were used
for CT imaging guided liver cancer therapy by the combined effect of chemotherapy and PTT.1%8

Apart from ZIF-8 MOFs, Au NRs could also be integrated into Zr-TCPP and MIL-100(Fe). Zhang’s
group used functionalized gold nanorods to construct through a solvothermal method porphyrinic
nanoMOFs-coated gold nanorods (AUNR@MOFs) for combined photodynamic / photothermal /
chemotherapy of tumor. Camptothecin (CPT) was chosen as a model drug and through the triple
synergistic therapy, the tumor cells were damaged efficiently both in vitro and in vivo.%® Chien et al.
introduced MIL-100(Fe) on the external surface of Au NRs through a NIR induced assisted synthesis
and the resulting Au NRs@MIL-100 NPs were then modified by monocyte chemoattractant protein-1
(MCP-1) to increase cellular uptake and biocompatibility.!*® This theranostic platform showed an
excellent antitumor efficacy and bioluminescence imaging under the laser treatment. Similarly, Guo’s
group designed a Au NRs@MIL-100 NP by in situ depositing MIL-100 on core-shell gold nanorods-
mesoporous silica nanoparticles (GNRs-MSNs), followed by the surface modification of hyaluronic
acid (HA), and this single platform integrated targeted synergistic photothermal / chemotherapy and
tri-modal (MR/CT/PA) imaging.''! Concerning MIL-100, the latter two studies lack of substantial
characterizations such as porosity and crystalline structure to support the successful formation of MOF
part in the structure and the thickness of MOFs layer seems not to be tunable.

Nevertheless, cetrimonium bromide (CTAB) is an indispensable surfactant used in the synthesis of Au
NRs and its toxicity cannot be ignored and meanwhile more work needs to be done considering the
total elimination of Au NRs. In the existence of Au NRs, the growth process of MOFs layer may vary
even using the same reactants, so that it should be better characterized before biomedical application.
Currently, the majority of reported Au NRs@MOFs is based on ZIF-8, and more Au NRs@MOFs

structures are required for theranostics.
1.2.6.2.2 Au nanospheres@MOFs

The Au nanospheres (Au NSs) with a size of tens of nanometers could not only act as photothermal
agents to kill cancer cells and promote drug release, but also enhanced Raman signal. Meanwhile,
considering nanoscale metal organic frameworks (NMOFs) with high porosities and high internal
surface areas as drug delivery system, Hu’s group designed Raman tag-bridged core-shell
Au@Cus3(BTC). nanoparticles for Raman imaging and synergistic chemo-photothermal therapy.t*2

Cu3(BTC) MOFs with high porosities and high internal surface areas acted as drug delivery system
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and Au NSs served as photothermal agents to produce hyperthermia and surface enhanced Raman
scattering (SERS) substrates to enhance the Raman signal of 4-mercaptobenzoic acid in the structure.
Theranostic applications for cell tracking and in vivo synergistic chemo-photothermal therapy of tumor
were conducted, but the tumors were partially retained. Moreover, the toxicity of Cu ion and the

elimination of Au nanosphere with large particle size may be a potential problem.

Yang’s group has constructed pH and GSH responsive Au@ZIF-8 by growing ZIF-8 on the surface of
PVP coated Au NSs (~ 25 nm) for tumor theranostics. Interestingly, in the presence of high GSH and
lower pH, the self-assembly of Au NSs occurred because of the formation of interparticle H bonds and
electrostatic interactions, and the aggregation of Au NSs resulted in strong coupling plasmonic
resonance, enabling tumor microenvironment triggered PA imaging and PTT.!® Herein, the
aggregation of Au NSs were observed both in solution and in living cells in vitro, but it is unknown
about their in vivo fate and long term toxicity. Moreover, the porosity of ZIF-8 was not exploited for
drug delivery and also without any surface coating, which may lead to unspecific capture by

Reticuloendothelial system (RES).
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Figure 1.2.10 (a) Schematic illustration of synthetic procedure for BYL719-cisplatin loaded double shell
nanoparticle (BYL719&Cisplatin@ Au@MOF@MS-ICG, BCAMM) modified with dYNH targeting peptide
(BCAMMD) and antitumor mechanisms of BCAMMD in tumor cell.

In another study, a multifunctional theranostic nanoplatform composed of an Au NS core (~20 nm)
and a double-shell of ZIF-8 and mesoporous silica was designed for combating spinal metastasis of
lung cancer.!* Alpelisib (BYL719) as an inhibitor of a-selective phosphoinositide 3-kinase (PI3K)
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that can inhibit the PI3K-Akt-mTOR signaling pathway of tumor cells was loaded into ZIF-8 and then
indocyanine green (ICG) as a photothermal agent and cisplatin as a chemotherapeutic drug were
conjugated onto the outmost mesoporous silica layer, followed by the conjugation of a targeting
peptide dYNH and polymer PAA for specifically targeting metastatic tumor cells (Figure 1.2.10).

However, this all-in-one strategy is quite complicated, making it less interesting for real applications.
1.2.6.2.3 Au nanoclusters@MOFs

Gold quantum dots are very small nanoparticles (a few nm) which exhibit distinctive optical and
magnetic behaviors compared with larger gold nanoparticles. Au nanoclusters (AuNCs) have been
extensively applied as fluorescent probes for various biomedical applications due to their unique
chemical and physical propertiest*>*’  especially for cell imaging or detection 18120 and even for in
vivo theranostics*?t. There is also an interest in biomedicine for hybrid Au nanoclusters, such as Auzs

nanoclusters. 22124

Yang’s group has developed an inorganic—organic FesO4/ZIF-8-Auzs hanocomposite for magnetically
targeted photodynamic/photothermal therapy. Briefly, upon 808 nm NIR light irradiation, the attached
Auys clusters can generate hyperthermia to produce a unique photothermal therapy modality, while an
efficient singlet oxygen can also be produced for PDT. Furthermore, the encapsulated Fe3O4
nanocrystals could also serve as a PTT agent.’®® The introduction of small Au nanoclusters, when
designing hybrid theranostic nanoMOFs, is quite advantageous not only due to their ability to produce
ROS for photodynamic therapy, but also as a result of their easier renal clearance in comparison to

larger inorganic nanoparticles.
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Figure 1.2.11 The preparation of FesO,@PAA/AUNCs/ZIF-8 composite NPs for simultaneous tri-modal cancer
imaging and chemotherapy.
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Wang’s group designed a multifunctional Fes0Os@PAA/AUNCs/ZIF-8 NPs nanoplatform with a 130
nm size that combines MR, CT and fluorescence tri-modal imaging, ultrahigh anticancer drug loading
and dual pH responsive drug release properties (Figure 1.2.11)!%, In this work, FesOs@PAA core—
shell NPs and GSH capped AuNCs were prepared respectively and then ZIF-8 was then formed at the
surface of FesOs@PAA/AUNCs. Such multifunctional NPs are of interest for their multi-modal cancer

diagnostics and visualized-synergistic therapy.

In another approach, the attachment of BSA modified AuNCs at the surface of MIL-101(Fe) was
performed to build multifunctional theranostic nanoMOFs. MIL-101(Fe)@BSA-AuNCs presented
MRI and fluorescence properties and was used as microwave sensitive reagent for microwave thermal

therapy, MRI and fluorescence imaging (FI).?’
1.2.6.2.4 Au nanostar@MOFs

To cure the triple-negative breast cancer (TNBC), one of the most dangerous subtypes among breast
cancers, Zeng’s group prepared core-shell gold nanostar@MIL-101-NHz(Fe) whose surface is
covalently modified by a short peptide ZD2 (sequence: Cys-Thr-Val-Arg-Thr-Ser-Ala-Asp-Cys) able
to target the TNBC. This nano-object was used for T1-weighted MRI and photothermal therapy
specifically targeting toward TNBC (Figure 1.2.12)'?%. MIL-101-NH(Fe) is a biocompatible and
biodegradable MOF-bearing amino groups that could be further functionalized by ZD2 to achieve an
active- targeted ability. MIL-101-NH(Fe) through its very large pores is able to upload record amounts
of drugs which is of interest for further synergistic cancer therapy.

Figure 1.2.12 The synthesis of AUNS@MOF-ZD2 nanoprobes, and application for T1-weighted MRI and
photothermal therapy specifically toward MDA-MB-231 tumor (TNBC).1?8
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Chen’s group has prepared a liposome-coated core-shell AUNS@Zr-TCPP MOFs nanocomposite
encapsulated with gambogic acid (AZGL) for synergistic photothermal-photodynamic-chemotherapy
of breast cancer.!?® Au NSs, TCPP and gambogic acid mediated mild PTT, PDT and chemotherapy,
respectively. The accumulation feasibility of AZGL at the tumor site was verified through in vivo
fluorescence imaging, and the fluorescence intensity of the tumor region continuously increased and
reached the maximum value at 24 h post-injection. As mentioned in other works, long term in vivo

toxicity or bio-degradation experiments are still missing.

Au NSs are also the second near-infrared (NIR-11) photothermal agent, which is advantageous for an
effective tissue penetration and larger maximum permissible exposure. Lin’s group has developed
light-sensitive yolk-shell nanoparticles (YSNS) by integrating Au NSs as yolks and biodegradable ZIF-
8 MOFs as shells for chemo-photothermal synergistic therapy (1064 nm laser irradiation).**° The
strong NIR Il region absorbance made YSNs good candidates of NIR thermal imaging and

photoacoustic (PA) imaging.
1.2.6.2.5 Nano-objects based on MOFs and up-conversion NPs (UNCPS)

Up-conversion nanoparticles (UCNPSs), capable of converting near-infrared radiation to visible light,
were chosen as optical probe in biological assays and medical imaging. MOFs-UCNPs
nanocomposites exhibited better performances in bioimaging, drug delivery and therapy through the
synergistic and complementary effects of MOFs and UCNPs components.*31-132 Bao et al. synthesized
a core-shell nanoagent UCNPs@MIL-100(Fe) through a one-pot assembly of UCNPs, precursors of
MOFs, etc.!® Core-satellite UiO-68@UCNP superstructure with the encapsulation of dual-
photosensitizer chlorin e6 (Ce6) and rose bengal (RB) was also developed for efficient photodynamic

therapy under the guidance of fluorescence imaging and MRI, which minimized overheating effect.'3*

Another core-satellite structure MOF@UCNP composed of Zr(IV)-based porphyrinic MOF (PCN-
224) and UCNPs was synthesized via DNA-mediated assembly method by Cha’s group for
photodynamic therapy (PDT).™*® Herein, singlet oxygen (*O,) was generated by Zr porphyrinic MOF
NPs upon photo-irradiation in NIR. By assembling UCNPs with MOFs, it was possible to take
advantage of the increased penetration of NIR light. UCNP NPs were used to excite the porphyrinic
ligand due to their ability to absorb in the NIR and emit visible light. A high singlet oxygen production
was observed under 980 nm irradiation by using the core-satellite UCNP-PCN-224 and this amount

was significantly higher than what can be produced from simply mixing UNCPs and MOF NPs.

However, researches on MOFs-UCNPs are still at their infancy and more efforts should be made to

overcome the key challenges.’®'*32 In terms of synthesis, a versatile fabricating strategy for
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conveniently integrating MOFs with UCNPs is urgently required and the underlying formation
mechanism of MOFs-UCNPs is unclear. Concerning light-triggering therapy, the excitation
wavelength of conventional UCNPs is concentrated in the NIR | window, and tissue penetration is a
concern. Thus, developing NIR Il-excited MOFs-UCNPs remains a key challenge. Last, biosafety
concern of NPs use is always a barrier and the exploration of biodegradable MOFs-UCNPs may be

beneficial for clinical application.
1.2.6.3 Nano-objects based on MOF and polymer

Polymers are commonly combined to MOF nanovectors not only to process and stabilize MOFs NPs
but also to enhance their blood circulation and enable specific cell targeting. In addition, polymers
were also used to impart physical properties such as PTT ability. Recently, polymer-MOF NPs have
shown enhanced efficacy in cancer treatment and diagnosis, exhibiting enormous potentials for further
clinical translations.t% In the following, we will discuss recent examples in which polymers were used

as photothermal agents or photosensitizers.
1.2.6.3.1 Core-Shell MOFs-polymer nanocomposites

As a type of photothermal agent, polypyrrole (PPy) has shown great potential for the photothermal
treatment of cancer in vitro and in vivo. Fan’s group fabricated multifunctional core-shell PPy@MIL-
100(Fe) nanoparticles with PPy NPs acting as cores and the MIL-100(Fe) as the outer shell.
Doxorubicin (DOX) was encapsulated in the MOF for a simultaneous photothermal therapy and
chemotherapy of cancer cells. Herein, the introduction of PVVP was used to facilitate the nucleation and
growth of MIL-100(Fe) on the surface of PPy.**" This resulted finally into an outstanding in vivo
synergistic anticancer ability. Following a similar strategy, Wang’s group further conducted
Photoacoustic (PA) and MR dual-mode imaging and synergistic chemo-photothermal killing effects
in vitro based on PPy@MIL-100 nanoparticles.3® PPy core conferred the nanocomposites with strong
NIR absorbance and high photothermal conversion efficiency (~40%), thus suitable for PAl and PTT.
MIL-100(Fe) was utilized as nanocarrier of DOX for chemotherapy and also T, MRI contrast agent.

However, these two studies were limited to in vitro theranostics.

PPy was also formed in situ in the presence of preformed MIL-53(Fe) particles which provide Fe®*
ions able to oxidize Py to PPy. PPy-MIL-53(Fe) nanocomposites with strong NIR absorbance can be
applied for PPT to destroy cancerous cells while anticancer drug DOX could be loaded in the
composite particles. These multifunctional nanocomposites can be of interest for tumor theranostics

through a combined photothermal-chemotherapy. 39140
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Polydopamine was also combined to MOFs due to its facile synthesis, biocompatibility and high
photothermal conversion efficiency. Considering PDA as a template, core/shell PDA@ZIF-8 carrier
was synthesized for simultaneously delivering a photosensitizer, methylene blue (MB) and a catalase
(CAT) , thus realizing synergistic photodynamic and photothermal therapy.'** Noteworthy. in Figure
1.2.13, Zhao’s group reported a biomimetic multifunctional nanoplatform PCoA@M engineered with
a core/shell PDA NPs@Co-MOF heterostructure, anethole trithione (ADT), and a macrophage
membrane.*? In the tumor microenvironment, Co?* release from Co-MOF degradation would
downregulate heat shock protein 90 (HSP90) expression, thereby improving the photothermal therapy
effect of PDA. As a HS-releasing precursor, ADT could be decomposed to high concentration HS
for efficient gas therapy. Moreover, ADT could change the balance between nicotinamide adenine
dinucleotide/flavin adenine dinucleotide (NADH/FAD) during tumor glycolysis, namely starvation
therapy. Macrophage membrane coating was for targeting tumor cells and prolonging blood circulation
time. Finally, PTT-gas synergistic starvation therapy of orthotopic tumor and pulmonary metastasis
was achieved under the guidance of fluorescence imaging. Although authors have performed series of

animal experiments for imaging and therapy, the main concern still lies in the high toxicity of Co?".
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Figure 1.2.13 Synthesis and combined antitumor mechanism of PCoA@M.

As a class of 2D polymeric materials mainly composed of carbon and nitrogen atoms, graphitic carbon

nitride (g-C3N4) nanosheets are obtained from polymerization of melamine, which has been regarded
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as a suitable sustainable photocatalyst.1**> Meanwhile, they have received dramatical interest in the
biomedical fields due to their optical and electronic properties.'**1%® Lee’s group first designed an
nanoscale core-shell platform based on DOX-loaded g-CsN4s@ZIF-8 nanoparticles for photo-chemo
therapy under dual-color imaging (the red fluorescence of DOX and the blue fluorescence of g-CaN4
nanosheets) .14¢ Herein, g-C3N4 nanosheets were used as efficient visible-light photosensitizer for PDT.
The combination of the chemotherapeutic effects of DOX and the PDT effect of g-C3sN4 nanosheets
led to a high synergistic therapeutic efficacy.

1.2.6.3.2 Surface coating of polymer on MOFs

To construct MOFs-polymer structures, another strategy consists of directly coating polymers on the
external surface of MOFs. Guo et al. first mixed the precursors of ZIF-8 with DOX by a one-pot
method to obtain ZIF-8/DOX and then ZIF-8/DOX nanoparticles was coated with polydopamine
(PDA) and functionalized with PEG and Mn?*. Herein, ZIF-8 was selected considering its intrinsic
pH-dependent stability, and PDA was used for photoacoustic imaging and photothermal therapy while
Mn?* cations imparted T1 MRI properties. The in vivo study confirmed their efficient therapeutic

efficiency, a paradigm of imaging guided chemo-photothermal therapy.

Based on MIL-100(Fe), Zhang et al. prepared hybrid particles by coating curcumin-loaded MIL-
100(Fe) NPs with PDA-modified HA and studied them for photoacoustic imaging-guided chemo-/
photothermal cancer therapy (Figure 1.2.16).14” A high photothermal conversion ability was achieved
in these hybrid particles through the introduction of both curcumin and PDA-HA. The coating of HA-
PDA resulted in a tumor-targeting ability as well as improved the stability of the nanoMOF in the

blood, resulting in a significant antitumor effect after intravenous injection into tumor-bearing mice.
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Figure 1.2.16 (A) The preparation of MCH NPs through the formation of MIL-100(Fe), curcumin loading and
HA-PDA surface coating; (B) Under the guidance of PAI in vivo, efficient chemo-/photothermal combinational
tumor therapy of MCH NPs was conducted via combinational enhanced penetration and retention (EPR) and
tumor-targeting effects.’

Polyaniline (PAN) exhibits strong absorption coefficients, excellent photostability, but a poor water
solubility. Wang et al. synthesized nanoscale polymer-MOF UiO-66@polyaniline with an appropriate
particle size, good water-dispersibility, strong NIR absorbance, high photostability, and photothermal
conversion efficiency suitable for PTT based cancer treatment in vitro and in vivo under guidance of
photothermal imaging.'*® Due to its negatively charged surface, UiO-66 could adsorb aniline through
electrostatic interaction that was further polymerized using ammonium persulfate as an oxidizing

agent.

MOFs@polymer composites based on Zr dicarboxylate nanoMOFs, such as UiO-66@CyP (CyP
means cyanine polymer), were used for NIR fluorescence imaging-guided PTT based cancer treatment
by utilizing multi-component passerini reaction to realize the polymerization of NIR dye cyanine (Cy)
on the surface of UiO-66 nanocrystals*®. UiO-66 nanocrystals were used as templates for the
polymerization, and the resulting UiO-66@CyP exhibited high PTT performance in cancer treatment.
Note that the utilization of Zr for biomedical applications is highly questionable due to the exogeneous
nature of Zr as well as the very low solubility in body fluids of the biodegradation products (Zr

oxides/phosphates).
1.2.6.3.3 Janus MOFs-polymer nanocomposites

Multifunctional Janus nanoparticles (JNPs) with asymmetric compositions and independent functions
have drawn extensive attention in biological fields. Wang’s group prepared ZIF-8/polydopamine JNPs
with hollow structure (H-ZIF-8/PDA JNPs) through a mild synthesis strategy.!® After
functionalization on PDA sides with a -cyclodextrin (CDs) derivative, the resulting composite was
loaded with hydrophobic and hydrophilic drug molecules. Moreover, due to the existence of PDA, H-
ZIF-8/PDA JNPs owned strong near-infrared (NIR) absorption and the platform displayed pH/NIR
dual-responsive drug release behaviors, resulting in a promising inhibition of tumor growth. It should
be noted that, apart from thermal imaging, no other thermal related imaging was studied and facile

synthesis should always be privileged.
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1.2.7 Challenges

So far many new hybrid nanoMOFs systems have been constructed and have demonstrated, in most
cases in vitro, a potential benefit that combines the DDS properties of the nanoMOFs and the imaging
or stimuli-responsive behavior of the functional nanoparticles (organic or inorganic). However, when
dealing with biomedical applications, this is necessary to consider the potential toxic effects of the
system in play. In the case of such nanoMOFs hybrid systems, one should ideally demonstrate the
biocompatibility, biodegradability and lack of accumulation into the body of the nanoparticles such as
done previously with the bare porous iron(l11) carboxylate materials.?® Before constructing theranostic
probe, in vitro and in vivo toxicity experiments should be considered for each nanocarrier. Besides,
these nanosystems shall ideally be produced following green, environmentally friendly and energy-
efficient routes using water or not toxic organic solvents such as alcohols.*>*52 Another very important
parameter is to control the physical and chemical properties of the nanoparticles such as the particle
size that should be smaller than 200 nm with an excellent control of the size distribution. This is likely
that most of hybrid nanoMOFs candidates considered so far for bioapplications fail to meet these

demanding criteria.

In addition, the colloidal stability of the hybrid nanoMOFs in different biological media shall strongly
affect the biodistribution and pharmacokinetics in vivo.'>® If a considerable effort has been devoted to
surface modification® 15415 such as conjugating targeting molecule, coating with PEG or polymer,
the stability of these systems could be improved, leading to a longer blood circulation half-life, better

drug delivery abilities and therapeutic efficiencies.

1.2.8 Conclusion and Perspectives

This chapter gives a detailed description on the recent developments of hybrid nanoMOFs concerning
theranostics. MOFs themselves are promising candidates for drug delivery and a large series of hybrid
nanoMOFs based composites have been produced that bear magnetic, fluorescent or thermal properties
suitable for imaging-guided therapy. In a view of future MOFs clinical use, one shall now focus on the
development of optimal nontoxic multifunctional stimuli-responsive nanoMOFs formulations with a

suitable stability in body fluids.
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1.3 Objectives

MOFs are porous materials, which is promising for drug delivery due to their high drug loading and
stimuli-responsive release. However, one cannot simply conclude that MOFs are better nanocarriers
than other drug carriers, because the loading capacity is not the sole criterion; one shall take into
account many other parameters such as synthesis route, stability, reproducibility, toxicity and
biological efficacy. Importantly, the versatility and tunability of MOFs enable their assembly with
other materials such as inorganic particles and polymers, leading to nanocarriers for theranostics.
During the last five years, theranostic MOFs have achieved to date huge progresses, especially most
of them were exploited for cancer treatment in terms of biomedical applications. The general criterion
of an ideal MOF nanocarrier includes 1) low toxicity, 2) small size, 3) biodegradation, 4) “green”
synthesis, 5) sufficient materials characterizations, etc. However, most works are not able to address

these issues currently.

In terms of clinical applications, the prerequisite is to use a nontoxic nanocarrier, and endogenous
metals (i.e., Fe, Ca and Zn) based MOFs are first class candidates. Especially, mesoporous Fe MOFs
(i.e., MIL-100(Fe)) are of interest due to their favorable properties. As for synthesis, a lot of literatures
relied on multiple-step reaction routines, toxic solvents or strict rection conditions, which would
hamper possible scaleup or clinical transfer. “Green” synthesis at room temperature is thus highly
desired. Actually, the synthesis of ZIF-8 at room temperature has been widely studied for drug or
biomacromolecule delivery, but as for MIL-100(Fe), room temperature synthesis strategy is more
challengeable and rarely reported before. Until recent years, our group has successfully synthesized
MIL-100(Fe) and other MOFs in aqueous solution at room temperature. Moreover, theranostic MOFs
should also be biodegradable, facilitating the elimination from the body to avoid long term toxicity.
Also, the small particle size of MOFs is advantageous for a long blood circulation time to reach the
target, realizing an efficient drug delivery. Alternatively, the degraded products could be assimilated
again by the body. In many papers of MOFs for bioapplications, lack of materials characterizations is
a general drawback and authors always named their nanocomposites as MOFs directly without
systematic physicochemical characterizations. Actually, even using the same reactants under the same
temperature, the obtained products could be different. For example, some “so-called” MIL-100(Fe)
MOFs were even nonporous or amorphous, just Fe/BTC coordination complexes. Concerning the
design of theranostic MOFs, it is important to consider all of these factors.

As demonstrated in the literature, there is a close relationship between inflammation and cancer.

However, in terms of inflammatory disease therapy, MOFs are still at their initial stage according to
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the first part of this introduction. In this thesis, the aim is to achieve these goals, namely constructing
new theranostic MOFs in a mild reaction condition for the treatment of inflammatory disease. For the
treatment of inflammatory disease such as rheumatoid arthritis, we have considered clinical drugs such
as methotrexate and dexamethasone as well as MIL-100(Fe) NPs due to its high drug loading and low
toxicity were considered. While bare Fe-MOFs themselves are not a good contrast agent for MR,
thermal-related imaging, etc, ultrasmall superparamagnetic iron oxide and atomically precise gold
clusters were introduced as contrast agents for image guided therapy to monitor the drug delivery
process or biodistribution in real time. The role of inorganic nanoparticles is not limited to imaging,
their catalase or superoxide dismutase-like activity would be helpful in the treatment. Furthermore,
guided by “green synthesis”, an in situ room temperature synthesis is proposed to construct different

biocompatible NPs@MOFs for theranostics in the thesis.
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Chapter 2

This chapter is adapted to the following manuscript:

Hierarchical superparamagnetic MOFs nanovectors as novel

theranostic anti-inflammatory nanomedicine

(In Submission)

Heng Zhao et al.
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2.1 Contributions to this research

In this project, the aim is to develop multifunctional magnetic MOFs for magnetic resonance imaging
(MRI), inflammatory diseases therapy and cancer therapy. The project started at Université de
Versailles St Quentin en Yvelines. Dr. Saad Sene performed the synthesis of hierarchical
USPIO@MIL nano-object combining MIL-100(Fe) and ultra-small particles of superparamagnetic
iron oxide. In the beginning of my PhD study, | repeated the synthesis and then | characterized the
synthesized materials by using many different techniques, such as PXRD, N2 sorption isotherms, TEM,
DLS, TGA, UV-Visand FT-IR. Dr. Nathalie Guillou performed PXRD patterns (Rietveld refinement)
measurement. Prof. Nicolas Menguy performed HRTEM measurements. Dris Ihiawakrim and Prof.
Ovidiu Ersen performed electron tomography analysis. Dr. Jean-Marc Grenéehe performed °’Fe
Md&ssbauer spectrometry. Dr. Joseph Scola measured magnetization curve and magnetic moments.
Then, | studied the colloidal stability and chemical stability of USPIO@MIL in physiological media
by DLS and TEM, respectively. Dr Xiangzhen Xu at ESPCI trained me for TEM measurement. In
terms of drug delivery, Dr. Angelika Maria Mielcarek performed the preliminary study of loading
methotrexate (MTX) by MIL-100(Fe). Afterwards, | studied the drug loading and release of MTX and
doxorubicin (Dox) by HPLC and UV-Vis systematically. Bernard Goetz performed ICP-MS
measurements. Concerning cell experiments, | investigated the cell cytotoxicity, cellular
internalization by confocal microscopy, pro-inflammatory cytokines expression by Elisa kit based on
RAW 264.7 cells. Dr. Simona Mura (Université Paris-Saclay) gave useful suggestions for pro-
inflammatory cytokines evaluation. Dr. Christine Pé&houx performed Bio-TEM to visualize the
internalization and degradation process of USPIO@MIL NPs and the test was proposed by Prof.
Florence Gazeau and Dr. Florent Carn. Meanwhile, | studied the cell cytotoxicity, cellular
internalization by confocal microscopy and anticancer therapy on Hela cells. Dr. Sylvain Miraux
performed in vivo MRI. Subsequently, I collected and discussed the results with my supervisors,
colleagues or collaborators. Finally, based on these aforementioned experimental data, | integrated all
the Figures together and wrote the first manuscript draft, followed by several times of revision of my

supervisors and collaborators.
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2.2 Abstract

Among a plethora of drug nanocarriers, biocompatible nanoscale Metal Organic Frameworks
(nanoMOFs) with large surface area and amphiphilic internal microenvironment have emerged as
promising drug delivery platforms, mainly for cancer therapy. However, their application in
biomedicine still suffers from shortcomings such as a limited chemical and/or colloidal stability and/or
toxicity. Here, we report the design of a hierarchically porous nano-object (denoted as USPIO@MIL)
combining a benchmark nanoMOF, (that is, the MIL-100(Fe)), and ultra-small particles of
superparamagnetic iron oxide, (that is, maghemite), that is synthesized through a one-pot, cost-
effective and environmentally friendly protocol. The synergistic coupling of the physico-chemical and
functional properties of both nanoparticles confer to these nano-objects valuable features such as high
colloidal stability, biodegradability, low toxicity, high drug loading capacity as well as stimuli-
responsive drug release and superparamagnetic properties. This bimodal MIL-100(Fe)/maghemite
nanocarrier once loaded with anti-tumoral and anti-inflammatory drugs (doxorubicin or methotrexate),
leads to high anti-inflammatory and anti-tumoral activities. In addition, USPIO@MIL nano-object
presents excellent relaxometric properties and its applicability as an efficient contrast agent for
magnetic resonance imaging is herein demonstrated. This highlights the high potential of
maghemite@MOF composite integrating the functions of imaging and therapy as theranostic anti-

inflammatory formulation.

2.3 Keywords

Metal Organic Frameworks, maghemite, drug nanocarriers, theranostics, inflammatory disease.
2.4 Introduction

Inflammation is a complex mechanism of the body’s defense, arising from multiple causes such as
infectious agents (viruses, bacteria), radical oxygen species or metabolic stress (hypoxia). A large
spectrum of pathologies such as sepsis, asthma, type 2 diabetes, neurodegenerative, cardiovascular and
intestinal diseases, rheumatoid polyarthritis and also cancer are accompanied by an uncontrolled
inflammatory response. The conventional treatment of such inflammatory diseases generally relies on
the use of steroidal or nonsteroidal anti-inflammatory drugs, as well as anti-leukotrienes or pro-

inflammatory cytokine inhibitors.! However, these treatments often lack from an optimal
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pharmacological activity as a result of non-specific biodistribution, low bioavailability and/or short
half-life into the body, together with high dosages required associated to off-target side effects.! To
overcome such drawbacks, nanomedicines based on nanoparticles (NPs) such as liposomes loaded
with anti-inflammatory drugs were developed and have shown therapeutic improvements of
inflammatory diseases in pre-clinicals studies.* They were also applied in cancer treatment due to the
relation observed between the tumor inflammatory microenvironment and cancer carcinogenesis,
dissemination and metastasis.? However, only a very limited number of anti-inflammatory
nanomedicines have succeeded to reach clinical trials.®> Among key issues to be addressed, one can
point out their insufficient stability in biological fluids, low drug loading capacity, uncontrolled drug
delivery as well as their limited biocompatibility and safety.! * More importantly, their complex
architecture often requires a multi-step synthesis which is a strong hurdle for the cost-effective scaling-
up of their production. There is thus an urgent need to develop a novel generation of anti-inflammatory

nanomedicines.

In this context, Metal Organic Frameworks (MOFs) have recently emerged as alternative drug-delivery
platforms. MOFs are micro or meso-porous crystalline hybrid materials consisting of metal ions,
clusters or chains interconnected by organic linkers.*® Their unprecedented chemical and structural
diversity,*® high surface area as well as their suitable amphiphilic internal microenvironment, make
these solids promising drug nanocarriers. Not only are these latter able to encapsulate a high diversity
of active ingredients (drugs, biological gases, proteins, photosensitizers, etc.) but their drug loading
capacities can reach record values, up to 2 g of drug per gram of empty MOF, surpassing those of any
other drug nanocarrier.® Moreover, through a careful choice of the MOF and depending on the
administration route, one can achieve in most cases a controlled, progressive, eventually stimuli-
responsive, drug release, avoiding a therapeutically inactive burst-release. Their large diversity also
endows them multiple functionalities of interest for therapy, diagnosis and imaging, thereby allowing
the construction of theranostics nanovector.'%* Several types of inorganic cations can offer imaging
contrast for magnetic resonance imaging (MRI), computed tomography (CT) or single photon emission
computed tomography (SPECT) while organic ligands can impart therapeutic or imaging function,
such as acting as chemotherapeutic prodrugs, photosensitizers or fluorescent dyes.*%1¢ The therapeutic

efficiency of these nanoMOFs can be further enhanced by integrating another material such as metals,
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metal oxide NPs, (bio)polymers, enzymes, or nucleic acids, either anchored at the surface of
nanoMOFs or alternatively encapsulated within their internal porosity.”-2° While polymer coating has
been shown to enhance the pharmacokinetics of MOF NPs (colloidal stability and blood circulation
time), metal and metal oxide NPs could confer magnetic, plasmonic or luminescent properties of
interest for multimodal imaging and diverse therapies (photothermal and photodynamic).10-19 21-22
Although significant progress has been achieved in this field, such nanoMOFs still face critical issues
that are detrimental for their biomedical application. Due to their complex microstructure and multi-
component composition, most MOFs nanocarriers present a high toxicity and/or a poor chemical or
colloidal stability while their biodegradability or intracellular fate was rarely evaluated.?® Moreover,
these nanovectors are often prepared through complicated, multi-steps and time-consuming synthesis
procedures relying on the use of organic solvents hampering their clinical translation. So far MOF
platforms were reported mainly for cancer therapy®® while their potential has barely been explored

for inflammatory chronic diseases such as rheumatoid arthritis (RA).242°

In light of these developments, some of us have reported in the past few years nano-objects (denoted
as MIL/USPIO-cit) that consisted of mesoporous Fe3* trimesate MOF (i.e., MIL-100(Fe)) NPs whose
outer surface was post-synthetically coated by citrate modified maghemite y-Fe,Os-cit NPs.'® This
bimodal nanovector was shown to be a promising candidate for cancer theranostics due to its ability
of coupling drug-delivery and MRI properties. However, the y-Fe-Oz-cit rate did not exceed 10 wt%
while the colloidal stability of such nanovectors was not optimal in physiological conditions.® In the
present article, a novel hierarchical superparamagnetic and stimuli-responsive MIL-100(Fe) / y-Fe2O3
nano-object (denoted as USPIO@MIL) (Scheme 1) was synthesized through a direct cost-effective
room temperature (RT) green approach. It consists of small MIL-100(Fe) nanoparticles (50 nm) in
which y-Fe>O3 NPs are homogeneously distributed in their core and at their surface. USPIO@MIL was
able to encapsulate two drugs (either doxorubicin (Dox) or methotrexate (MTX)) with a high drug
loading. Dox, a widely used anticancer drug has also shown its capacity to induce apoptosis of
inflammatory neutrophils®®-3t while MTX is not only a chemotherapy agent but also the first-line
conventional drug for rheumatoid arthritis (RA). Our objective was thus to design a novel type of anti-
inflammatory nanomedicine for the treatment of chronic inflammatory disease such as RA. Note that

RA is frequently accompanied by other diseases such as cancer®? that can affect all body organs with
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however, to date, no effective available therapy targeting simultaneous cancer and RA.3%-3! Noteworthy
our new biodegradable multi-drug delivery system was shown to be very efficient to carry and release
complementary anti-cancer and anti-inflammatory drugs to synergistically target both malignant cells
and tumor inflammatory components.®> USPIO@MIL and drug loaded analogues present a low
cytotoxicity and an excellent colloidal stability in physiological conditions while their biodegradability
was demonstrated through their internalization in macrophages and intracellular fate over a period of
one week monitored by TEM. Remarkably, the stimuli-responsive drug release properties of
USPIO@MIL/Dox (and also USPIO@MIL/MTX to a less extent) confer these nanovectors a high
anti-tumoral and anti-inflammatory capability. Finally, due to its high y-Fe2Os rate of 20 wt%,
USPIO@MIL nano-object exhibits a superparamagnetic behaviour suitable for its use as in vivo
contrast agent for MRI, thereby paving the way for its applicability in image-guided therapy to

diagnose and treat inflammatory diseases.

DOXORUBICIN METHOTREXATE
(Dox) (MTX)

i\ ) ' MTX
Y Fe*
/MTX
/ > e
¢ Dox
4‘,._.;:}': J Lipopolysaccharide ) Fe* . pox
\\'.‘L#o-' / r‘f’
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MACROPHAGES MACROPHAGES
NON-TOXIC ! \ :
BIODEGRADABLE APOPTOSIS ¥
N CYTOKINES PRODUCTION ®
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Scheme 1. Schematic illustration of a) synthesis of USPIO@MIL-100(Fe) nano-objects and b) their use as a
theranostic platform for the treatment of cancer and inflammatory diseases.

111



Chapter 2

2.5 Results and discussion

Synthesis of maghemite embedded MIL-100(Fe) nano-objects. The synthesis of USPIO@MIL
nano-objects was derived from a protocol recently developed by some of us for the preparation of
MIL-100(Fe) NPs (Figures S1 and S2).3® This procedure consists of mixing the iron salt and the
benzene tricarboxylic acid (1,3,5-BTC) ligand in water at RT, which is advantageous compared to
conventional solvothermal synthesis (reflux or microwave), both from a technico-economic point of
view and for the preparation of MOF-composites relying on fragile nano-objects (NPs, enzymes,
etc.).33% Firstly, the USP1O NPs were prepared by a coprecipitation method according to well-known
procedures.36-3" Their characterization by using PXRD, HRTEM, FT-IR and DLS have clearly shown
the formation of maghemite (i.e., y-Fe2O3) NPs with a cubic deficient spinel structure (a = 0.836 (1)

nm) and a particle diameter close to 7 nm (Figure S3). Then, the USPIO@MIL nano-objects were then
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Figure 1. Characterizations of USPIO(20)@MIL. a) Refinement of USP10(20)@MIL PXRD pattern (Rietveld
refinement was performed for maghemite whereas a profile pattern matching was undertaken for the MIL-
100(Fe) contribution) (ACu = 1.5418 A); b) Hydrodynamic diameters of USPIO(20)@MIL at a concentration
of 200 pg mL* in different media (Milli Q water, Saline, PBS, PBS + BSA, DMEM and DMEM + FBS) at RT.
(c1-d1) STEM-HAADF and corresponding (c2-d2) TEM-BF images of USPIO(20)@MIL. (d3) HRTEM image
of USPIO with (d4) FFT indexed with the cubic cell (a = 0.8346 nm). Inset of c1) particle size distribution
(diameter = 56 11 nm) of USPIO(20)@MIL NPs.

synthesized following an in situ approach, where the nanoMOF was formed at RT in the presence of
y-Fe20s NPs as a co-reactant in a reaction medium containing the iron salt and the organic ligand,
keeping the same reaction conditions as those used for the bare MIL-100(Fe) (see Experimental section
for details). First, the USPIO@MIL nano-objects were prepared with a content of y-Fe203 of 20 wt%
(referred as USPIO(20)@MIL) as shown by the combination of Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS) and High Performance Liquid Chromatography (HPLC) (Table S1, Figure
S4). The nano-objects have been fully characterized by combining Powder X-ray diffraction (PXRD),
DLS, TEM, HAADF-STEM, N2 porosimetry and FTIR (Figures 1, 2 and S5-S7). PXRD pattern of
USPIO(20)@MIL superimposes well with those of both MIL-100(Fe) and y-Fe>Os3, according to the
structureless refinement performed for maghemite and the profile matching for the MOF (Figure 1a).
Accordingly, the TEM and HAADF-STEM (Figures 1 and S7) images show that USP10(20)@MIL
consists of spheroidal particles of 56 11 nm in diameter with a small size distribution which is close
to the dimensions of the bare nanoMOF (40 =8 nm) (Figure S2). Note that the diameter and particle
size distribution of MIL-100(Fe) NPs in USPIO(20)@MIL are significantly lower than that of MIL-
100(Fe) NPs prepared by microwave assisted solvothermal protocol.!® 3% The TEM and HAADF-
STEM images show that the outer surface of USPIO@MIL NP is partially decorated by small
aggregates of y-Fe>Osz NPs while individual y-Fe>Os NPs cannot be observed (Figure 1). Electron
tomography experiments were performed to further analyze the 3D architecture of USPIO(20)@MIL
nanostructures and elucidate the location of the y-Fe2O3 NPs. Degradation of the nanoMOF is observed
upon exposure to the electron beam but it does not affect the observation of the embedded y-Fe2O3
NPs. According to the 3D reconstruction of the USPIO(20)@MIL nano-objects, the y-Fe,O3 NPs are
concomitantly located at the outer surface of the MIL-100(Fe) NPs and also embedded in their core
(Figure 2). This suggests that these entrapped y-Fe-O3 NPs may act as anchors for the initial formation

of MIL-100(Fe) seeds, followed by their further outward growth, gradually forming the hierarchical
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porous USPIO(20)@MIL NPs, with the remaining USPIO being attached at the external surface of the
composite. The spatial distribution and organization of y-Fe.Oz NPs is different whether they are
located at the surface or in the core of MIL-100(Fe). While y-Fe>O3 NPs are strongly aggregated at the
surface of nanoMOFs, they are randomly spatially distributed in the core of MIL-100(Fe). According
to electron tomography, one can estimate a similar relative amount of the "surface” and "embedded"
y-Fe203 NPs within USPIO(20)@MIL although this quantification could only be performed on a

limited number of nano-objects. The stoichiometry of iron oxides in USPIO(20)@MIL was finally

Xy
(central ,‘

Figure 2. Electron tomography analysis of two typical aggregated USPIO(20)@MIL nano-objects. a, b) STEM-
HAADF images, at 0<tilt, from the tilt series used to reconstruct the volume (a) and several slices extracted
from the bottom to the top of the volume of the aggregate obtained by reconstruction (b); ¢) The 3D model of
the two aggregated USP1O(20)@MIL nano-objects with y-Fe,O3 NPs in red and MIL-100(Fe) NPs in green and
three corresponding slices through the reconstruction parallel to either (xz) or (xy) planes.

assessed by °’Fe M&sshauer spectrometry (300 and 77 K) in order to exclude a possible reduction of
y-Fe203 to FesO4 magnetite NPs during the formation of USPIO(20)@MIL. Note that both iron oxides
cannot easily be distinguished by PXRD since they exhibit the inverse spinel crystalline structure with

a close lattice parameter. The °’Fe M&ssbauer spectrum of USP10(20)@MIL recorded at 77 K (see Sl
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for details and Figure S14) shows a broadened lines sextet that can be assigned to y-Fe,Os NPs while
the central asymmetrical quadrupolar doublet results from both MIL-100(Fe) and small non-interacting
y-Fe203 NPs. The acquisition of °>’Fe Mcsshauer spectra at both 300 K and 77 K allows thus to identify
the presence of interacting and non-interacting y-Fe.O3 NPs located presumably at the surface and in
the core of MIL-100(Fe) particles as shown by TEM and electron tomography. The relative amount of
both MIL-100(Fe) and y-Fe>O3 estimated from the respective absorption areas (69% and 31%) is fully
consistent with the quantification given by ICP-MS and HPLC (see above).

Similar USPIO(10)@MIL nanostructures with a lower y-Fe;Os content of 10 wt% could also be
synthesized at RT by the in situ approach as shown by PXRD, N2 porosimetry, TGA and TEM (Figure
S8). This shows that the in situ route allows to tune the rate of USPIO while preserving the
microstructure of nano-objects. For both USPIO(X)@MIL (X = 10 and 20), the TEM images show
clearly that almost no USPIO was physically separated from MIL-100(Fe) NPs (Figures 1, S7 and S8),
thus located either at the surface or embedded in the core of the nanoMOF. This is in contrast to the
previously reported MIL/USPIO-cit nano-objects whose maximum thresholds could not exceed 10
wt% above which y-Fe,O3 aggregates are simultaneously formed.!® This clearly shows that the in situ
approach can produce homogeneous USPIO@MIL nano-objects with a maghemite rate as high as 20

wit%.

Colloidal stability in serum conditions. To assess their intravenous administration and potential use
as drug delivery systems, the colloidal stability of USPIO(20)@MIL was studied under different
simulated physiological medium conditions. In contrast to a strong aggregation observed in the
Dulbecco's Modified Eagle Medium (DMEM) cell culture medium, saline solution (0.9% NaCl) and
phosphate buffer saline (PBS), an excellent colloidal stability of USPIO(20)@MIL NPs was observed
in Milli Q water, in DMEM supplemented with fetal bovine serum (FBS) (10% v/v) and in PBS
supplemented with bovine serum albumin (BSA) (5.4% v/v) since their hydrodynamic diameter (i.e.,
~140, 150 and 170 nm, respectively) remained constant for 24 h (Figures 1b and S9). Interestingly, as
previously reported for MIL/USPIO-cit'®, the long term colloidal stability of USPIO(20)@MIL NPs
was significantly enhanced by using DMEM and PBS buffer solutions containing serum and thus the
most abundant plasma proteins in mammals, albumin (Figures S10 and S11). This may result from a

possible adsorption of BSA at the surface of NPs as reported before.!® %0 It is worth noting that
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USPIO(20)@MIL NPs exhibit a superior colloidal stability in comparison to that of MIL/USPIO-cit
NPs!® as a result of their smaller mean diameter (170 nm for USPIO(20)@MIL and 380 nm for
MIL/USPIO-cit) in PBS/BSA, which is beneficial for their intravenous administration. The long-term
chemical stability of MIL-100(Fe) and USPIO(20)@MIL in PBS and PBS/BSA solutions was finally
investigated by varying pH. According to the PXRD and TEM experiments (Figures S12 and S13),
USPIO(20)@MIL NPs exhibit a good stability in PBS and PBS/BSA solutions at pH 5.1 for 24 h while
a partial or complete degradation of MOF occurs for 24 h by increasing pH to 6.5 and 7.4, respectively.
This is consistent with the previously reported degradation of these MIL-100(Fe) NPs in a highly

concentrated aqueous phosphate solution at pH 7.4.%°

Biodegradability and internal distribution in macrophages. In the next step, the cellular uptake of
USPIO(20)@MIL by RAW 264.7 mouse macrophages was then investigated by combining confocal
laser scanning microscopy (CLSM), TEM, and ICP-MS. For the CLSM experiments, the fluorescent
dye Rhodamine B (RhB) was encapsulated in the mesopores of USPIO(20)@MIL (see Sl for
experimental details). Internalization of the RhB-labeled USPIO(20)@MIL nano-objects in the RAW
264.7 macrophages was clearly observed after an incubation time of 1 h (Figure S16). The fluorescence
intensity of the cells increased until 4 h while remaining constant for a longer incubation time. 2D
TEM slices images of RAW 264.7 cells incubated with USPIO(20)@MIL NPs were recorded to
characterize the internalization of USPIO(20)@MIL in RAW 264.7 cells, elucidate their intracellular

distribution and fate over a period of one week.

As shown in Figures 3a-c, after 30 min of incubation, USPIO(20)@MIL nano-object start to interact
with the cell plasma membrane while a few nano-objects internalized into membrane-closed
endosomes, without losing their bimodal nanostructure (small black dot and grey spheres in TEM
images correspond respectively to y-Fe,O3 and MIL-100(Fe) NPs). From 4 to 8 h (Figures 3d-i), a
large amount of USPIO(20)@MIL NPs is accumulated in endosomes. After 12 h of incubation
(Figures 3j-1), they start partially to degrade as revealed by the presence of individual y-Fe.O3 NPs
until their complete dissociation after an incubation time of 24 h (Figures 3m-o0). This is in agreement
with the degradation of the outer MIL-100(Fe) shell of Fez0.@C@MIL-100(Fe) in Hela cells as
previously reported.** The degradation of MIL-100(Fe) is, as expected, due to the high intracellular

concentration of phosphates and iron reductants such as glutathione. In the following days (Figure
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S17), y-Fe203 NPs are more concentrated in lysosomes and the density of y-Fe.O3 NPs in the cytoplasm
as well as endo/lysosomal compartments is significantly reduced after 5 days, suggesting their
progressive degradation as previously observed for iron oxide NPs. This process is certainly involved

in Fe recycling into ferritin proteins.*? Overall, this two-stage degradation profile of USPIO(20)@MIL

USPIO@MIL NPs

y-Fe,0; NPs

Figure 3. 2D TEM slices images of RAW 264.7 cells exposed to USPIO(20)@MIL (50 pg mL™Y) in 2%
FBS/DMEM medium for different incubation times (30 min, 4 hours, 8 hours, 12 hours and 24 hours).

NPs clearly shows that these nano-objects are biodegradable after cell internalization. This is also
associated with a high intracellular iron concentration, as shown by the quantification of the
intracellular iron content by ICP-MS (Figure S18). In agreement with CLSM experiments, a
progressive increase of the Fe* concentration is observed by increasing the incubation time until a
plateau is reached after 6 h. Note that the evaluation of the biodegradability and intracellular fate of

MOF based nanovectors as studied in the present article by TEM was rarely reported in literature.
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pH- and glutathione (GSH) responsive release properties of nano-objects. For the development of
USPIO(20)@MIL NPs as a theranostic nanocarrier, the drug-loading capacity and drug-release
properties of MIL-100(Fe) need to be maintained after its assembly with USPIO. Interestingly, as
shown by N2 porosimetry, only a slight decrease in the BET area was observed with a value of 1460 %
6 m?-g for USPIO(20)@MIL, in comparison to that of pure MIL-100(Fe) NPs (1720 +6 m?g™), due
to the presence of the dense non-porous USPIO (see Figures 4b and S1). It indicates that the porosity
of MIL-100(Fe) is kept once combined with maghemite NPs. The encapsulation of an active payload
and its kinetics of delivery in PBS was then studied using Dox and MTX, selected due to their
combined chemotherapeutic and anti-inflammatory properties (Figure 4a).% 3031 4 Note that patients
treated with Dox and MTX often suffer from severe non desirable off-target effects. 2+ 44 Therefore,
selective delivery of those drugs may achieve upregulated efficacy and safety. MTX was encapsulated
in the porosity of both MIL-100(Fe) and USPIO(20)@MIL with a loading ratio of 60 and 47 wt%,
respectively (Figures S19 & S20, Table S2). This capacity is higher to that of MOFs previously
reported.*>**® Dox was encapsulated in MIL-100(Fe) and USPIO(20)@MIL with a loading of ~56 wt%
and 50 wt% respectively (Figures S22 and S23, Table S3), which exceeded most previously reported
studies using either ZIF-8 (~4.9%) or the microwave-prepared MIL-100 (~9.1%), MIL-101(Fe)
(~13.4%) or Gd MOFs (~13.6%), and comparable to the mesoporous NU-1000(Zr) (~53.8%).% 18:49-52
The N adsorption/desorption isotherms and the pore size distribution are fully consistent with the
encapsulation of both drugs in USPIO(20)@MIL (see Figures 4b and 4c). As shown by TEM, the drug
loading did not affect the microstructure and morphology of both MIL-100(Fe) and USPIO(20)@MIL
(see Figure S20).

To achieve efficient drug delivery from the circulation to the target inflammatory tissues, the pH-
responsiveness of release kinetics of MTX and Dox across neutral to acidic conditions was
investigated. Indeed, endosomes (pH ~ 5-6) and lysosomes (pH ~ 4-5) of normal tissues as well as the
synovial tissue of patient with RA are low-pH environments in comparison to blood (pH ~ 7.4).53-%
Moreover, the affected joints of RA feature hypoxic microenvironment and increased level of
glutathione (GSH, L-y-glutamyl-L-cysteinylglycine), resulting from synovial proliferation,
lymphocyte infiltration, and neovascularization.>>>” GSH is one of the important antioxidants present

in the human body which protects cellular components from damage by free radicals.>>
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Figure 4. a) Scheme of the doxorubicin and methotrexate loading in USPIO@MIL, (b) N2 sorption isotherms
and (c) pore size distribution (PSD) derived from the Barrett-Joyner-Halenda (BJH) pore size model of
USPIO(20)@MIL, USPIO(20)@MIL/Dox, USPIO(20)@MIL/MTX, (d-f) MTX, BTC and Fe ions release from
USPIO@MIL/MTX in different PBS media, (g-i) Dox, BTC and Fe ions release from USPIO@MIL/Dox in
different PBS media.
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Advantageously, the presence of GSH at high concentration (10 mM) and low pH in inflammatory
joints can here be exploited as a stimulus to trigger the MTX and Dox release from USPIO(20)@MIL
delivery system. As shown in Figure 4d,g, the release rate of MTX and Dox from USPIO(20)@MIL
greatly depends on pH. A fast release of MTX from USPIO(20)@MIL is observed in PBS at pH 7.4
with drug release of 30, 70 and 85% after 0.5, 4 and 8 h, respectively. The release of MTX is
substantially slowed down at pH 5.1 in a medium containing PBS and GSH 10 mM (PBS/GSH) (Figure

4d) mostly as a consequence of the slower kinetics of MOF degradation under more acidic conditions.

The delivery profile of MTX follows two regimes: a fast release of about 17% of MTX in the first 8 h
followed by a progressive one until reaching 30% of MTX released after 3 days. In contrast, a minimal
delivery of Dox from USPIO(20)@MIL was observed at pH 7.4 over 3 days (Figure 4g) while in
PBS/GSH medium at pH 5.1, it was slightly faster but kept progressive achieving a cumulative Dox
delivery of about 20% after 3 days. The comparison between kinetics of Dox and MTX drug release
and the degradation profiles of USPIO(20)@MIL (see Figures 4d-i) suggests that the delivery process
of both drugs is driven by the combined effects of diffusion from the pores and/or drug-matrix
interactions as well as a partial degradation of MIL-100(Fe) in PBS®®, that occurs more rapidly at pH
7.4 than 5.1. As shown by the quantification of 1,3,5-BTC and Fe released in the PBS media (Figure
4e, f, h, i), MIL-100(Fe) degrades relatively fast at pH 7.4 due to the strong complexing ability of
phosphate at this pH towards Fe cations. However, the Dox delivery is limited as the result of specific
strong interactions between Dox and Fe(111) metal site of MIL-100(Fe) as previously demonstrated>®-
0 while MTX is likely to exhibit only dispersive weak interactions with the MOF framework.
Noteworthy, the high Fe release in the PBS/GSH medium at pH 5.1 indicates the complete degradation
of MIL-100(Fe) that results from a chemical reduction of Fe3* centers by GSH as previously shown.>*
%8, 61 Note that such high GSH levels are typically encountered in inflammatory diseases®? which
accelerates the degradation of the iron based USPIO(20)@MIL nano-object and thus triggers under
acidic conditions the release of both Dox and MTX. The stimuli-responsive release properties of
USPIO(20)@MIL/Dox can thus be exploited to selectively deliver Dox at the mildly acidic
environment of inflamed joints. Note that the internalization of USPIO(20)@MIL in RAW 264.7 cells
occurs within the first 8h (Figure 3) which means that the complete encapsulated Dox cargo can be

administrated in cells while a significant amount of MTX is released before USPIO(20)@MIL can
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accumulate into the cells. This means that the administration routes of these USPIO(20)@MIL/Dox
and USPIO(20)@MIL/MTX formulations may be different. While both nanomedicines could be
injected locally at the inflamed joint, USPIO(20)@MIL/Dox could also be alternatively intravenously

injected.

In vitro assays: cytotoxicity, anti-inflammatory and anti-cancer activity. In the next step, the in vitro
cytotoxicity of USPIO(20)@MIL, USPIO(20)@MIL/MTX and USPIO(20)@MIL/Dox was assessed
by a standard CCK-8 assay with different cell types (Hela tumor cells and RAW 264.7 cells) for an
incubation time of 12 h and 24 h (see Experimental section for details). The viability of Hela cells
exposed to USPIO(20)@MIL at a concentration of 20 and 50 pg mL™, was close to 92% and 91%
after 12 h respectively and evolved slightly to 86% after 24 h (Figure S25). Similar results were
obtained with the bare MIL-100(Fe) NPs as previously shown.® These results show that both MIL-
100(Fe) and USPIO(20)@MIL present a low cytotoxicity to Hela cells. Moreover, their cytotoxicity
to RAW 264.7 cells is negligible since the viability of macrophages incubated with both NPs at 50 g
mL* for 24 h is close to 80% (Figure S26). The in vitro cytotoxicity of USPIO(20)@MIL/MTX and
USPIO(20)@MIL/Dox was then evaluated exposing them to normal macrophages. RAW 264.7 were
thus incubated with either USPIO(20)@MIL/MTX or free MTX for 24 h. The concentration of MTX
(23 png mL1) was selected according to the MTX loading capacity of USPIO(20)@MIL. The
cytotoxicity of USPIO(20)@MIL/MTX to normal macrophages is low since the viability of RAW
264.7 macrophages is close to 72% once exposed to USPIO(20)@MIL/MTX at a concentration of
50 ug mL* for 24 h (see Figure S27). In comparison, free MTX shows a high cytotoxic activity for
normal macrophages decreasing cell viability to 34% at MTX concentration of 23 ug mL™* which may
due to its robust dihydrofolate reductase inhibition activity to induce cell death as previously
reported.?* Similar results are obtained with USPIO(20)@MIL/Dox in comparison to free Dox. While
a very high cytotoxicity is shown for the RAW 264.7 macrophages exposed to free Dox (2.5 to 25 pg
mL1), the RAW 264.7 viability is close to 100% when incubated with USP10(20)@MIL/Dox at the
concentration of 5 to 50 g mL (see Figure S27). Cell apoptosis assay by using calcein-AM/PI double
staining was finally performed and confirms the low cytotoxicity of USPIO(20)@MIL/Dox and
USPIO(20)@MIL/MTX to normal RAW 264.7 macrophages (Figure S28).
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To evaluate the anti-inflammation ability of the nanovectors, the RAW 264.7 macrophages were
pretreated with lipopolysaccharide (LPS) for activation. Note that activated macrophages are involved
in inflammatory diseases, including RA, lupus, inflammatory osteoarthritis, and cancer.l 24 44 63-64
They play an important role in RA, due to their abundance in inflamed synovial membrane and joints.
RAW 264.7 cells activated by LPS spontaneously reveal an increased intracellular ROS level (Figure
S29). As reported previously, the magnitude of the inflammatory perturbation depends on the LPS
concentration, that is known to increase the intracellular ROS level.®® Once exposed to
USPIO(20)@MIL and MIL-100(Fe) at 50 ug mL™?, the viability of activated RAW 264.7 cells
decreases to a value of ~36% and ~38% after 24 h of incubation (Figure S30). This shows that both
USPIO(20)@MIL and MIL-100(Fe) nanovectors present a good anti-inflammatory efficacy associated
to their fast internalization in macrophages and the high Fe®* intracellular concentration (Figure S18).
A similar phenomenon was previously reported for lipid-coated MIL-100(Fe) NPs whose
internalization in different cell lines leads to their lysosomal degradation and iron delivery.®® The high
amount of lysosomal iron induces a pyroptosis cell death mechanism which is an inflammatory form
of programmed cell death.®” The identification of the cell death mechanism in play with the toxicity of
activated RAW 264.7 cells in the presence of USPIO(20)@MIL and MIL-100(Fe), that is out of the
scope of this study, and other cell death mechanisms induced by intracellular iron overexposure
(ferroptosis) cannot be ruled out at this stage. However, it is worth noting that iron has been reported
to trigger pyroptosis mediated by ROS that are produced in the presence of activated macrophages. 5
68 Activated RAW 264.7 macrophages were further exposed to drug loaded nanovectors namely
USPIO(20)@MIL/MTX and USP10(20)@MIL/Dox. Notably, activated RAW 264.7 macrophages are
much more sensitive to USPIO(20)@MIL/MTX than normal macrophages since the cell viability
decreases to ~30% once incubated with the nano-objects at 50 ug mL™* for 24 h (Figure S30). This
shows that USPIO(20)@MIL/MTX can induce a selective damage towards inflammatory
macrophages. When compared with the free MTX alone, the USPIO(20)@MIL/MTX exhibited a
significant higher anti-inflammatory efficiency since the viability of activated RAW 264.7 was almost
100% when exposed to free MTX at 23 ug mL™ for 24 h (Figure S30). The high efficiency of MTX
formulated into USPIO(20)@MIL is certainly driven by the fast cellular internalization of
USPIO(20)@MIL/MTX as previously shown. However, this anti-inflammatory activity is only
slightly enhanced in comparison to USPIO(20)@MIL since the viability of activated RAW 264.7
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exposed to USPIO(20)@MIL reached ~36% in the same conditions (50 pg mL™? with 24 h of
incubation time). Such results can be explained by a significant delivery of MTX cargo from
USPIO(20)@MIL in PBS prior to the nano-objects internalization. Activated macrophages were also
exposed to USPIO(20)@MIL/Dox at 5, 20, 50 g mL* concentrations (Figure S31) in DMEM medium
(see Experimental section for details). They were also incubated with free Dox at 2.5, 10, 25 pg mL™*
concentrations, which correspond to the amount of drug released from the nano-objects (at 5, 20, 50
g mLY) respectively according to the release kinetics in PBS at 24 h (see above). When incubated
with USPIO(20)@MIL/Dox at 5, 20, 50 g mL™, cell viability decreased to ~89%, ~30%, and ~9%,
respectively, in comparison with the non-treated cells. This cell viability is lower, for the two highest
concentrations, than that obtained with USP10(20)@MIL NPs for the same concentrations (i.e., cell
viability of ~88%, ~57%, and ~36% at 5, 20, 50 g mL™) thereby showing the superior cytotoxic
capability of USPIO(20)@MIL/Dox on activated macrophages (Figure S31). A strong decrease of the
activated RAW 264.7 viability is also observed upon exposure to free Dox (i.e., cell viability of ~30%,
~18% and ~18% at 2.5, 10, 25 g mL™Y) but the free drug presents also a high cytotoxicity to normal
macrophages even at very low concentration (2.5 pg mL™?) (Figure S27). These results were confirmed
by confocal microscopy. Activated RAW 264.7 macrophages were stained with calcein-AM/PI for
discriminating living (green) cells and dead (red) cells. As shown in Figure 5a, a large amount of dead
cells are observed for activated RAW 264.7 macrophages exposed to USPIO(20)@MIL/Dox. The high
efficiency of Dox formulated into USPIO(20)@MIL NPs is certainly driven by the high local drug
accumulation in the cell as a result of the fast internalization of USPIO(20)@MIL NPs in the

macrophages as well as the slow and progressive delivery of Dox in PBS (Figure 49).

To further confirm the anti-inflammatory capacity of the nanoformulations mentioned above, enzyme-
linked immunosorbent assay (ELISA) assays were carried out to measure the concentrations of pro-
inflammatory cytokines in cell culture media as crucial indexes of therapeutic efficacy. These
cytokines including TNF-a, IL-1p, and IL-6 are crucial indicators for the pathological processes of
RA.53-64.69 TNF-¢ is involved in the proliferation of synovial fibroblasts, activation of osteoblasts, and
destruction of cartilage and bone. I1L-15 induces cartilage metabolic disorder, bone absorption, and
synovitis via promoting the release of other pro-inflammatory cytokines and proteinases while IL-6 is

involved in activation of synovial fibroblasts and osteoblasts, leading to articular cartilage and bone
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erosion.53-%48% Activated macrophages are exposed to drug formulations of low concentrations in order

to prevent the cell apoptosis mediated expression of pro-inflammatory cytokines. As shown in Figure
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Figure 5. Anti-inflammatory properties of USPIO(20)@MIL/MTX and USPIO(20)@MIL/Dox. a) cell
apoptosis assay by using calcein-AM/PI double staining of LPS (100 ng mL™, 48 h) activated RAW 264.7
macrophages incubated with different drug formulations ([MIL-100(Fe)] = 40 pg mL?, [USPIO(20)@MIL] =
50 pg mL?Y, [Dox] = 25 pg mL?, [USPIO(20)@MIL/Dox] = 50 pg mL?Y, [MTX] = 23 g mL?,
[USPIO(20)@MIL/MTX] = 50 g mL?) for 24 h. For the representative images of (a), activated RAW 264.7
macrophages were stained with calcein-AM/PI for discriminating living (green) cells and dead (red) cells (scale
bar = 50 pm). b-c) The concentrations of the inflammatory cytokines (b) TNF-a and (c) IL-1p in cell culture
media after the treatment of different formulations ([MIL-100(Fe)] = 4 g mL?, [USPIO(20)@MIL] = 5 g
mL?, [Dox] = 0.25 pg mL?, [USPIO(20)@MIL/Dox] = 5 pg mL?, [MTX] = 23 g mL?,
[USPIO(20)@MIL/MTX] = 5 pg mLY) for 24 h. Note that the concentration of Dox here was ten times lower
than the loaded Dox of USP1O(20)@MIL/Dox to limit its toxicity. Results are shown as mean =SD. *P < 0.05,
**p <0.01, ***P < 0.001.
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5b,c and Figure S32, the concentrations of the three pro-inflammatory cytokines, TNF-a, IL-15, and
IL-6, are remarkably increased in the cell culture medium of MIL-100(Fe) and USPIO(20)@MIL. For
the free MTX, free Dox, MTX and Dox formulated in USPIO(20)@MIL NPs, the concentration of
pro-inflammatory cytokines was decreased in different degrees. In all cases a strong inhibition of IL-
15 and TNF-a secretion was observed while the expression of IL-6 was moderately decreased. In
contrast, USP10O(20)@MIL/MTX was mainly efficient to reduce the serum concentration of TNF-a.
These results thus showed that USPIO(20)@MIL/Dox is prone to inhibit synovitis in the affected joints
and also protect articular cartilage and bone against erosion and destruction due to its remarkable

ability to reduce the production of pro-inflammatory cytokines.

Finally, the anti-cancer activity of USPIO(20)@MIL/Dox was evaluated by CCK-8 staining kit and
confocal microscopy. The cell internalization process as monitored by confocal microscopy with time
(Figure S33) was achieved in the first 8h of incubation. In the presence of USPIO(20)@MIL/Dox at
50 ug mL?, the viability of cancer Hela cells decreases to 8% (Figure S34). When compared to the
viability of Hela cells exposed to free Dox (25% at 25 pg mL™?), the USPIO(20)@MIL/Dox nano-
object exhibited a higher anti-cancer efficiency as previously shown for surface decorated
MIL/USPIO-cit nano-object (Figures S34 and S35).%8 This high efficacy is certainly induced by the
fast internalization of nano-objects in the cancer cells and thus the subsequent intracellular drug
accumulation. Furthermore, the encapsulation of Dox into nano-objects might overcome the resistance
to Dox treatment that occurs in tumor cells as a result of the expression of P-glycoprotein (P-gp), which

pumps out the drug from the cells.”™

Relaxometric properties of nano-objects, in vivo MRI experiments. In the final step, we have
evaluated the performance of USPIO(20)@MIL as T> MRI contrast agent due to the presence of y-
Fe203 NPs. As shown in Figure 6a, USPIO(20)@MIL could be easily separated using an external
magnetic field, which suggests its excellent magnetic properties. For their potential use as MRI
contrast agents, the r2 relaxivity of USP10(20)@MIL was assessed in PBS/BSA medium by measuring
the T» (transverse) relaxation times of proton spins for different iron concentrations at 4.7 T (Figure
6b). As expected, pure maghemite nanoparticles exhibit the highest value of r2 (171 mM? s1) in the
same range of magnitude as commercial iron oxide contrast agents such as Endorem® or Sinerem®.’%"

2 Noteworthy, by combining MIL-100(Fe) NPs with 20 wt% of USPIO, the r value of ~93 mM* s
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is about 30 times higher than that of MIL-100(Fe) and comparable to the commercial Endorem® and
Sinerem® (Table S4). Notably, the r. value of USPIO(10)@MIL (i.e., 38 mM* s%) is lower, due to the
smaller amount of y-Fe;O3 relative to the total iron concentration. These results show that the
relaxometric properties of these nano-objects can be finely tuned upon varying the maghemite content.
With the exception of Fe30s-ZIF-8," Fe3s0s@C@MIL-100(Fe)*! and MIL-101(Fe)-NH2/USP10," the
r> value is higher to the previously reported magnetic based MOF NPs or comparable to the surface
decorated MIL/USPIO-cit(10).® Note also that Fes0.@C@MIL-100(Fe) NPs exhibit a poor
crystallinity and low porosity (Sger = 109 m? g1), suggesting that the MOF exhibits an amorphous
character. Moreover, the low stability of ZIF-8 NPs in water and aqueous phosphate solutions is a
critical issue for the biomedical application of Fe304-ZIF-8 due to detrimental Zn?* ion burst release
or toxicity effects. The high relaxivity of USPIO(20)@MIL is certainly related to the magnetic
properties of USPIO(20)@MIL since the relaxivity rate (r2) of a T.-MRI contrast agent is proportional
to the square of the saturation magnetization (Msa). As shown by vibrating sample magnetometry
(VSM) (see Sl for experimental details and Figure S36), the USPIO(20)@MIL nano-objects present a
superparamagnetic behaviour characteristic of maghemite NPs. The magnetization curve of
USPIO(20)@MIL was fitted by the Langevin model, considering maghemite NPs with a diameter of
~6 nm. Noteworthy, as shown in Table S5, the values of saturation magnetization of USPIO(20)@MIL
and USPIO(10)@MIL (i.e., 68 and 71 Am? kg™ respectively) are fully consistent with those previously
reported for USPIO. Interestingly, these values are significantly higher than those of most porous
magnetic MOFs-based composites previously reported (see Table S5). Encouraged by their good
relaxometric properties, To-weighted MRI of USPIO(20)@MIL was further evaluated in vivo. 90 pL
of USPIO(20)@MIL at 10 mg mL* in PBS/BSA (5.4% w/v) medium corresponding to a concentration
of ~250 pmol Fe kg, was injected in the mouse tail vein and MR images were recorded before and
just after USP1O(20)@MIL injection. In Figure 6¢, an homogenous decrease of signal was observed
in the mouse liver and spleen right after the contrast agent injection on the T2*-weighted images. For
example, in the liver, the contrast agent generated a 56% decrease of signal-to-noise ratio (ASNR =
SNRbpefore — SNRafter = 19.4 — 8.5 = 10.9) due to the high T>* effect. These results demonstrate that
USPIO(20)@MIL can be used as a highly performing T2 MRI contrast agent.
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Figure 6. a) photograph showing the separation of USPIO(20)@MIL from aqueous solution under an external
magnetic field; b) Transverse relaxation rates (1/T», s*) as a function of iron concentration for j-Fe,O3z, MIL-
100(Fe) and USPIO(X)@MIL (X=10 & 20) prepared in PBS/BSA solution at pH 7.5; ¢) T2*-weighted gradient
echo images of the mouse abdomen before and after injection of contrast agent USPIO(20)@MIL.

2.6 Conclusion

In conclusion, we report the design of a novel hybrid nano-object coupling MIL-100(Fe) and
maghemite NPs that was prepared through a direct cost-effective and reliable green protocol at RT.
According to TEM and electron tomography, the hierarchical nanostructure of these nano-objects
consists of maghemite NPs located either at the surface or embedded in the core of MIL-100(Fe) NPs.
We have shown that the synergistic combination of the physico-chemical of both NPs associated to
the encapsulation of two complementary drugs (Dox and MTX) could be fully exploited to create a
multifunctional theranostic platform for the therapy of inflammatory diseases. This nanovector
exhibits an excellent colloidal stability under simulated intravenous conditions, low cytotoxicity and
an extremely high Dox and MTX loading efficacy. Their pH- and GSH responsive Dox/MTX release
properties are mainly driven by an interplay between drug/MOF interactions and the biodegradability
of MOFs, as revealed by the complete characterization of their internalization, intracellular distribution

and fate in macrophages by CLSM and TEM. Remarkably, USPIO(20)@MIL/Dox and

127



Chapter 2

USPIO(20)@MIL/MTX nanovectors present an excellent anti-inflammatory efficacy ascribed to their
high toxicity directed towards activated macrophages and their ability to reduce the secretion of
inflammatory cytokines. Moreover, USPIO(20)@MIL/Dox exhibits a high anti-tumoral activity
associated to the progressive delivery of its encapsulated Dox cargo to the cancer cells. Therefore,
USPIO(20)@MIL/Dox can be considered as a dual-targeting therapeutic strategy, inhibiting tumor
growth and reducing the inflammation. Finally the USPIO(20)@MIL nanovectors exhibits a
superparamagnetic behavior inherent in the presence of maghemite NPs and thus can be used as T»

MRI contrast agents for theranostics.

2.7 Experimental section

Chemicals. All chemicals were used as received without any further purification: Iron(l1l) chloride
hexahydrate (FeCls 6H20; 98%), iron(ll) chloride tetrahydrate (FeClz 4H20; 98%), iron(l11) nitrate
nonahydrate (Fe(NOz)z 9H20; 98%) and L-Glutathione reduced (GSH, >98%) were purchased from
Alfa Aesar. 1,3,5-benzenetricarboxylic acid (1,3,5-BTC; 95%), Lipopolysaccharides (LPS), 2',7'-
Dichlorofluorescin Diacetate (DCF-DA), glutaraldehyde solution 25% and sodium cacodylate
trihydrate (> 98%) were purchased from Sigma Aldrich. Methotrexate (MTX, >98%) was purchased
from TCI. Doxorubicin HCI was purchased from Carbosynth (UK). Cell counting kit-8 (CCK-8),
Calcein-AM solution were purchased from Dojindo. Propidium lodide (PI) was purchased from
Invitrogen. Hoechst33342 were purchased from Abcam. Proinflammatory cytokines (IL-1p, IL-6 and
TNF-a) Duoset Elisa Kits were purchased from R&D Systems. Physiological media were prepared
with phosphate buffered saline (PBS, Sigma Aldrich) and bovine serum albumin (BSA, Sigma

Aldrich). Ultrapure water was obtained with the Milli Q purification system (Merck Millipore, France).

Characterization techniques. Powder X-ray diffraction patterns (PXRD) were collected with a
Siemens D5000 diffractometer (0-20) using Cu Ka radiation (A = 1.5418 A). For USPIO@MIL NPs
Refinements were carried out with the TOPAS program. Profile fittings and Rietveld refinement in the
case of the maghemite for USPIO(10)@MIL sample were performed using fundamental parameters
approach to model the instrument function and determine crystallite size. Thermogravimetric analyses

(TGA) were performed on a Perkins EImer SDA 6000 apparatus. Samples were heated up to 600 <C
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with a heating rate of 5 < min! under an oxygen atmosphere. Transmission IR spectra were recorded
in the 400-4000 cm™ range, with 4 cm™ resolution on a Nicolet Nexus spectrometer. N2 sorption
isotherms were obtained at 77 K using a Belsorp Mini (Bel, Japan). Prior to the analysis, approximately
30 mg of samples were evacuated for 5 h at 120<C under primary vacuum. Brunauer-Emmett-Teller
(BET) surface and pore volume were estimated at a relative pressure lower than 0.25. TEM
observations were performed using a Zeiss EM902 Transmission Electron Microscope (Plateforme de
microscopie et d’imagerie de I’'INRA, Jouy en Josas, France). TEM images were also recorded on a
JEOL 2100F microscope operating at 200 kV, equipped with a Schottky emission gun, a high
resolution UHR pole piece and a Gatan US4000 CCD camera. High-angle annular dark field imaging
in scanning transmission electron microscope mode (STEM-HAADF) experiments were performed on
a JEOL JEM 2100F microscope installed at IMPMC (Paris, France), operating at 200 kV, equipped
with a field emission gun, a JEOL detector with an ultrathin window allowing detection of light
elements and a scanning TEM (STEM) device, which allows Z-contrast imaging in HAADF mode.
Samples were prepared by deposition of one droplet of colloidal suspensions onto a carbon-coated
copper grid and left to dry in air. Electron tomography analysis was carried out in the cryo-mode using
a JEOL 2100 FEG S/TEM microscope operated at 200 kV equipped with a spherical aberration
corrector. For the acquisition of high-angular annular dark field (HAADF) images in the scanning
TEM (STEM) mode, we used a spot size of 0.13 nm, a current density of 140 pA, a camera focal length
of 8 cm, corresponding to inner and outer diameters of the annular detector of about 73 and 194 mrad.
The acquisition of tilt series was performed using the tomography plug-in of the Digital Micrograph
software, which controls the specimen tilt step by step, the defocusing and the specimen drift. The
HAADF and BF tilt series in the STEM were acquired simultaneously by using the ADF and BF
detectors and tilting the specimen in the angular range of +60<using an increment of 2 <in the equal
mode, giving thus a total of 61 images in each series. The as-obtained images were spatially aligned
by cross correlating consecutive images using IMOD software. For the volume calculation, we used
the algebraic reconstruction technique (ART) implemented in the TomoJ plugin working in the ImageJ
software. Finally, the visualization and the analysis of the volumes were carried out using the
displaying capabilities and the isosurface rendering method in the Slicer software. The particle
diameter of y-Fe;O3, MIL-100(Fe) and USP10(20)@MIL was measured by Dynamic Light Scattering
(DLS) on a Zetasizer NanoZS (Malvern Instruments). NPs (~ 0.1 - 0.2 mg mL™) were dispersed at RT
129



Chapter 2

in aqueous solutions by using an ultrasound tip (Digital Sonifer 450, Branson) during 1 minute at 10%
amplitude. Their surface charge was also evaluated by recording (-potential with the Zetasizer

NanoZS.

Synthesis of MIL-100(Fe) Nanoparticles. MIL-100(Fe) NPs were prepared according to the patent.
0.72 g of Fe(NOz3)3 9H20 (1.78 mmol) was dissolved in 90 mL of distilled water. 0.25 g of trimesic
acid (1.19 mmol) was then added to this solution and the suspension was allowed to stir for 48 h at
room temperature. The mixture was then centrifuged at 14500 rpm for 10 min. An orange solid was
thus obtained. The as-synthesized MIL-100(Fe) NPs were then washed by two
centrifugation/redispersion cycles in water followed by two centrifugation/redispersion cycles in
absolute ethanol. The MIL-100(Fe) NPs were stored in EtOH and could be redispersed in water before

use.

Synthesis of Maghemite (p-Fe203) Nanoparticles (USP10O). Maghemite NPs were synthesized
according to reported protocols.®®3" 20 mL of sodium hydroxide (15 mol L) were mixed under
vigorous stirring with an aqueous solution containing 20 mL of FeClz 6H20 (1 mol L) and 5 mL of
FeClz 4H,0 (2 mol L) in HCI (2 mol L1). A black precipitate was obtained by magnetic settling and
washed with 20 mL of water. The precipitate was then stirred for 15 min in 30 mL of HNO3 (2 mol L-
1. For a complete oxidation of magnetite to maghemite, the precipitate was then mixed with 10 mL of
Fe(NO3)3 9H,0 (0.35 mol L) at 80 <T for 30 min. The precipitate was finally peptised in 30 mL of
HNO3 (2 mol L) for 10 minutes before being washed 3 times with 10 mL of acetone. The colloidal
solution of y-Fe>O3 was stored in 20 mL of water with a final pH between 2 and 3 and a weight

concentration around 65 g L.

Synthesis of USPIO@MIL Nanoparticles. The USPIO@MIL nano-objects were prepared by adding
under stirring a colloidal solution containing 70 or 30 mg of maghemite NPs to an aqueous solution of
Fe(NO3)3 9H.0 (70 mL, 0.72 g). The suspension was then sonicated for 2 minutes at 20% amplitude.
250 mg of trimesic acid (1.2 mmol) were then added and the mixture was stirred for 24 h at RT. The
brown precipitate was isolated by magnetic settling and then centrifuged at 14500 rpm for 10 min. The
solid was then washed by one centrifugation/redispersion cycle in water followed by three
centrifugation/redispersion cycles in absolute ethanol. The USPIO@MIL NPs were stored in EtOH
and could be redispersed in water before use. By using 70 or 30 mg of y-Fe>O3 NP during the synthesis,
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it was possible to obtain USPIO@MIL nano-objects with 20 or 10 wt% of y-Fe.Osz content,

respectively.

Colloidal stability of MIL-100(Fe) and USPIO@MIL nano-objects. MIL-100(Fe) and
USPIO(20)@MIL in EtOH were centrifuged and re-dispersed at a concentration of 200 pg mL™ in
different media: Milli Q water, 0.9% NaCl aqueous solution (Saline), PBS (pH7.4, 10 mmol L.1), PBS
solution with 5.4% w/v bovine serum albumin (BSA), Dulbecco's Modified Eagle Medium (DMEM)
and 90% DMEM + 10% fetal bovine serum (FBS). After sonication (10% amplitude for 30 seconds),
the samples’ hydrodynamic diameters were recorded over 3 experimental replicates. The Zeta

potentials of MIL-100(Fe) and USPIO(20)@MIL in Mill Q water were also recorded.

Furthermore, the long term colloidal stability of USPIO(20)@MIL was studied by measuring the
evolution of their diameter with time at 37 <C, in three different media to mimic the blood environment,
namely Milli Q water, a pure neutral PBS solution and a PBS solution (10 mmol 1L1) with 5.4% w/v
BSA. Values of diameter and Pdl were recorded over a period of 24h (289 runs, 10 measurements per

run and 30 seconds per measurement).

Cellular uptake study by confocal laser scanning microscopy and ICP-MS. The cellular uptake of
the USPIO(20)@MIL was evaluated by CLSM and ICP-MS on RAW 264.7 macrophages. Cells were
seeded into 6-well plate (2 x 10° cells/well) and maintained overnight. The medium was then replaced
with 2 mL of complete medium containing USP10(20)@MIL or USPIO(20)@MIL/RhB (50 pg mL-
1, followed by an incubation at 37°C for 1 h, 2 h, 4 h, 6 h and 8 h. As for CLSM, after the removal of
the MOF containing media, RAW 264.7 cells were washed with PBS for three times. Then the as
prepared samples were imaged by CLSM (ZEISS LSM780, Germany). The laser excitation
wavelength is 543 nm. For quantification of the cellular uptake of the USPIO(20)@MIL in RAW 264.7
cells by ICP-MS, after incubation, cells were washed with PBS (pH 7.4) and then trypsinized,
harvested by centrifugation, washed again with PBS. Subsequently, the pellet was treated by

concentrated nitric acid overnight before dilution with 2% nitric acid for ICP MS (Fe) test.

TEM of cells. All chemicals were used as received without any further purification: glutaraldehyde
solution 25% (Sigma-Aldrich), sodium cacodylate trihydrate (Sigma-Aldrich, > 98%). RAW 264.7

cells were seeded into a 6-well plate at 2>10° cells per well in 2 mL of complete medium, and cultured
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in a 5% CO» atmosphere at 37 < overnight. The culture medium was then replaced with 2 mL of
complete medium containing USPIO(20)@MIL at a concentration of 50 ug mL™ for 30 min, 4 h, 8 h,
12 hand 24 h and after washing with PBS were maintained in 2% FBS supplemented DMEM medium
for1, 2,5, and 8 days at 37 <C. After certain intervals, the medium was removed and cells were firstly
washed twice with PBS and once with 0.2 M Na cacodylate buffer pH 7.2, and then fixed with 2%
glutaraldehyde in 0.1 M Na cacodylate buffer pH 7.2, for 1 hour at room temperature. Samples were
then contrasted with Oolong Tea Extract (OTE) 0.5% in cacodylate buffer, postfixed with 1% osmium
tetroxide containing 1.5% potassium cyanoferrate, gradually dehydrated in ethanol (30% to 100%) and
substituted gradually in mix of ethanol-epon and embedded in Epon. (Delta microscopie — France).
Thin sections (80 nm) were collected onto 200 mesh copper grids. Grids were examined with Hitachi
HT7700 electron microscope operated at 80kV (Elexience — France), and images were acquired with

a charge-coupled device camera (AMT).

Encapsulation of methotrexate in USPIO(20)@MIL. Firstly, 30 mg of MTX was totally dissolved
in 30 mL 10 mM HCI solution with foil wrap, after stirring at 200 rpm under 55°C in the incubator for
1 hour. Then 30 mg of MIL-100(Fe) or USPIO(20)@MIL was dispersed in the prepared MTX solution
(1 mg mL™?). Other weight ratios (1:0.25, 1:0.5 and 1:2) of MOFs to MTX were also studied. The
resulting suspension was stirred at 200 rpm under 37°C overnight. The MTX loaded MIL-100(Fe) and
USPIO(20)@MIL nano-objects (i.e., MIL-100(Fe)/MTX or USPIO(20)@MIL/MTX NPs) were
washed with 10 mM HCI three times. The loading capacity of MIL-100(Fe) or USP1O(20)@MIL was
determined by UV-Vis spectrophotometer at 306 nm (maximum absorbance wavelength of MTX) and
HPLC. The mobile phase of HPLC is 25:75 v/v methanol: ammonium acetate buffer (0.05 mol L7,
pH 6.0). A flow rate of 1 mL min™ and a sample injection volume of 25 uL were used during all
analyses. Then, the present of loading capacity (LC) or entrapment efficiency (EE) was calculated
using the following equation:

LC = (Mass of total drug - Mass of free drug) / Mass of total MOF
EE = (Mass of total drug - Mass of free drug) / Mass of total drug

MTX release of USPIO(20)@MIL/MTX. Typically, after the loading of MTX (MOF : MTX =1:1),
USPI10(20)@MIL/MTX HCI solution (1 mg mL™) was divided into 1.5 mL aliquots and after an extra
centrifuge/redisperse step, the cumulative release behavior of MTX from USPIO(20)@MIL/MTX (1

132



Chapter 2

mg mL™?) was investigated in PBS (pH 5.1 and pH 7.4) with or without GSH for different times (0.5
h, 1 h, 4 hy 8 hy 24 h, 48 h and 72 h). At different time intervals, the suspension of
USPIO(20)@MIL/MTX was centrifuged (13400 rpm, 15 min) and 0.5 mL of the release medium was
replaced by the same volume of fresh medium. The concentration of released MTX and ligand BTC
(in PBS) was measured by HPLC. The release ferric ions was investigated by ICP-MS. Similarly, the
release of MTX in DMEM and DMEM + 10% FBS from USPIO(20)@MIL/MTX also was monitored
by HPLC.

Encapsulation of doxorubicin in USP10(20)@MIL. 5 mg of USPIO(20)@MIL was dispersed in 1.5
mL of Dox solution (10 mg mL™, Milli-Q water). The resulting suspension was stirred at 200 rpm at
37°C for 24 h. The Dox loaded USPIO(20)@MIL nano-objects (i.e., USPIO(20)@MIL/Dox) were
washed with Mill-Q water three times. The loading capacity of USP10(20)@MIL/Dox was determined

by UV-Vis spectrophotometer at 480 nm (maximum absorbance wavelength of Dox).

Doxorubicin release of USPIO(20)@MIL/Dox. The cumulative release behaviour of Dox from
USP10(20)@MIL/Dox (Img mL*, 1.5 mL) was investigated in PBS (pH 5.1 and pH 7.4) with or
without GSH for different times (0.5 h, 1 h, 4 h, 8 h, 24 h, 48 h and 72 h). At different time intervals,
the suspension of USPIO(20)@MIL/Dox was centrifuged (13400 rpm, 15 min) and 0.5 mL of the
release medium was replaced by the same volume of fresh medium. The concentration of released Dox
(in PBS) was measured by UV-Vis spectrophotometer. The release of ligand BTC and ferric ions were
investigated by HPLC and ICP-MS, respectively. Similarly, the release of Dox from MIL-100(Fe) and
USPIO(20)@MIL/Dox was also studied in phenol red free DMEM (for UV-Vis detection).

Cell Culture. RAW 264.7 macrophage cells and Hela cells were cultured in high glucose Dulbecco's
Modified Eagle Medium (DMEM) containing 10% FBS and 1% penicillin and streptomycin at 37°C

in a humidified 5% CO> atmosphere.

In vitro cytotoxicity assay of USPIO(20)@MIL and MIL-100(Fe). Hela cells in logarithmic phase
were rinsed twice in PBS and then treated with 1 mL Trypsin to form 10°/mL cells suspension. 100
L Hela cells suspension were seeded in 96-well plates (10%/well) and incubated overnight. Then,
MIL-100(Fe) or USPIO(20)@MIL in DMEM/FBS at different concentrations (10, 20, 50, 100 and 200
g mL1) was added to each well, incubated for 12 or 24 hours at 37 <C and under 5% of CO2. 10 piL
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CCK-8/well were added to the cells and after incubation for further 2 hours, 96-well plate was
transferred into a microplate reader (excitation at 450 nm) for UV-Vis absorbance analysis. The
resulting UV-Vis absorbance values were normalized to the UV-Vis absorbance signals value of the
control groups. All the experimental points were assessed triple, with error bars representing standard
error of the mean. The cell cytotoxicity of MTX was further studied on RAW 264.7 cells, following

the same protocol.
Cell survival rate (%) = [(Aexperimental group= Ablank group) / (Acontrol group= Ablank group)] > 100%

In vitro cytotoxicity assay of USPIO(20)@MIL/MTX and USP10(20)@MIL/Dox. RAW 264.7
cells were seeded into a 96-well plate at a density of 1 < 10* cells per well and allowed to adhere
overnight. The in vitro cytotoxicity of RAW 264.7 cells after incubation for 24 h with MIL-100(Fe)
(40 pg mL1), USPIO(20)@MIL (50 ng mL™?), USPIO(20)@MIL/MTX with equivalent free MTX at
23 pg mL? and USPIO(20)@MIL/Dox with equivalent free Dox at 25 ug mL™* was evaluated as
previously described as before. Meanwhile, different concentrations of USP10(20)@MIL/Dox (5, 10,
20, 50 and 100 ug mL™) and equivalent free Dox (2.5, 5, 10, 25 and 50 pg mL™*) were also studied on
RAW 264.7 cells. To visualize the toxicity effects to normal RAW 264.7 cells, the staining of Live &
Dead cells was performed by calcein AM/PI co-staining and observed at 488 and 543 nm. Calcein AM
is a hydrophobic compound, which passes easily through cell membranes into live cells and is used
for cell viability assays and Pl is membrane impermeant and generally excluded from viable cells,
which is commonly used for identifying dead cells. First, RAW 264.7 cells were seeded into 35 mm
confocal dishes at a density of 1 <10% cells per dish and after the treatment of different formula ([MIL-
100(Fe)] = 40 pg mL?, [USPIOR0)@MIL] = 50 pg mL?, [Dox] = 25 pg mL7%,
[USPIO(20)@MIL/Dox] = 50 ug mL?, [MTX] =23 pg mL* and [USPIO(20)@MIL/MTX] = 50 pg
mL1). The cells were stained by AM/PI (dilution <1000) containing DMEM for 15 min and then

washed with PBS for confocal imaging.

Anti-inflammatory capacity of USPIO(200@MIL/MTX and USPIO(200@MIL/Dox. To

investigate the anti-inflammatory capacity of MTX or Dox loaded USPIO(20)@MIL, RAW 264.7

cells were first activated by lipopolysaccharide (LPS). To verify the successful construction of

inflammatory model, intracellular ROS production was detected by dichlorofluorescein diacetate

(DCF-DA) probe. DCF-DA could be oxidized to green fluorescent-dichlorofluorescein by intracellular
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ROS. Thus, the fluorescence intensity could reflect the levels of reactive oxygen species (ROS) in the
cells. RAW 264.7 cells were seeded at a density of 1 x10° cells/mL into a confocal dish and incubated
at 37 T under 5% CO> overnight. Then, the cells were incubated with LPS at a concentration of 100
ng mL? for 48 h. The media was replaced with 2 mL serum-free medium containing DCF-DA (10
uM) and cultured for 30 min in dark. The nucleus was stained by Hoechst. After washing with PBS, a

confocal laser microscope was used for ROS imaging at an excitation wavelength of 488 nm.

After this activation step, the DMEM medium was replaced by a fresh DMEM medium containing
MIL-100 (Fe), USPIO(20)@MIL, and USPIO(20)@MIL/MTX at a concentration of 40, 50 and 50 pg
mL, respectively. For comparison, activated RAW 264.7 cells were exposed to free MTX at a
concentration of 23 ug mL™. After 24 h incubation, 10 uL. CCK-8 was added to each well and after
incubation for further 2 hours, the 96-well plate was transferred into a microplate reader (excitation at
450 nm) for UV-Vis absorbance analysis. Then, the anti-inflammatory capacity of Dox loaded
USPIO(20)@MIL was also investigated. After the same activation step, the DMEM medium was
replaced by a fresh DMEM medium containing USPIO(20)@MIL and USPIO(20)@MIL/Dox at a
concentration of 5, 20 or 50 pg mL™. For comparison, activated RAW 264.7 cells were exposed to free
Dox at a concentration of 25 ug mL™. To visualize the inhibition effects of activated RAW 264.7 cells,

RAW 264.7 cells were seeded into confocal dishes, followed by similar treatment for AM/PI staining.

Evaluation of the concentrations of pro-inflammatory cytokines by enzyme-linked
immunosorbent assay (ELISA) assays. In comparison to previous experiments, the concentrations
of formulations were 10 times lower in order to maintain a cell viability higher than 80%. RAW 264.7
cells were first seeded into 12-well plate at a density of 1 x10° cells/mL and after the step of LPS
activation, cells were further treated with different formulations ([MIL-100(Fe)] = 4 pg mL™,
[USPIO(20)@MIL] = 5 ng mL™, [Dox] = 0.25 pg mL™ (100 times lower), [USPIO(20)@MIL/Dox] =
5 ug mL?, [MTX] = 2.3 ug mL?, [USPIO(20)@MIL/MTX] = 5 pg mL™?) for 24 h, and each group
was prepared in triplicate. Then, the supernatant was collected and centrifuged to remove cells pellets
and materials for next step detection. Briefly, mouse tumor necrosis factor alpha (TNF-o) DY410
DuoSet® ELISA, R&D Systems; mouse Interleukin 1 beta (IL-1p) DY401 DuoSet® ELISA, R&D
Systems; mouse interleukin 6 (IL-6) DY406 DuoSet ELISA, R&D Systems were used to access TNF-

a, IL-1pB, and IL-6 concentrations from cell culture media samples by the standard ELISA technique,
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namely sandwich ELISAs (Capture antibody + sample or standard + Detection antibody). Following
the manufacturer’s instructions, the samples were finally diluted by five times for ELISA assays based

on absorbance values of the recombinant mouse standard.

Cytotoxicity of USP10(20)@MIL/Dox. First, the cellular uptake of the USPIO(20)@MIL/Dox was
evaluated by CLSM on Hela cells. Cells were seeded into confocal dishes (2 x 10° cells per dish) and
maintained overnight. The medium was then replaced with 2 mL of complete medium containing
USPIO(20)@MIL/Dox (50 ug mL™Y), followed by an incubation at 37 °C for 1 h, 2 h, 4 h, 6 hand 8 h.
Then cells were washed with PBS for three times to remove the residual media and stained by Hoechst
(dilution >6000) for 15 min. Then the as prepared samples were imaged by CLSM (ZEISS LSM780,

Germany). The laser excitation wavelength of Hoechst and Dox was 405 nm and 488 nm, respectively.

Hela cells were seeded into a 96-well plate at a density of 1 x<10* cells per well and allowed to adhere
overnight. Then, different formula were added to each well, including control groups such as MIL-
100(Fe) (40 pg mL™Y), USPIO(20)@MIL (50 pg mL™?) and equivalent free Dox (25 png mL™) as well
as experimental groups USPIO(20)@MIL/Dox at a centration of 50 ug mL™. After 24 h, 10 uL CCK-
8 were added to each well and after incubation for further 2 hours, 96-well plate was transferred into
a microplate reader (excitation at 450 nm) for UV-Vis absorbance analysis. Similarly, the therapeutic
effects of the USP10(20)@MIL/Dox was also evaluated through AM/PI staining by CLSM on Hela
cells. Hela cells were seeded into 35 mm confocal dishes at a density of 1 x10* cells per dish and after
the treatment of different formula, the cells were stained by AM/PI (dilution <1000) containing DMEM
for 15 min and then washed with PBS for confocal imaging. The laser excitation wavelength of AM

and Pl was 488 nm and 543 nm, respectively.

Relaxivity Measurements. The T relaxation time were measured in 4.7 T field strength. For each
type of sample (USPIO(20)@MIL, USPIO(10)@MIL, MIL-100(Fe) and y-Fe20s3), a stock solution
was prepared in physiological conditions at pH 7.5 with PBS solution at 0.02 mol L and 5.4% wi/v
BSA. Two-fold serial dilutions were then performed in the same medium and 7 aliquots of 800 piL
were then prepared for T2 measurements with iron concentrations ranging from ~ 8.56 to 0.01 mM.
The Fe content was then determined using a NexloN 300X ICP-MS (PerkinElmer, Waltham, MA,
U.S.A.). Samples were digested in 5 M HNO3 solution for 24 h before their dilution in 2% HNO3 for
quantitative analysis. Standard calibration curve was performed using a series of Fe standard solution
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(5 to 100 ppb). T relaxation time experiments were performed on a 4.7 T Bruker Biospec system
(Ettlingen, Germany) equipped with a birdcage resonator for radio-frequency excitation and signal
reception. T2 measurements were performed at 25<C with a CPMG (Carr—Purcell-Meiboon-Gill)
imaging sequence (TR, 5000 or 10000 ms; inter echo-time, 5 ms; number of echo images, 256; FOV,
50 x50 mm; matrix, 128 = 128; slice thickness, 2 mm). Relaxation data were analyzed with home-
made software developed on Igor Pro (Wavemetrics, Lake Oswego, OR, USA). For each sample, the
time evolutions of the magnetization were fitted according to mono-exponential functions. Relaxation
rate R (= 1/T>) was reported as a function of iron concentration to determine the relaxivity rate (r2) of

each sample.

In vivo MRI experiments. All animal experimental protocols were approved by the Animal Care and
Use Institutional Ethics Committee of Bordeaux, France (Approval No. 5012032-A). In vivo
experiments were performed on a 7T Bruker Biospec System equipped with a gradient system capable
of 660 mT/m maximum strength and 110-ps rise time. A volume resonator (86 mm inner diameter,
active length = 70 mm) operating in quadrature mode was used for excitation, and a four-element
phased array coil (total outer dimensions: 30 x 25 mm?) was used for signal reception. Balb/C mice
(23-25g) were purchased from a commercial breeder (Charles River, Paris, France). Mice were
anesthetized with isoflurane (1.0-1.5% in air). The animals were positioned within the magnet with
the liver placed at the center of the MR coil. A bolus of 90 pL of the sample was injected in the mouse
tail vein while inside the magnet after the acquisition of pre-contrast T>*-weighted and Ti-weighted
acquisitions. The sample consists of USP10(20)@MIL at 12 mg mL™* in PBS-BSA media (PBS 0.01
mol/L + BSA 5.4% wi/v). This corresponds to a concentration of ~250 pmol Fe/kg which is typically
used for in vivo MRI by using USPIO contrast agents. A 3D gradient echo T>*-weighted sequence
was performed before (pre-contrast) and after (post-contrast) contrast agent injection with the
following parameters: TE/TR = 2/12 ms; flip angle: 15< Field-Of-View: 35 %25 %22 mm; Matrix:
128 x 128 x 64; spatial resolution: 273 x 195 x 343 um. Number of excitations: 2; total acquisition
time: 3 min 16 sec. A 3D Ti-weighted Ultra-Short Echo time (UTE) sequence was performed before
and after contrast agent injection with the following parameters: TE/TR = 0.031/5 ms; flip angle: 30<
Field-Of-View: 35 x35 %35 mm; Matrix: 128 %128 x 128; spatial resolution: 273 x 273 x 273 um,;

number of spokes: 51360; total acquisition time: 4 min 16 sec.
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Statistical Analysis. The results are represented as means =SD. A minimum sample number of 3 was
employed to ensure statistical power. Statistical analysis was performed by using two-tailed Student’s
t test for two groups. P values > 0.05 represented nonsignificance (N.S.). P values < 0.05 represented

statistically significant, P values: *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired, two-tailed t tests).

Associated content
Supporting Information

The supporting information is available free of charge. Additional characterization data of MIL-
100(Fe), maghemite nanoparticles and USPIO@MIL nano-objects; the colloidal stability of MIL-
100(Fe) and USPIO(20)@MIL nano-objects; the characterization of USPIO@MIL by °’Fe Mé&sshauer
spectroscopy; Synthesis of USPIO(20)@MIL/RhB; the analysis of cellular uptake of
USPIO(20)@MIL nano-objects by RAW 264.7 macrophages; TEM of RAW 264.7 macrophages;
Encapsulation and release of methotrexate from USPIO@MIL; the encapsulation and release of
doxorubicin from USPIO@MIL; the analysis of the anti-inflammatory capacity of
USPIO(20)@MIL/MTX and USPIO(20)@MIL/Dox; the analysis of the anti-cancer activity of
USPIO(20)@MIL/Dox; the relaxometry and magnetic properties of USP10(20)@MIL nano-objects.
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Supplementary Information

1-Characterization of MIL-100(Fe) Nanoparticles
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Figure S1. Characterizations of MIL-100(Fe): a) Powder X-Ray diffraction pattern measurements and (b)
Nitrogen adsorption and desorption isotherms.

25 30 3% 40 45 50 55 60 65
Diameter (nm)

Figure S2. a) TEM bright field and (c-d) STEM-HAADF images of MIL-100(Fe) nanoparticles, (b) Size
distribution of MIL-100(Fe) nanoparticles. (Diameter = 40 & 8 nm)

The Bragg peaks of the powder X-ray diffraction (PXRD) patterns are consistent with the crystalline
structure of MIL-100(Fe) NPs. N> adsorption/desorption isotherm is typical of MIL-100(Fe) with a
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BET surface area of 1700 m? g'!. TEM showed spheroidal MIL-100(Fe) NPs with a diameter of 40

nm.

2-Characterization of Maghemite (y-Fe203) Nanoparticles (USPI10O)
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Figure S3. Characterizations of maghemites y-Fe,Os: a) Rietveld-refinement on y-Fe,Os diffractogram; b)
Infrared spectrum; ¢) HRTEM images; d) Size distribution by DLS.

X-Ray diffraction measurements showed that the nanoparticles present the typical spinel structure. The
calculated lattice parameter, 0.8360 (3) nm, is close to that of maghemite (0.8346 nm, JCPDS file 39-
1346). The mean size of the nanoparticles estimated from X-ray pattern (5.4 £ 0.1 nm) is also in
agreement with the TEM observations (7 = 3 nm). The IR band of y-Fe>Os at 550 cm™! was assigned
to stretching vibration of the Fe-O bond.

3-Characterization of USP10O(20)@MIL nano-objects

Determination of the USPIO content. After drying in vacuum overnight, ~5 mg USPIO(20)@MIL
and MIL-100(Fe) were accurately weighed and then degraded with 1 mL concentrated HCI under 80°C
for 12 h. After centrifugation (13400 rpm, 15min), Fe ion in the supernatant was separated from BTC
(white precipitate) because BTC cannot be dissolved in concentrated HCI. The supernatant was diluted
by 2% HNO3 solution for ICP MS analysis (Fe ion) and the precipitate was then dissolved in 1 mL
EtOH for HPLC test. The mobile phase of HPLC is 50:50 v/v methanol : phosphate buffer (0.02 M
NaH>POs and Na,HPOs, pH 2.5, adjusted by H3POu). A flow rate of 0.8 mL min™ and a sample
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injection volume of 50 puL. were used during all analyses.

a ., HO._O b = BTC
" # = 5000 Linear Fit of BTC
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Figure S4. The high-performance liquid chromatography (HPLC) spectrum and calibration curve of BTC.

Table S1. The ratio of Fe ion (ICP-MS) to BTC (HPLC) of MIL-100(Fe) and USPIO(20)@MIL.

HPLC-BTC

Sample Weight (mg) ICP-Fe (mg) (mg) Fe : BTC (mol/mol) Fe;O3; wt%
mg

USPIO20)@MIL 5.2 1.42 1.85 2.896 20.5

MIL-100(Fe) 4.7 0.667 1.67 1.502

In bare MIL-100(Fe), the ratio of Fe to BTC was close to 1.5, which was in consistent with the
theoretical one. According to the calculation below, the weight ratio of ~Fe>O3 in USPIO(20)@MIL
was ~20%.

a
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g 60
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£ 404
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0.0 0.2 0.4 0.6 0.8 1.0 100 200 300 400 500 600
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Figure S5. a) Nitrogen sorption isotherms at 77 K (Po = 1atm) and (b) TGA of USPIO(20)@MIL.
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Figure S6. FT-IR spectra of MIL-100(Fe) and USPIO(20)@MIL.

The FT-IR spectra of both MIL-100(Fe) and and USPIO(20)@MIL exhibit characteristic vibration
bands at 1621, 1568, 1446, 1376, 760 and 709 cm™'. The bands at 1624 and 1376 cm™! are assigned to
v(C—O) bond of carboxylate groups coordinated to the iron centers of the MOF. The free ligand is also
observed through the C=0 stretching vibration band at 1704 cm’'.
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Figure S7. TEM images of and USPIO(20)@MIL nano-objects.
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4-Characterization of USPIO(10)@MIL nano-objects
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Figure S8. Characterizations of USPIO(10)@MIL: a) PXRD diagram; b) N, adsorption / desorption
isotherms; c¢) TEM images; d) TGA.
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5-Colloidal stability of MIL-100(Fe) and USPIO@MIL nano-objects
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Figure S9. Zeta potentials of MIL-100(Fe) and USPIO(20)@MIL in Milli Q water.
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Figure S10. Evolution of the average particle diameter (by intensity) (red line) and polydispersity index
(PdI) (blue line) of MIL-100(Fe) and USPIO(20)@MIL in (a-b) Milli Q water, (c-d) 10 mM PBS (pH
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7.4), (e-f) 10 mM PBS (pH 7.4) + 5.4% w/v BSA over a time period of 24 h.

To confirm the impact of bovine serum albumin on the colloidal stability of USPIO(20)@MIL
NPs, USPIO(20)@MIL NPs were redispersed into DMEM, 90% DMEM + 10% FBS and PBS
solution (10 mmol L!) at the pH of 5.1 and 6.5 with or without 5.4% w/v BSA, respectively.

The average particle diameter was also monitored at regular interval for a period of 24 h.

a
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e
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Figure S11. Evolution of the average particle diameter (by intensity) (red line) and polydispersity index
(PdI) (blue line) of USPIO(20)@MIL in (a) DMEM, (b) 90% DMEM + 10% FBS, (¢) 10 mM PBS (pH
6.5), (d) 10 mM PBS (pH 6.5) + 5.4% w/v BSA, (e) 10 mM PBS (pH 5.1) and (f) 10 mM PBS (pH 5.1)
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k —— PBS (pH7.4) + BSA 24h
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Figure S12. PXRD patterns of 1 mg mL"' USPIO(20)@MIL NPs after mixing in 0.01M PBS (pH =5.1,
6.5 and 7.4) with or without 5.4% w/v BSA at 37°C for 24 hours.

PBS (pH 5.1)

Figure S13. TEM observations of USPIO(20)@MIL NPs obtained after mixing in 0.01M PBS at the
pH of (a, d) 5.1, (b, €) 6.5 and (c, f) 7.4 with or without 5.4% w/v BSA at 37°C for 24 hours. The sample
was washed in H,O before TEM grid preparation.
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6-5"Fe M&ssbauer spectroscopy.

The ’Fe Mossbauer spectra were obtained using a °’Co/Rh j-ray source, mounted on a
conventional constant acceleration vibrating electromagnetic transducer. They were performed
on a powdered sample containing about 15 mg of Fe at 300 and 77 K in a zero magnetic field
and at 77 K under a 0.04 T magnetic field oriented perpendicular to the y~beam. The calibration
is obtained using a a-Fe foil and the values of isomer shift were referred to that of a-Fe at 300
K. After registration of a spectrum with a large velocity scale (not shown here), the spectrum
at 300 K (Figure S14 top) results in only a quadrupolar feature which consists of an
asymmetrical quadrupolar doublet: its description can be obtained by considering a
quadrupolar spectrum (blue) corresponding to that of MIL-100(Fe) and a second quadrupolar
component (red) attributed to y~-Fe;O3 NPs. Indeed, taking into account the diameter of ~Fe>O3
NPs (7 = 3 nm), they should exhibit fast superparamagnetic relaxation phenomena giving rise
to a quadrupolar structure. Their respective proportions of both MIL-100(Fe) and j~Fe>O3 are
66 and 34%, in rather fair agreement with the quantification by HPLC / ICP-MS (69-31%). At

V (mm/s)
0

0.95

0.90

1.00 -

0.95-

1.00

Relative Transmission

0.95-

0.99
V (mm/s)

Figure S14. >’Fe Mossbauer spectra of USPIO(20)@MIL recorded at 300 K(top) and 77 K (middle) in
a zero magnetic field and at 77 K under a 0.04 T magnetic field.

77 K, as shown in Figure S14 (middle), a part of the quadrupolar structure splits into a magnetic
sextet composed of broadened and asymmetrical lines. In addition to the central quadrupolar

feature corresponding to the MIL-100(Fe) component, the magnetic sextet assigned to y-Fe,Os
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NPs was described by means of a hyperfine field distribution. The 69 and 31% proportions
estimated at 77 K are fully consistent with the experimental values (the small disagreement at
300 K is due to the small difference in the Lamb-MGdssbauer factors characteristics of the two
phases). The presence of non-interacting y-Fe>O3 NPs cannot be clearly excluded and it is not
possible to distinguish the aggregated y-FeoO3 NPs at the surface of USPIO(20)@MIL and
those located in the core of USPIO(20)@MIL (see Figure S14 bottom).

7-Cellular uptake of USPIO(20)@MIL by RAW 264.7 macrophages

Synthesis of USPIO(20)@MIL/RhB. To observe the cellular uptake of USPIO(20)@MIL,
USPIO(20)@MIL was loaded with a fluorescent dye Rhodamine B (RhB). Typically, 1 mL
RhB stock solution (Img mL™") was first diluted in 4 mL Milli Q water, then added to 5 mg of
USPIO(20)@MIL and kept stirring at 600 rpm for 24 h with the protection of tin foil. The
resulting USPIO(20)@MIL/RhB nanoparticles were collected by centrifugation and washed
repeated with Milli Q water to remove the free RhB. Then, the final product was redispersed

in 5 mL Milli Q water with tin foil covering and kept in 4°C fridge until use.

a b
Excitation

Ug"'g(zo)@"""- — Emission of USPIO(20)@MIL
USPIO(20)@MIL/RNhB —— Emission of USPIO(20)@MIL/RhB

UV absorbance
FL

—

500 550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure S15. a) UV-vis spectra of USPIO(20)@MIL and USPIO(20)@MIL/RhB, (b) Fluorescence
emission spectra of USPIO(20)@MIL and USPIO(20)@MIL/RhB (Aem= 576 nm).

While the bare USPIO(20)@MIL NPs do not display any absorbance peak in the visible
spectrum, USPIO(20)@MIL/RhB presents one peak at 550 nm. Moreover,
USPIO(20)@MIL/RhB NPs present fluorescence properties (Aem = 576 nm) by excitation with
visible light while the USPIO(20)@MIL NPs do not exhibit any fluorescence properties.
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Figure S16. Internalization of Rhodamine-labeled USPIO(20)@MIL in RAW 264.7 macrophages as
shown by CLSM (Scale bar = 20 um).
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Figure S17. 2D TEM slices images of RAW 264.7 cells at different times (1 day, 2, 4 or 8 days) after
incubation with USPIO(20)@MIL (50 ug mL™) for 24 h.
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Figure S18. Quantification of the intracellular Fe*" as a function of the incubation time of RAW 264.7
macrophages with USPIO(20)@MIL NPs.

8-Encapsulation and Release of Methotrexate
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Figure S19. a) HPLC chromatogram of MTX (Inserted: Molecular structure of MTX); b) MTX
calibration curves in 10 mM HCI by HPLC; c¢) UV-Vis spectrum of MTX; d) MTX calibration curves
in 10 mM HCI by UV-Vis.

Table S2. MTX loading capacity (LC) or entrapment efficiency (EE) of MIL-100(Fe) and
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USPIO(20)@MIL.

Weight Ratio MIL-100(Fe)/MTX USPIOQ20)@MIL/MTX

(MOF : MTX) LC (%) EE (%) LC (%) EE (%)
1:0.25 25+0.01 99+0.05 25+0.04 99 +0.2
1:0.5 46 +0.03 92+0.05 43+0.05 86 £ 0.1
1:1 60+1 60+1 47+ 3 47+ 3
1:2 615 30+3 46+ 10 23+5
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Figure S20. a) TGA and (b) N, adsorption / desorption isotherms of MIL-100(Fe)/MTX and
USPIO20)@MIL/MTX. TEM images of (c) MIL-100(Fe)/MTX and (d) USPIO(20)@MIL/MTX.
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Figure S21. MTX release in (a) DMEM and (b) DMEM + 10% FBS from USPIO(20)@MIL/MTX by

HPLC.

9-Encapsulation and release of doxorubicin.
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Figure S22. a) Normalized UV-Vis spectra of USPIO(20)@MIL, USPIO(20)@MIL/Dox and Dox. b)
Calibration curve of Doxorubicin in water by UV-Vis spectroscopy.

Table S3. Dox loading capacity (LC) or entrapment efficiency (EE) of MIL-100(Fe) and

USPIO(20)@MIL.
Weight Ratio  MIL-100(Fe)/Dox USPIO(20)@MIL/Dox
(MOF : Dox)  LC(%) EE(%) LC(%) EE(%)
1:0.25 24.96 £ 0.01 99.8£0.01  24.85+0.01 99.39 + 0.04
1:0.5 483+0.4 96.6+0.8  43.4+0.5 86.8+ 1
1:1 57.3+0.6 573+0.6  484+1.6 484+ 1.6
1:3 55.8+0.5 18.6+02  49.9+43 16.6 + 1.4
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Figure S23. a) TGA and (b) N, adsorption/desorption isotherms of MIL-100(Fe)/Dox and
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Figure S24. a) Dox and (b) BTC release of MIL-100(Fe)/Dox and USPIO(20)@MIL/Dox in phenol-
free DMEM.
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10-1In vitro cytotoxicity assay of MIL-100(Fe),

and USPIO(20)@MIL/Dox
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Figure S25. Normalized Hela cells viability obtained after incubation with (a) MIL-100(Fe) and (b)
USPIO(20)@MIL at different concentrations for 12 and 24 h.
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Figure S26. Normalized cell viability of RAW 264.7 macrophages after incubation with (a) MIL-

100(Fe) and (b) USPIO(20)@MIL for 24 h.
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Figure S27. a) Cell viability of normal RAW 264.7 macrophages after incubation for 24 h with MIL-
100(Fe), USPIO(20)@MIL, USPIO(20)@MIL/MTX at 50 pg mL"' and with free MTX at 23 pg mL"'
and USPIO(20)@MIL/Dox at 50 pg mL! and with free Dox at 25 pg mL. (b) Cell viability of RAW
264.7 macrophages exposed for 24 h to USPIO(20)@MIL/Dox and equivalent free Dox of different
concentrations.
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Figure S28. AM/PI staining of normal RAW 264.7 macrophages after co-culture with MIL-100(Fe),
USPIO(20)@MIL, Dox, USPIO(20)@MIL/Dox, MTX and USPIO(20)@MIL/MTX for 24 h. Live &
dead cells were stained by green and red, respectively. [MIL-100(Fe)] = 40 ug mL !, [USPIO(20)@MIL]
=50 ug mL"', [Dox] =25 pg mL", [USPIO(20)@MIL/Dox] = 50 pg mL"!, [MTX] = 23 ug mL"' and
[USPIO(20)@MIL/MTX] = 50 pg mL"'. Scale bar = 50 pm.
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11-Anti-inflammatory capacity of USP10(20)@MIL/MTX and USP10(20)@MIL/Dox

Brightfield Hoechst Overlay

Normal Raw264.7

LPS Activated Raw264.7

Figure S29. /n vitro ROS (DCF-DA fluorescence) imaging on normal RAW 264.7 cells and LPS
activated RAW 264.7 cells and Hoechst as a nucleus staining dye. Scale bar = 50 um.
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Figure S30. Anti-inflammatory properties of USPIO(20)@MIL/MTX and USPIO(20)@MIL/Dox. Cell
viability assay by using CCK-8 staining of LPS (100 ng mL"', 48 h) activated RAW 264.7 macrophages
incubated with different drug formulations ([MIL-100(Fe)] = 40 pg mL"!, [USPIO(20)@MIL] = 50 ug
mL!, [Dox] = 25 pg mL", [USPIO(20)@MIL/Dox] = 50 pg mL'], [MTX] = 23 pg mL’,
[USPIO(20)@MIL/MTX] = 50 pg mL") for 24 h.
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Figure S31. Cell viability of LPS activated RAW 264.7 macrophages incubated with different
concentrations of USPIO(20)@MIL (5, 20 and 50 pg mL"), USPIO(20)@MIL/Dox and equivalent free
Dox (2.5, 10 and 25 ug mL™") for 24h.

12-Evaluation of the concentrations of pro-inflammatory cytokines by enzyme-linked

immunosorbent assay (ELISA) assays
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Figure S32. The concentrations of the inflammatory cytokines IL-6 in cell culture media after the
treatment of different formulations ([MIL-100(Fe)] =4 ug mL™!, [USPIO(20)@MIL] =5 pg mL"!, [Dox]
=0.25 uyg mL!, [USPIO(20)@MIL/Dox] = 5 pg mL"!, [MTX] = 2.3 ug mL"!, [USPIO(20)@MIL/MTX]
=5 ug mL™") for 24 h. Note that the concentration of Dox here was ten times lower than the loaded Dox
of USPIO(20)@MIL/Dox to limit its toxicity. Results are shown as mean + SD.
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13-Cytotoxicity of USP10(20)@MIL/Dox
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Figure S33. a) Excitation and fluorescence spectra of USPIO(20)@MIL/Dox in water. b)
Internalization of USPIO(20)@MIL/Dox in Hela cells as shown by CLSM (Scale bar = 10 um) and (c)
quantification of the intracellular relative fluorescence intensity of Dox as a function of the incubation
time of Hela cells with USPIO(20)@MIL NPs.
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Figure S34. Cell viability of Hela cells incubated for 24 h with MIL-100(Fe), USPIO(20)@MIL, Dox
and USPIO(20)@MIL/Dox at the concentrations of 40, 50, 25 and 50 ug mL"!, respectively.
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Figure S35. AM/PI staining of Hela cells after the incubation for 24 h with MIL-100(Fe),
USPIO(20)@MIL, Dox and USPIO(20)@MIL/Dox at the concentrations of 40, 50, 25 and 50 ug mL-
!, respectively. Scale bar = 50 pm.
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14-Relaxometry and magnetic properties of USPIO@MIL nano-objects.

Table S4. Relaxivity r; values of iron oxide NPs per mM Fe**

NPs/nano-objects Relaxivity r,*  Hydrodynamic Surface Reference
(mM1.sh) diameter of nano- modification
object (nm)

vFe:0s 171 +£10 73) - This paper
MIL-100(Fe) 3+1 38(7) - This paper
USPIO(20)@MIL 93+2 49(10) - This paper
USPIO(10)@MIL 382 49(10) - This paper
MIL/USPIO-cit (10) 93 + 4 163 (77) Citrate !
MIL/USPIO-cit(1) 2142 155 (40) Citrate !

1-Fe,03 205 13 citrate 2

v-Fe;0s 133 16 PAA 2

v-Fe,03 69.8/86.5 9 PAA" 2

v-Fe,03 70 8 DMSA® 2

v-Fex0s 145 15 dextran 23
Endorem® 100 228-80 dextran 45
Sinerem® 90 50 - 4

Fe304 /ZIF-8-Auys 35.49 - - 6
Fe;04-Z1F-8 372 - - 7
PEG-NH,@Fe304-ZIF-8 25.25 97 (8) - 8
FePt-MOF 27.1 - - ?

MIL-S 13.53 60 - 10

MIL-M 31.28 350 - 10

MIL-L 50.80 730 - 10
Fe;04@C@MIL-100(Fe) 352.45 - - 1
USPIO/MIL-101(Fe)-NH» 170.96 450 - 12

%r, values per mM Fe"; ®°PA A: poly(sodium acrylate); SDMSA: Dimercapto-succinic acid

Characterization of the magnetic properties. Nano-objects were dispersed in a PVA matrix and dried
in a cylindrical Teflon mold. The magnetic moment of the samples was measured by a Quantum Design
vibrating sample magnetometer (VSM) operating at a vibrating frequency of 40 Hz, with an integration
time of 1 s. Calibration was performed on a high purity nickel sample with the same dimensions as the

samples. Blank samples of a PVA matrix and of MIL-100(Fe) dispersed in PVA showed only a linear
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dependence of magnetic moment with applied field and no superparamagnetic contribution; magnetic
curves were analyzed after subtraction of the linear component. The magnetic moment of a single
particle was obtained by Langevin fit of the experimental data with a fitting error less than 1%. The

magnetization of a single particle was calculated using the effective diameter of the y-Fe>Oj3 particles.

Finally, the overall accuracy can be safely estimated as 10%. Thermal variation of the zero-field cooled
and field cooled (ZFC-FC) magnetization at H = 16 kA/m (i.e., 200 Oe) reveals superparamagnetism
at room temperature for USPIO(20)@MIL and USPIO(10)@MIL nano-objects. The ZFC-FC curve of
USPIO(20)@MIL shown in Figure S15 is typical for well-dispersed y-Fe,Os superparamagnetic NPs. !
The saturation magnetization at T = 300 K was obtained from the magnetic moment of each sample
measured while the applied field was cycled. The magnetic field was driven above the saturation field
which was 1.5 x 105 A m™! (i.e., 20 kOe) for USPIO@MIL samples. For all measured samples, the
magnetization was fully reversible upon magnetic field cycling. The coercive fields Hcoer were below
the detection limit which was 1.6 kA m™ (i.e., 20 Oe). Both Hcoer and Tmax are consistent with an
assembly of N quasi-independent particles and the Langevin model was applied at room temperature
to get the saturation magnetization Msa of the USPIO:
3 7 D3 g H

< D _ 1
m(H) = ]‘Jm/‘; A’(D)T (tanh Yz) - ;) dD, x== Mr‘mtTk?BT’

where N(D)
is the number of USPIO having the diameter D, T is the temperature, kg the Boltzmann constant and

po the magnetic induction of the vacuum.
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Figure S36. a) Magnetization curve of USPIO(20)@MIL at 300 K (solid black line) and Langevin fit (dotted
blue line); b) Magnetic moments of USPIO(20)@MIL (blue line) under an applied magnetic field of 200 Oe
after zero field cooling then field cooling.

Table S5. Saturation magnetization and magnetic moments of hybrid nano-objects measured by VSM.
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Nanoparticles/nano-objects Mg 300 K (A m? kg™!) Reference
USPIO(20) @MIL 68 This work
USPIO(10) @MIL 71 This work
MIL/USPIO(10) 39 !
MIL/USPIO-cit(10) 62 !
MIL-53(Al)-Fe-AA-13 0.2 14
ZIF-8-Fe-AA-CS3 6.3 14
ZIF-8-Fe-AA-I3 1.8 14
MagNP@PDA@ZIF-8 3.1 15
Fe;04@PAA/AuNCs-ZIF-8 8.2 16
Fe304-Awps-ZIF-8 9.1 6
Fe304-ZIF-8 18.9 7
Fe;:04@PDA@ZIF-90 9.2 17
Fe;:04@C@MIL-100(Fe) 44.39 1
Fe;04@Ui0-66 51.58 18
Fe304-COOH@MIL-101(Cr) 10.1 19
m-ZIF-90 7 20
Fe304/810,@Ui0-66(Zr) 21.7 21
Fe;04@Si0,-MIL-101(Cr) 21 2
Fe;04@ZIF-8 14.38 2
PEG-NH>@Fe;04-ZIF-8 6.6 8
Fe;04@MOF-808 40.35 24
Au-Fe;04@MIL-100(Fe) 53.41 2
Fe;04@ZIF-8 54.6 26
USPIO/MIL-101(Fe)-NH, 30 12
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Chapter 3

This chapter is adapted to the following manuscript:

Atomically precise Gold nanoclusters - MIL-100(Fe) for
dexamethasone delivery and inflammatory disease synergistic
therapy.

(In Submission)

Heng Zhao et al.

170



Chapter 3

Table of Contents
(08T 10 (=] S ST TP S T PTUT PR PRURUPPPR 170
TADIE OF CONLENTS ... bbbttt b e bbbt eene e nens 171
3.1 Contributions 10 thiS FESEAICH........iieii i 172
BT N o L - Tod SRRSO PPUSRPRSPI 173
K IR BN [ 11 0o 1 od o] ISR PPUSPRP 174
3.4 RESUILS AN QISCUSSTON. .....ciuiiiiiiieiieie ittt ettt b et 176
3.5 CONCIUSION. ...ttt b e bbbttt b et e bbb bbb ne s e e nes 186
RETEIBINCES ...ttt ettt et h ettt e e bt e be e st e Re e Re et e e R e e Re et neenreenaennes 187
Supplementary INFOrMALION ..........ooiiiiieie bbb 191
EXPEIIMENTAL SECLION ..ottt e et e e e be e beeneesreeeeenes 191
CREMICAIS. ...t b e bbbt e e e s et e b e sbe s be et et e nbeeneene e 191
Characterization tECANIGUES. ........coveiieiie ettt e sre e sreenae e 191
Synthesis of MIL-100(Fe) NanOpartiCles. ...........ccooiiiiiiiiiiiei e 192
Synthesis of AuzsSGi1g Nanoclusters (Au2sSGi18 NCS). ...c.oeveiviiiiiiiiiiieee e, 192
Synthesis of AU@MIL NanOPArtiCIES. ........ccocoveiieiiiie e 193
Determination of the gold CONENT. ..........c.ooiiiie s 193
Colloidal stability of AU(N)@MIL NPS. .......cocoiiiiiiiee e 193
Encapsulation of dexamethasone phosphate (DexP) in Au(h)@MIL. ..........ccoconiiiniiinennn 193
Dexamethasone release of AU(N)@MIL/DEXP........ccvoiiiiiieie e 194
Synthesis of Au(h)@MIL-HP or Au(h)@MIL/DeXP-HP. .......c..ccceovieiiiiiiece e, 194
Cells and culture CONAITIONS. .......ooiereiie e e e esreeneenreenneens 194
IN VIErO CYLOTOXICITY BSSAY ... veuvevitieieeiieiieie sttt sttt bbbttt 195
Cellular uptake study by confocal laser scanning MICrOSCOPY.....c.ccvvevveerrereerieerieseesreeriesreeenean, 195
Inhibition of INFlammMatory CElIS. ... 196
ROS SCAVENGING PrOPEITIES. ....eeiuiiiiiieeiete ittt ettt sr et bbbt 196
Pro-inflammatory cytokines downregulation. ...........cccceoerereniiiniseee e 196
NF-xB and IRF pathways DIOCKAUE. .........cccoviiieiecc e 197
SEALISTICAl ANAIYSIS.....ccuiiiiii e 197
RESUILS aNU DISCUSSION.......eeiuiiiiieiiieie ettt ste ettt e et e e te s e s teestesseesaeeseeeseesseeseeneesseeneennes 198
[ E =T =] 0TSSR 206

171



Chapter 3

3.1 Contributions to this research

In this work, for the purpose of developing theranostic MOFs for inflammatory diseases therapy, | first
conducted the literature survey of atomically precise gold nanoclusters (Au NCs) and Au@MOFs.
Inspired by our previous work on USPIO@MIL, | assembled glutathione capped Auzs NCs into MIL-
100(Fe), namely AuxsSG@MIL through an in situ room temperature synthesis, which has not been
reported in the literature. | characterized the synthesized materials by using many different techniques,
such as PXRD, N sorption isotherms, TEM, DLS, TGA, UV-Vis, FT-IR and *H NMR. Dr. Gilles
Patriarche (UniversitéParis-Saclay) performed the HAADF-STEM measurements. Then, | studied the
drug loading and release of AuxSG@MIL by HPLC. Bernard Goetz performed ICP-MS
measurements. In terms of cell experiments, | investigated the cell cytotoxicity, cellular internalization
by confocal microscope, pro-inflammatory cytokines expression by Elisa kit based on RAW 264.7
cells. For the in depth understanding of the anti-inflammatory mechanism and, | studied the
inflammatory pathways such as the nuclear factor kappa B (NF-xB) pathway and the interferon
regulatory factor (IRF) pathway study with the help of Sonia Becharef and under the supervision of
Prof. Florence Gazeau (UniversitéParis Diderot) Next, | have performed all the data analysis and
discussed the results with my supervisors and colleagues. Finally, | plotted the figures and wrote the

first manuscript draft and my supervisors and collaborators helped me to revise it.
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Atomically precise Gold nanoclusters - MIL-100(Fe) for dexamethasone delivery and
inflammatory disease synergistic therapy.
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3.2 Abstract

In terms of inflammatory disease treatment, various therapeutic strategies have been proposed. To
improve the biological half-life and bioavailability of free clinic drugs, nanocarriers were developed
for the enhancement of drug absorption and biodistribution in inflammatory sites; In particular,
nanoparticles of biocompatible Metal Organic Frameworks (MOFs) are of interest. Also, gold
nanoclusters can be used as anti-inflammatory therapeutic agent and potential imaging contrast agent.
Herein, we successfully encapsulated atomically precise gold nanoclusters (Au NCs) into
biodegradable mesoporous MIL-100(Fe) via an in situ room temperature synthesis for the delivery of
glucocorticoid dexamethasone phosphate (DexP) and inflammatory disease synergisic therapy. The
drug loaded nanocarrier specifically inhibits inflammatory cells growth, scavenges intracellular

reactive oxygen species (ROS) and downregulates pro-inflammatory cytokines secretion. It also
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inhibits related inflammatory pathways such as the nuclear factor kappa B (NF-kB) pathway and the
interferon regulatory factor (IRF) pathway efficiently. The co-delivery of chemodrug and metallic

nanoclusters by MOFs may provide a new approach for inflammatory disease.

3.3 Introduction

Inflammation that involves a wide variety of physiological and pathological processes, is an adaptive
response triggered by noxious stimuli and conditions.! As an incurable chronic autoimmune
inflammatory disease, rheumatoid arthritis (RA) is characterized by synovial joint inflammation, and
irreversible destruction of cartilage and bone tissue, which can lead to disability, inability to participate
in work and social activities, and increased mortality.?3 One of the main clinical pathological features
is the inflammatory cell infiltration in the joint and these inflammatory macrophages cause synovial
hyperplasia and are responsible of the release of some proinflammatory factors such as tumor necrosis
factor-o. (TNF-a), interleukin-1p (IL-1p), interleukin-6 (IL-6), resulting in bone erosion and cartilage
tissue damage. At present, the primary goal of treatment for patients with RA is to inhibit the
progression of structural damage by achieving either clinical remission or low levels of disease

activity.*

To treat RA, the commonly used antirheumatic drugs in clinical are non-steroidal anti-inflammatory
drugs (NSAID), corticosteroids, and disease-modifying anti-rheumatic drugs (DMARD). Due to the
short biological half-life and poor bioavailability, high and frequent administration of drugs is required,
which may cause serious side effects. Encapsulation of the drug in the nanocarriers allowing specific
drug delivery can enhance drug absorption and biodistribution in inflammatory sites. RA is featured
by low-pH and hypoxic microenvironment and glutathione (GSH) functions as an intracellular
reductant in redox processes. In particular, nanoparticles of biocompatible Metal Organic Frameworks
(MOFs) have widely been used as stimuli-responsive drug nano-carriers. Their large surface area,
amphiphilic internal microenvironment as well as their possible functionalization make these materials

suitable to host a large variety of drugs with a high loading capacity.®

The biological use of gold as a drug can be traced back to 2500 B.C., and Au(l) thiomalate was
commonly used in arthritis more than 60 years ago.®’ Gold salt shows a slow onset action in anti-
inflammation and the possible mechanism may involve the Au(l)/Au(lll) redox system: i) Au(l)
scavenges reactive oxygen species (ROS); ii) the formed Au(lll) irreversibly denatures or interferes

with lysosomal enzymes.? In recent years, with the development of nanomedicine, gold nanoparticles
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(Au NPs) were exploited for a diverse array of biomedical applications.®° Specifically, Au NPs were
suggested as a novel option for treatment of RA or other inflammatory diseases and they were involved
in different inflammatory signaling pathways such as nuclear factor kappa-B (NF-xB) signaling
pathway and Toll-like receptors (TLRs) signaling pathway, leading to a decrease of reactive oxygen
species (ROS) production and pro-inflammatory cytokines expression, etc.!**® Hong Yang et al.
reported that Au NPs were beneficial to limit TLRs signaling pathway, which plays a central role in
the pathophysiology of many inflammatory diseases.’* Meanwhile, gold nanoclusters (Au NCs)
possess multienzyme mimetic activity, and thus can effectively eliminate ROS*® and N-acetylcysteine
capped Au NCs showed broad-spectrum antioxidant activity and anti-inflammatory activity in acute
kidney injury.® Atomically precise Au NCs, emerging link between discrete atoms and plasmonic
nanoparticles, showed intriguing physical-chemical properties, such as luminescence, magnetism and
catalysis. Their properties can be rationalized in terms of their quantum size effect and Auzs NCs are
of interest due to their easy preparation, high stability, and easy functionalization.*”"*° In particular,
peptide protected Auzs NCs have been reported to inhibit the expression of crucial pro-inflammation
cytokines and the activation of NF-kB pathway, reducing the severity of inflammation-induced bone
and cartilage destruction.?

Inflammatory disease is a complicated process and single model therapy or inhibition of certain
inflammatory pathway is often inefficient. Thereby, combining different therapeutic modalities to treat
inflammatory disease possess great promises and Au@MOFs based nano-objects consisting of MOFs
and Au NPs could be good candidates for a synergistic therapy as a result of their high porosity and
functionality. Recently, various Au@MOFs have been developed such as Au NRs@ZIF-8 for near-
infrared-induced synergistic chemo-photothermal therapy, Au@Cu3z(BTC)2 nanoparticles for Raman
imaging and synergistic chemo-photothermal therapy, Fes04/ZIF-8-Auzs nanocomposite for
magnetically targeted photodynamic / photothermal therapy and Au nanostar@MIL-101-NHz(Fe) for
T1-weighted MRI and photothermal therapy.?*?®> However, to the best of our knowledge, these
Au@MOFs were only used for cancer theranostics and they have not been reported yet in
inflammatory disease therapy. Moreover, both the MOF component and the noble metal part of nano-
objects should be non-toxic and biodegradable. As a class of well-known mesoporous MOFs, MIL-
100(Fe) showed great promises for drug delivery?*2 and thus, our purpose is to design biodegradable

Au NCs/MIL-100(Fe) nano-objects for anti-inflammatory application.

In this work, we developed a new theranostic anti-inflammatory nanocarrier based on atomically
precise glutathione protected Au nanoclusters (AuzsSGigs NCs) assembled with MIL-100(Fe) (Au

NCs@MIL-100). This nano-object was synthesized via an in situ room temperature green protocol
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(Scheme 1). Furthermore, it was able to encapsulate the clinical drug glucocorticoid dexamethasone
phosphate (DexP) with a high loading capacity. Finally, the in vitro cytotoxicity assay based on
lipopolysaccharide (LPS) stimulated inflammatory models has shown that this Au@MIL/DexP
nanocarrier presents a high anti-inflammation capacity and the mechanism of inhibition of multiple
inflammatory signal pathways such as NF-«B and Interferon regulatory factor (IRF) has been further

demonstrated on THP1-dual cells, an anti-inflammatory screening cell model.

Q In situ room temperature synthesis
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Scheme 1. Schematic illustration of synthesis of Au NCs@MIL-100(Fe) nano-objects and their use as a
theranostic platform for synergistic anti-inflammation. LPS: lipopolysaccharide; TLR: Toll-like receptor; ROS:
reactive oxygen species; DexP: Dexamethasone phosphate; GSH: Glutathione; IRF: Interferon regulatory factor
pathway; NF-xB: Nuclear factor kappa B pathway; SEAP: Secreted embryonic alkaline phosphatase.

3.4 Results and discussion

Encouraged by a previous patent of some of us, the hybrid gold nanoclusters - MIL-100(Fe) (denoted
as Au@MIL) nano-object was prepared through an in situ room temperature synthesis method by
mixing the pre-synthesized Au2sSGig NCs with the precursors of MIL-100(Fe), namely Fe(NOs)s and
trimesic acid (BTC).2® AuzsSGis NCs were synthesized by a glutathione (GSH) etching method as
previously reported.2”?® The diameter of these AuzsSG1s NCs is 1.6 + 0.3 nm as shown by transmission

electron microscopy (TEM). Their characterization by ultraviolet-visible (UV-Vis) and fluorescence
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(FL) emission spectra (Figure S1) is fully consistent with that previously reported.?’22¢ Au(X)@MIL
(X=land h) nano-objects were prepared with different Au content (atomical ratio of Auto Fe, | = 1.6
at% and h = 7.8 at%) by tuning the initial amount of Au2sSGis NCs (10 mg and 50 mg) used in the
synthesis. This Au content was evaluated by ICP-MS (see table S1). Au(X)@MIL NPs were further
characterized by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), nitrogen
adsorption and desorption isotherms, TEM, high-angle annular dark-field scanning TEM (STEM-
HAADF) and energy dispersive X-ray spectroscopy (EDS) mapping images (Figure 1-2).
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Figure 1. Characterizations of Au@MIL. A) PXRD patterns (Acy =1.5406 A), B) Nitrogen absorption and
desorption isotherms and C) pore size distribution (BJH Adsorption: Halsay, Kruk-Jaroniec-Sayari) at 77 K (Po
= latm) of MIL-100(Fe), Au(l)@MIL and Au(h)y@MIL.

The PXRD patterns of Au(ll@MIL and Au(h)@MIL nanoobjects indicated that there was no
significant crystallinity loss after embedding Au2sSGi1g NCs into MIL-100(Fe) (Figure 1A). Due to the
ultrasmall size of Au2sSG1s NCs, no PXRD peak of Au NCs was observed in the pattern. In Figure S6
and S7, the TGA profiles and FT-IR spectra of Au(X)@MIL are comparable to that of MIL-100(Fe)
due to the large amount of the MOF in those nano-objects., According to N2 porosimetry, Au(l)@MIL
and Au(h)@MIL present a high porosity as shown by their BET area of 1650 m? gt and 1427 m? g*!
respectively. The BET area of Au(h)y@MIL is lower than that of the bare MIL-100(Fe) NPs (1720 m?
g1), due to the presence of a larger amount of AuzsSG NCs (Figure 1C). As shown in Figure 1C, the
pore size distribution of Au(D@MIL and Au(h)@MIL is similar to that of the bare MIL-100(Fe) (two
types of mesoporous cages of free apertures of ca. 25 A and 29 A)?° (Figure 1D), indicating the
successful formation of the MIL-100(Fe) in the presence of AuxsSGig NCs. Moreover, the two
mesoporous cages of MIL-100(Fe) in the Au(X)@MIL nano-objects are still accessible to N2 and thus
are presumably not occupied by Au2sSGig NCs. Such nano-object are thus prone to encapsulate drugs
with a high drug loading capacity. The morphology and composition of Au(l)@MIL and Au(h)@MIL
were characterized by TEM, HRTEM, STEM-HAADF and EDS mapping (Figures 2, S2-4). The
Au(ll)@MIL and Au(h)@MIL, nano-objects consist of MIL-100(Fe) NPs with a diameter of about 39
and 46 nm respectively (Figure S2) decorated by Au2sSGig NCs with diameter up to 2 nm (Figures 2A
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& S3). The HRTEM images clearly indicated that AuxsSGis NCs with a high crystallinity were
homogeneously distributed in the hybrid nano-objects (Figures 2A & S3). AusSG1g NCs could act as
bio-imaging agent and therapeutic agent, and a higher ratio of AuzsSGig NCs into MOFs is
advantageous for imaging and therapy. Herein, Au(h)@MIL NPs was thus selected for the following
steps. The colloidal stability of Au(h)@MIL was firstly investigated by varying pH (Figure S9). Since
pH 3 is close to the point of zero charge of Au(h)@MIL, their hydrodynamic diameter reached around
1500 nm, as previously reported for pure MIL-100(Fe)*®. In mild acidic environment such as pH 5 and
pH 6, the surface charge of Au(h)@MIL was lower than -20 mV and their hydrodynamic diameter was
close to 150 nm, indicating their high colloidal stability. In contrast, due to the decrease of the surface
charge Au(h)@MIL at pH 7 (-10 mV), these nano-objects present a higher hydrodynamic diameter
(253 =14 nm), and thus a weak colloidal stability in neutral PBS buffer in long time monitoring.
Furthermore, the colloidal stability of Au(h)@MIL was studied under different simulated
physiological media conditions, including Milli Q water (MQ H20), neutral phosphate buffer saline
(PBS), NaCl solution (0.9% NaCl), the cell culture medium Dulbecco's Modified Eagle Medium
(DMEM), and DMEM supplemented with fetal bovine serum (FBS) (90/10% v/v) medium (DMEM +
FBS). In contrast to a strong aggregation observed in DMEM and 0.9% NaCl, Au(h)@MIL showed a
progressive increase of hydrodynamic diameters in PBS, especially after 4 hours and an excellent
colloidal stability in MQ H>O and DMEM + FBS since their hydrodynamic diameter of ~150 nm
remained constant for 24 h as shown by dynamic lighting scattering (DLS) (Figure S8). This may result
from the small size of single Au(h)@MIL nanoparticle and meanwhile the adsorption of FBS at the
surface of nano-objects is certainly prone to enhance their colloidal stability due to the formation of a

protein corona as previously observed for MIL-100(Fe) nanocarrier.s

To design a drug delivery system, a high drug loading capacity and sustained drug release property are
required to ensure the therapeutic efficacy and limit the amount of nanocarrier.3? As described before,
the porosity of MIL-100(Fe) in Au@MIL is preserved once combined with AuzsSGig NCs. The drug
loading and release of Au@MIL in physiological media was thus studied. Clinically, RA is often
treated with glucocorticoids and dexamethasone (Dex) is a potent corticosteroid with gluconeogenic,
immunosuppressive and anti-inflammatory properties. MOFs such as ZIF-8%% Zn—-Mg-MOF74%
and CD-MOF®-3" have been studied for Dex delivery for bone implants or ocular drug delivery,
showing encouraging loading efficiency from ~6% to ~16% and sustained release in PBS for a few
weeks. Notably, even with the same MOF, the encapsulation of DexP could be diverse: for example,
the Dex@ZIF-8-SCM enabled surprisingly high Dex loading capacity of 80 wt%, about 15 times
higher than aforementioned ZIF-8.%8 Although ZIF-8 MOFs showed promising loading capacity, their
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stability in phosphate buffered saline (PBS) is always a concern.®® Here we have selected
dexamethasone bearing a phosphate groups in order to enhance the interactions with MIL-100(Fe)
through the possible coordination of the phosphate groups with the coordinatively unsaturated Fe site.
This possible host/guest interaction may enhance the drug loading and lead to a progressive drug

release.

Figure 2. A) TEM, HRTEM and STEM-HAADF and (B) EDS mapping images of Au(h)@MIL.

Herein, DexP was encapsulated in MIL-100(Fe) and Au(h)@MIL via direct immersion of MOF in
DexP aqueous solution. The drug loading capacity of MIL-100(Fe) and Au(h)@MIL was ~49 wt%
and ~43 wt% respectively at the weight ratio of MOF : DexP =1 : 0.5 according to HPLC measurement
(Figure S10, Table S2). Importantly, in Figure S11 the PXRD patterns of MIL-100/DexP and
Au(h)@MIL/DexP are consistent with that of MIL-100(Fe), indicating that the crystalline structure of
MIL-100(Fe) is preserved upon the encapsulation of DexP. The encapsulation of DexP in the
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mesopores of MIL-100(Fe) is also confirmed by N porosimetry since the BET area of
Au(h)@MIL/DexP decreased dramatically. According to the pore size distribution derived from the
Barrett-Joyner-Halenda (BJH) pore-size model (Figures S12B and S12D), DexP mostly occupy the
large mesopores of MIL-100(Fe) while a few DexP molecules also present in the small mesoporous
cage of the MOF. The drug loaded MOFs were also investigated by TGA and a significant difference
in Figure S13 could attribute to the loading of Dex-P, which may substitute certain BTC and coordinate
with Fe sites during the drug loading process, thus changing the thermal stability. Considering of the
similar drug loading capacity and the risk of damaging MOF crystalline structure, a lower weight ratio
of MOF : DexP =1: 0.5 other than 1 : 1 was employed for the following study.

Glucocorticoid therapy is associated with multiple serious adverse effects in a dose-dependent manner,
and therefore it is of importance to achieve efficient drug delivery. The endolysosomal system of
macrophage cells is featured by low-pH and high-GSH and the responsiveness of DexP release kinetics
was thus investigated here. As shown in Figure 3A, the release rate of DexP from Au(h)@MIL/DexP
greatly depends on pH since a fast release occurs in neutral PBS while a sustained release is observed
in acidic pH. At pH 7.4, 52%, 73% and 86% of DexP were released after 1, 4 and 8 h, respectively.
The release of DexP is substantially slowed down in PBS (pH 5.1) and PBS (pH 5.1) containing 10
mM GSH (PBS + GSH) as a consequence of the slower kinetics of MOF degradation in more acidic

conditions, achieving a cumulative DexP delivery of about 20% after 2 days.

A) B) C)

1004 1004 100

®
o
N
@®
=1
L
@®
[=]

DexP Release (%)

7 o
60+ —=—PBS (pH5.1) 8 901 —=—PBS (pH5.1) § 601 —=— PBS (pH5.1)
——PBS (pH5.1) +GSH | @ ——PBS (pH5.1) +GSH | § —e— PBS (pH5.1) + GSH
401 —+—PBS (pH7.4) o 404 ——PBS (pH7.4) % 401 —+—PBS (pH7.4)
= w
o0
204 4 204
//"; : ﬁ'—”k—/d—"‘d o s —
0 , : . . 0 . . . . 0 M’/
0 12 24 36 48 Q0 12 24 36 48 4] 12 24 36 48
Time (h) Time (h) Time (h)

Figure 3. A) DexP and (B) BTC release of Au(h)@MIL/DexP-HP in PBS (pH 5.1), PBS (pH 5.1) with 10
mM GSH and PBS (pH 7.4) by HPLC. (C) Fe release of Au(h)y@MIL/DexP in PBS (pH 5.1), PBS (pH 5.1)
with 10 mM GSH and PBS (pH 7.4) by ICP-MS.

To full understanding the process of drug release process, the quantification of the ligand BTC of the
MOF was also measured in the PBS media (Figure 3B). Obviously, the release of BTC showed the
same trend as DexP and this further confirmed that the drug release is mainly driven by the degradation
of MIL-100(Fe). In this process, the competitive substitution of BTC by phosphate from PBS in the
coordination shell of Fe in MOF is prone to take place. As an example, Au(h)@MIL/DexP degraded
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fast at pH 7.4 which might be due to the strong complexing ability of phosphate at this pH towards Fe
cations. The Fe release profile is notably different from that of BTC release at pH 7.4. This may be
explained by the precipitation of Fe-phosphate phase as previously shown.*%#! The stimuli-responsive
release properties of Au(h)@MIL/DexP can thus be exploited to selectively deliver DexP to inflamed

joints by local injection or by oral administration in the case of RA therapy.

To mitigate the rapid drug release observed at pH 7.4, the surface of Au@MIL was coated by a
polymer. In pathogenesis of RA, certain cell receptors such as CD44, folate receptor beta (FR-pB) are
overexpressed on inflamed cells, which is similar with some cancer cells. Hyaluronic acid (HA) as a
naturally occurring polysaccharide, has been extensively investigated for targeting cancer therapy
since it specifically binds to the HA receptor (CD44).%? Inspired by the bionics of marine mussels,
polydopamine (PDA) constructed by dopamine self-polymerization showed outstanding adhesive
properties and has been widely used for the improvement of coating stability and immobilization of
drug molecules.*** To combine the targeting ability and adhesive property, bioactive hyaluronic acid
- polydopamine (HA-PDA) co-polymer was thus used for the surface functionalization of Au(h)@MIL
or Au(h)@MIL/DexP. As for the synthesis of HA-PDA, HA was firstly oxidized by sodium periodate
and then reacted with dopamine and the successful synthesis of HA-PDA was confirmed by *H NMR
and FT-IR (Figure S14). In the 'H NMR spectra, the characteristic peak of aldehyde groups on HA-
CHO was at about 5.1 ppm, and the characteristic peak of PDA of HA-PDA was at ~7.0 ppm. In the
FT-IR spectra, a peak at ~1720 cm™, corresponding to the absorbance peak of aldehyde groups on HA-
CHO disappeared after the reaction with PDA. After the surface modification of HA-PDA on
Au(h)@MIL (i.e., Au(hy@MIL-HP), the nano-object was characterized by PXRD again and the
crystalline structure was still intact and meanwhile the color of the sample evolved from dark-brown
to black (Figure S15).

As described before, the hydrodynamic diameter and surface charge of Au(h)@MIL were pH-
dependent. Interestingly, after the surface coating of HA-PDA, the surface charge of Au(h)@MIL-HP
became more negative at pH 7 and meanwhile the hydrodynamic diameter (by Number) was even
decreased from 253 14 nm to 146 6 nm, suggesting a better physiological colloidal stability (Figure
S16). The surface modification is certainly driven by the strong coordination bond between open Fe
site on the surface of MIL-100(Fe) moiety and phenolic hydroxyl group of co-polymer HA-PDA.
Given the possible protection effects of HA-PDA, the release of DexP from Au(h)@MIL/DexP-HP
was also studied in the same conditions as before and the drug release was observed to be much slower
in neutral PBS (Figure S17A). HA-PDA chains are prone to partially limit the accessibility of the
mesopores of MIL-100(Fe) at their external surface and thus a slowdown drug release was achieved.
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However, the BTC release profile of Au(h)@MIL/DexP-HP was almost the same as
Au(h)@MIL/DexP (Figure S17B). BTC is much smaller than Dex-P and meanwhile easier to be
substituted by free small phosphate ions from PBS. The Fe release profile of Au(h)@MIL/DexP-HP
was also similar to that of Au(h)@MIL/DexP in acidic PBS with or without GSH and even lower in
neutral PBS. Although the chemical stability of Au(h)@MIL was not substantially improved upon
surface modification, a better colloidal stability and a more progressive drug release in neutral pH were

achieved.

To evaluate the anti-inflammatory performance of the different MOF formulations developed in this
study, we realized a comprehensive screening of the different compounds on in vitro models of the
monocyte/macrophage system. RAW 264.7 murine macrophage cell line was co-incubated with
different concentrations of AuxsSGis NCs, MIL-100(Fe), Au(h)@MIL, free DexP (equiv. loading
capacity), Au(h)@MIL/DexP and Au(h)@MIL/DexP-HP for 24 h. Cell cytotoxicity was investigated
by a standard CCK-8 assay. The viability of RAW 264.7 cells exposed to all the groups except DexP
group was around 80% up to the concentration of 100 pg mL™ (Figure S18). LPS is a component of
outer membrane of Gram-negative bacteria, which could bind extracellular domain of TLR4 of
macrophage cells to trigger MyD88-dependent pathway, thus leading to the activation of IRF and NF-
kB and the increase of oxidative stress of macrophage cells.*®4" Herein, LPS activated macrophage
cells (M1) were then used as an in vitro inflammatory model. Subsequently, the cell viability of LPS
activated RAW 264.7 cells treated with DexP was similar with the case of non-activated cells.
However, the viability of inflammatory cells exposed to MIL-100(Fe) and Au(h)@MIL nano-object
decreased to 13% and 17% at the concentration of 50 pg mL?, and Au(h)@MIL/DexP and
Au(h)@MIL/DexP-HP nano-object exhibited a slightly higher cell viability of 30% (Figure S18).
Interestingly these results highlight a selective toxicity of MIL-100(Fe) complexes for inflammatory

cells in comparison to unactivated macrophages, which is not achieved by DexP free drug.

To confirm the successful coating of Au@MIL by HA-PDA and its in vitro targeting ability, the cell
internalization process of Au@MIL was investigated by CLSM experiments. The fluorescent dye
Rhodamine B (RhB) was encapsulated in the mesopores of Au@MIL (denoted as Au(h)y@MIL/RhB)
(see Sl for experimental details) and meanwhile the obtained Au(h)@MIL/RhB was further coated
with HA-PDA (denoted as Au(h)@MIL/RhB-HP). The cell internalization of Au(h)@MIL/RhB and
Au(h)@MIL/RhB-HP by normal macrophage cells and LPS activated RAW 264.7 macrophage cells
were monitored by confocal microscopy at 0 h, 1 h, 4 h.and 8 h. In comparison with Au(h)@MIL/RhB,
Au(h)@MIL/RhB-HP showed a faster and higher internalization in activated RAW 264.7 cells due to
the binding of the targeting group HA of Au(h)@MIL/RhB-HP to overexpressed CD44 receptor. This
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effect was not observed with normal RAW 264.7 cells, thereby showing that Au(h)@MIL-HP exerts
a targeting ability of towards activated RAW 264.7 cells (Figure 4 and S19). Therefore, the surface
coating with HA-PDA, not only improved the colloidal stability, but also conferred an enhanced
targeting ability for LPS-activated inflammatory cells, which can be beneficial to realize a precise drug

delivery for in vivo application.
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Figure 4. A-B) The cellular uptake of Au(h)y@MIL/RhB and Au(h)@MIL/RhB-HP (50 pg mL?) by LPS (100
ng mL, 48 h) activated RAW 264.7 macrophages. Scale bar = 20 pm.

In order to elucidate the mechanisms that are involved in the anti-inflammation activity of Au@MIL,
we performed additional screening of anti-oxidative or anti-inflammatory properties. We first focused
on Au(h)@MIL/DexP to investigate the role of Dex and AuxsSGig NCs. 2°,7°-dichlorofluorescein
diacetate (DCF-DA) was thus used to investigate intracellular ROS level by confocal microscopy. In
Figure 5A, we observed a significant enhancement of fluorescence (directly proportional to ROS
level) of the LPS activated macrophages compared to normal ones, and the fluorescence decreased
dramatically upon treatment with Au(h)@MIL, DexP and Au(h)@MIL/DexP. In contrast, incubation
with MIL-100(Fe) only slightly decrease the ROS level of activated macrophages. The results
confirmed the ability of Au(h)@MIL, DexP and Au(h)@MIL/DexP to scavenge free radicals that are
induced by LPS activation. Then, enzyme-linked immunosorbent assay (ELISA) assays were carried
out to measure the concentrations of pro-inflammatory cytokines in cell culture media as crucial
indexes of anti-inflammatory efficacy. As shown in Figure 5B-D, the concentrations of the three pro-
inflammatory cytokines, TNF-a, IL-1f, and IL-6 were remarkably decreased in the cell culture
medium of activated macrophages (M1) exposed to DexP and Au(h)@MIL/DexP. Notably,

Au(h)@MIL showed better inhibition effects to aforementioned proinflammatory cytokines than MIL-
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100(Fe) probably due to the anti-inflammatory effects of Au NCs. Au(h)@MIL/DexP appears as an
excellent candidate to reduce the production of pro-inflammatory cytokines, in addition to its anti-
oxidative effect. Herein, DexP and AusSGig NCs in the Au(h)@MIL/DexP nano-object served as

anti-oxidants and pro-inflammatory cytokines regulation agents.
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Figure 5. Anti-oxidant and anti-inflammatory properties of Au(h)@MIL/DexP. A) Intracellular ROS imaging
by using DCF-DA staining of RAW 264.7 macrophages incubated with MIL-100(Fe), Au(h)@MIL, DexP and
Au(h)@MIL/DexP in the presence of LPS (100 ng mL™?) for 24 h. The concentrations of pro-inflammatory
cytokines (B) TNF-a, (C) IL-14 and (D) IL-6 in cell culture media were measured by Elisa assay after the
treatment of different formulations ([(MIL-100(Fe)] = 1 pg mL?, [Au(h)@MIL] = 1 g mL™*, [DexP] = 0.4 |g
mL*, [Au(h)@MIL/DexP] = 1 pg mL™) to LPS activated RAW 264.7 macrophages (100 ng mL™, 48 h) for 24
h. Scale bar = 50 pm. Results are shown as mean +=SD.

For further elucidating the molecular pathways that are modified by our compounds, we used human
monocytic THP1-dual cells, a modified cell line designed for TLR signaling screening specifically,
allowing the simultaneous study of the NF-kB pathway activation, by monitoring the activity of
secreted embryonic alkaline phosphatase (SEAP), and the IRF pathway activation, by assessing the

activity of Lucia luciferase. THP1-dual monocytes were first differentiated into macrophage cells (MO0)

184



Chapter 3

by PMA treatment and then were exposed with the same formula as before at the concentration of 5
or 50 pg mL* with or without LPS (100 ng mL™* or 1000 ng mL™Y) stimulation. Different from RAW
264.7 cells, negligible toxicity of all the groups with or without LPS at a concentration as high as 50
g mL?t was observed (Figure S20). In terms of IRF pathway, its expression depended on the
concentration of LPS, and with the increase of LPS concentration from 0 ng mL™ to 100ng mL?, then
to 1000 ng mL™, the expression of IRF pathway increased (Figure 6A-C). Without the activation of
LPS, all the groups stayed at a very low level of IRF expression, showing these compounds would not
trigger inflammation. Obviously, free DexP and Au(h)@MIL/DexP were able to significantly reduce
the LPS-induced IRF activity. Particularly, the reduction of IRF activity of Au(h)@MIL/DexP group
was much higher than free DexP or Au(h)y@MIL alone at the concentration of 50 pg mL™ under LPS
(100 ng mL™?) activation, further demonstrating their synergistic anti-inflammatory effect (Figure 6B).
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Figure 6. Anti-inflammatory screening of Au(h)@MIL/DexP. A-C) IRF and (D-F) NF-kB activation of THP1-
dual macrophage cells after the treatment of different formula: MIL-100(Fe), Au(h)@MIL, DexP and
Au(h)@MIL/DexP at the concentration of 5 or 50 g mL™ in coincubation with or without LPS (100 ng mL?
or 1000 ng mLY) for 24 h. IRF and NF-xB were quantified by using QUANTI-Luc and QUANTI-Blue,
respectively. Results are shown as mean £SD.

Concerning NF-kB pathway, it was different from IRF pathway, since it was less sensitive to LPS
activation. Surprisingly, DexP only showed negligible down-regulation effects. However, a clear
decrease of NF-kB expression was observed in MIL-100(Fe), Au(h)@MIL, and Au(h)@MIL/DexP
group at the concentration of 50 pg mL™ under LPS (100 ng mL™?) activation, suggesting both MOF
part and Au NCs part of Au(h)@MIL/DexP made certain contribution to the inhibition of NF-xB
activity. Consistent with cytokine production assays, Au(h)@MIL/DexP can effectively alleviated
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TLR mediated IRF and NF-«xB signaling pathways. Notably, the anti-inflammatory process was not
strictly concentration-dependent, and only a slight difference between the concentration of 5 and 50
g mL? of Au(h)@MIL/DexP was observed in terms of the two pathways ). All in all, this synergistic
therapeutic platform could selectively kill LPS activated RAW 264.7 macrophage cells and efficiently
downregulate pro-inflammatory cytokines secretion of LPS activated RAW 264.7 macrophage cells at
a concentration as low as 1 pg mL™. Additionally, Au(h)@MIL/DexP could inhibit both IRF and NF-
kB signaling pathways in LPS-activated human macrophages.

3.5 Conclusion

In summary, through an in situ RT synthesis, atomically precise gold nanoclusters could be
successfully integrated into MIL-100(Fe) and the encapsulation capacity of gold nanocluster was
tunable for the construction of hybrid Au@MIL-100(Fe). The hybrid nano-object shows high
dexamethasone loading capacity and sustained release in acidic pH, which is of interest for the
treatment of inflammation disease. Moreover, this drug delivery system could selectively Kill
inflammatory cells and down-regulate pro-inflammatory cytokines generation. Moreover, a broad
inhibitory activity of two parallel signaling cascades, NF-xB and IRF pathways was also observed.
Apart from this promising synergistic therapeutic effects, Au NCs possess great potentials as contrast
agents for X-ray computed tomography (CT) imaging due to their high atomic number. The versatility
of MOFs is also advantageous in modulating inflammation in a very controlled way. Altogether, the
strategy of co-delivery of conventional anti-inflammatory drugs and theranostic noble metal
nanoclusters by MOFs may provide a new approach for new generation synergistic chemotherapy and

“chrysotherapy” of inflammatory diseases.
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Gold nanoclusters - MIL-100(Fe) nanovectors combining MIL-100(Fe) nanoparticles and atomically
precise gold nanoclusters were synthesized through an in situ room temperature protocol with high
drug loading capacity of dexamethasone phosphate as well as stimuli-responsive drug release and

inherent anti-inflammatory property of gold, leading to a synergistic anti-inflammation.
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Supplementary Information

Experimental section
Chemicals.

All chemicals were used as received without any further purification: iron(lll) nitrate nonahydrate
(Fe(NO3)3 9H20, 98%), Dexamethasone 21-phosphate disodium salt (DexP), L-Glutathione reduced
(GSH, >98%) and Potassium Chloride were purchased from Alfa Aesar. 1,3,5-benzenetricarboxylic
acid (1,3,5-BTC, 95%), Lipopolysaccharides (LPS), 2',7'-Dichlorofluorescin Diacetate(DCF-DA),
Hydrogen tetrachloroaurate(ll) trihydrate (HAUCIls 3H20, >99.9% trace metals basis), Hyaluronic
acid (HA), Sodium borohydride (NaBH4, >98.0%), Dopamine hydrochloride (DA), Ammonium
acetate and Potassium phosphate monobasic, Sodium chloride, phosphate buffered saline (PBS),
Sodium phosphate monobasic dehydrate (NaH2PO4 2H20) and Sodium phosphate, dibasic (Na2HPO,)
were from Sigma-Aldrich. Cell counting kit-8 (CCK-8), were purchased from Dojindo. Propidium
lodide (PI), Pam3CSK4, QUANTI-Blue™, QUANTI-Luc™ and THP1-dual cells were purchased
from Invitrogen. Hoechst33342 were purchased from Abcam. Proinflammatory cytokines (I1L-1p, IL-
6 and TNF-a) Duoset Elisa Kits and DuoSet ELISA Ancillary Reagent Kit 2 were purchased from
R&D Systems. Acetonitrile, Methanol, Ethanol, Nitric acid (HNO3s, 70%) and Hydrochloric Acid
(HCI, 37%) unless specified and Sodium hydroxide (NaOH) were obtained from Fisher Chemical.
Ultrapure water was obtained with the MilliQ purification system (Merck Millipore, France).

Characterization techniques.

Powder X-ray diffraction patterns (PXRD) data were recorded on a high-throughput Bruker D8
Advance diffractometer working on transmission mode and equipped with a focusing G&bel mirror
producing CuKo radiation (A= 1.5418 A) and a LynxEye detector. Thermogravimetric analyses (TGA)
were performed on a Perkins EImer SDA 6000 apparatus. Samples were heated up to 600<C with a
heating rate of 5°C-min under an oxygen atmosphere. Transmission IR spectra were recorded in the
400-4000 cm* range, with 4 cm™ resolution on a Nicolet Nexus spectrometer. N2 sorption isotherms
were obtained at 77 K using a Micromeritics Tristar instrument. Prior to the analysis, approximately
30 mg of samples were evacuated for 5 h at 120<C under primary vacuum. Brunauer-Emmett-Teller
(BET) surface and pore volume were estimated at a relative pressure lower than 0.25. TEM images
were recorded on a JEOL 2010 TEM microscope operated at 200 kV. High resolution TEM images
(HRTEM) were acquired on a Titan Themis 200 microscope operating at 200 kV. This microscope is

equipped with a Ceta 16M hybrid camera from ThermoFischer Scientific capable of working under
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low electron irradiation conditions. The HRTEM images were obtained in low dose condition with an
irradiation current between 100 and 250 electrons per square angstroms. High-angle annular dark field
imaging in scanning transmission electron microscope mode (STEM-HAADF) images were acquired
a camera length of 110 mm (inner/outer collection angles were respectively 69 mrad and 200 mrad).
Samples were prepared by deposition of one droplet of colloidal suspensions onto a carbon-coated
copper grid and left to dry in air. ICP-MS was performed with an Agilent 7850 elemental analyzer.
High Performance Liquid Chromatography (HPLC) analysis was performed by a Waters Alliance
e2695 Separations Module (Waters, Milford, MA) equipped with a UV-Vis detector Waters 2998. A
SunFire-C18 reverse-phase column (5 pm, 4.6 mm > 150 mm, Waters) was employed. The particle
diameter was measured by Dynamic Light Scattering (DLS) on a Zetasizer NanoZS (Malvern
Instruments). NPs (~0.1 - 0.2 mg mL™) were dispersed at RT in aqueous solutions by using an
ultrasound tip (Digital Sonifer 450, Branson) during 1 minute at 10% amplitude. Their surface charge

was also evaluated by recording {-potential with the Zetasizer NanoZS.
Synthesis of MIL-100(Fe) Nanopatrticles.

MIL-100(Fe) NPs were prepared according to the patent.! 0.72 g of Fe(NO3)3-9H20 (1.78 mmol) was
dissolved in 90 mL of distilled water. 0.25 g of trimesic acid (1.19 mmol) was then added to this
solution and the suspension was allowed to stir for 48 h at room temperature. The mixture was then
centrifuged at 14500 rpm for 10 min. An orange solid was thus obtained. The as-synthesized MIL-
100(Fe) NPs were then washed by two centrifugation/redispersion cycles in water followed by two
centrifugation/redispersion cycles in absolute ethanol. The MIL-100(Fe) NPs were stored in EtOH and
could be redispersed in water before use.

Synthesis of Au2sSGis Nanoclusters (AuzsSGis NCs).

AuzsSGis nanoclusters (NCs) were synthesized according to reported protocols.? 2.0 mmol of GSH
(614 mg) was added to the methanol solution of HAuUCIls (50mM, 100 mL). The mixture was then
cooled to ~0<T in a cool bath for 30 min. Then, the pre-cooled aqueous solution of NaBH4 (0.2 M, 25
mL) was injected rapidly into this mixture under vigorous stirring. The mixture was allowed to react
for another hour. The resulting precipitate was collected and washed repeatedly with methanol. Finally,
the precipitate was dried in vacuum to obtain the Au:SG clusters as a dark-brown powder. Au:SG
clusters were dissolved in an aqueous solution (14 mL) of GSH (130.7 mg), and the solution was stirred
under an air at 328 K. After 3 h, the products were centrifuged to collect the supernatant, followed by

dialysis with a molecular weight cut-off of 3000 Da in Milli Q water for 2 days and lyophilization.
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Synthesis of Au@MIL Nanoparticles.

In the synthesis of Au@MIL NPs, a colloidal solution containing 10 or 50 mg of Au2sSG1g NCs were
added to 90 mL Fe(NO3)3-9H20 (0.72 g, 1.78 mmol) aqueous solution under stirring. 0.25 g trimesic
acid (1.2 mmol) was then added and the mixture was stirred for 24 h at room temperature. The brown
dark precipitate was centrifuged at 14500 rpm for 10 min. The solid was then washed by two
centrifugation/redispersion cycles in water followed by two centrifugation/redispersion cycles in
absolute ethanol. The Au@MIL NPs were stored in EtOH and could be redispersed in water before
use. These Au@MIL NPs can be prepared by tuning the initial amount of Au2sSGis NCs (i.e., 10 and
50 mg of Auzs NCs), leading to samples respectively labeled as Au(l)@MIL and Au(h)@MIL.

Determination of the gold content.

1 mg Au(l)@MIL and Au(h)@MIL were accurately prepared and degraded with 1 mL fresh aqua regia
for 12 h, respectively. The solution was diluted by 2% HNOs3 solution for ICP MS analysis (Fe and
gold ions). In parallel, 1 mg Au()@MIL and Au(h)@MIL were treated with KOH, after centrifugation
(13400 rpm, 15min), the recollected BTC in the supernatant (Fe ion became precipitate) was then
diluted by PBS and further quantified by HPLC. The mobile phase of HPLC is 50:50 v/v methanol:
phosphate buffer (0.02 M NaH2PO4 and Na2HPOs, pH 2.5, adjusted by H3zPO4). A flow rate of 0.8
mL/min and a sample injection volume of 25 uL were used during all analyses and UV detection was
at 242 nm.

Colloidal stability of Au(h)@MIL NPs.

Au(h)@MIL NPs in EtOH were centrifuged and re-dispersed in different media: Milli Q water, 0.9%
NaCl aqueous solution (Saline), PBS (pH7.4, 10 mmol-LY), Dulbecco's Modified Eagle Medium
(DMEM) and 90% DMEM + 10% fetal bovine serum (FBS) at a concentration of 200 pg mL™?. After
sonication (10% amplitude for 30 seconds), the samples’ hydrodynamic diameters were recorded over
3 experimental replicates. Furthermore, the long-time colloidal stability of Au(h)@MIL NPs in Mill
Q water, PBS and DMEM + FBS was also studied by measuring the evolution of their hydrodynamic
diameter with time. Values of diameter and Pdl were recorded at a period of 24h (289 runs and 10

measurements per run and 30 seconds per measurement).
Encapsulation of dexamethasone phosphate (DexP) in Au(h)y@MIL.

10 mg of Au(h)@MIL in Milli-Q water was mixed with 0.5 mL of DexP stock solution (10 mg mL™1).
The resulting suspension was stirred at 200 rpm under 25°C for 24 h. The DexP loaded Au(h)@MIL
nano-objects (i.e., Au(h)@MIL/DexP) were washed with Mill-Q water three times. The loading
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capacity of Au(h)@MIL/DexP was determined by HPLC. The mobile phase of HPLC is 50:50 v/v
methanol: phosphate buffer (0.02 M NaH2PO4 and NazHPOs, pH 2.5, adjusted by HsPOs4). A flow rate
of 0.8 mL min? and a sample injection volume of 25 uL were used during all analyses and UV
detection was at 242 nm. Then, the present of loading capacity (LC) or entrapment efficiency (EE)
was calculated using the following equation:

LC = (Mass of total drug - Mass of free drug) / Mass of total MOF
EE = (Mass of total drug - Mass of free drug) / Mass of total drug

Dexamethasone release of Au(h)@MIL/DexP.

The cumulative release behaviour of DexP from Au(h)@MIL/DexP and Au(h)@MIL/DexP-HP (1 mg
mL?, 1.5 mL) was investigated in PBS (pH 7.4) and PBS (pH 5.1) with or without 10 mM GSH for
different incubation time (1 h, 4 h, 8 h, 24 h and 48 h). At different time intervals, the suspension of
Au(h)@MIL/Dex or Au(h)@MIL/Dex-HP was centrifuged (13400 rpm, 15 min) and 0.5 mL of the
release medium was replaced by the same volume of fresh medium. The concentration of released
DexP and ligand BTC was measured by HPLC.

Synthesis of Au(h)@MIL-HP or Au(h)@MIL/DexP-HP.

To synthesize hyaluronic acid-polydopamine (HA-PDA) copolymer, firstly, 1 g of hyaluronic acid
(HA) was dissolved in 250 mL deionized water, then 0.52 g of sodium periodate was added. After
stirring at room temperature for 24 h, aldehyde groups-bearing hyaluronic acid (HA-CHO) was
obtained by dialysis and lyophilization. Then, 90 mg of HA-CHO and 462 mg of dopamine
hydrochloride were dissolved in deionized water. The pH of the mixture was adjusted to 8.0 with
diluted NaOH solution and the mixture was stirred under room temperature for 24 h. Similarly, after
dialysis and lyophilization, the product was obtained. Au(h)@MIL-HP and Au(h)@MIL/DexP-HP
nanoparticles were prepared by mixing Au(h)@MIL and Au(h)@MIL/DexP solution respectively with
HA-PDA solution at the weight ratio of 1:1 under stirring.

Cells and culture conditions.

RAW 264.7 macrophage cells were cultured in high glucose Dulbecco's Modified Eagle Medium
(DMEM) containing 10% FBS and 1% penicillin and streptomycin at 37°C in a humidified 5% CO-
atmosphere. THP1-Dual cells were purchased from InvivoGen and were cultured in RPMI 1640
containing 10% FBS, 1% penicillin and streptomycin and 10 pg mL™ Blasticidin, 100 pg mL?
Zeocin™ and 100 pg mL™* of Normocin™ at 37°C in a humidified 5% CO, atmosphere according to

the manufacturer’s manual.
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In vitro cytotoxicity assay.

RAW 264.7 cells in logarithmic phase were rinsed twice in PBS and then treated with a cell scraper to
form 10%/mL cells suspension. 100 pl RAW 264.7 cells suspension were seeded in 96-well plates
(10%well) and incubated overnight. Then, different formula including DexP, MIL-100(Fe),
Au(hy@MIL, Au(h)@MIL/DexP and Au(h)@MIL/DexP-HP in DMEM/FBS at different
concentrations (1, 2, 5, 10, 20, 50 and 100 g mL™t) was added to each well, incubated for 24 hours at
37<C and under 5% of CO>. 10 pL CCK-8/well was added to the cells and after incubation for further
2 hours, 96-well plate was transferred into a microplate reader (excitation at 450 nm) for UV-Vis
absorbance analysis. The resulting UV-Vis absorbance value were normalized to the UV-Vis
absorbance signals value of the control groups. All the experimental points were assessed triple, with
error bars representing standard error of the mean. The cell cytotoxicity of DexP and
Au(h)@MIL/DexP was further studied on RAW 264.7 cells, following the same protocol.

AExperimental group ABlank group

Cell viability (%) = X 100%

AControl group ~ ABlank group
Cellular uptake study by confocal laser scanning microscopy.

The cellular uptake of Au(h)@MIL and Au(h)@MIL-HP was evaluated by CLSM on normal RAW
264.7 macrophages and LPS activated RAW 264.7 macrophages. Au(h)@MIL was first labelled by a
fluorescent dye Rhodamine B (RhB). Typically, 1 mL RhB aqueous solution (1 mg mL™) was added
to 5 mg of Au(h)@MIL under stirring at 600 rpm for 24 h. After centrifugation and washing with Milli
Q water repeatedly, the resulting Au(h)@MIL/RhB was redispersed in 5 mL Milli Q water with tin
foil covering and kept in 4 °C fridge until use. As for the synthesis of Au(h)@MIL/RhB-HP, an extra
step was to mix Au(h)@MIL/RhB with HA-PDA at the weight ratio of 1:1. RAW 264.7 cells were
seeded into 35 mm confocal dishes (1 x 10° cells/mL) and maintained overnight and as for LPS
activated RAW 264.7 macrophages, cells were first treated with 100 ng mL™* LPS for 48 h and then
the medium was replaced with fresh complete medium containing Au(h)y@MIL/RhB (50 ng mL™?) or
Au(h)@MIL/RhB-HP (50 ug mL™1), followed by an incubation at 37°C for 1 h, 4 h and 8 h. As for
CLSM imaging, after the removal of the MOF containing media, the nucleus was stained by Hoechst.
Then, the as prepared samples were imaged by CLSM (ZEISS LSM780, Germany). The laser

excitation wavelength is 543 nm.
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Inhibition of inflammatory cells.

Similar with in vitro cytotoxicity assay, in vitro anti-inflammatory study was based on inflammatory
cells. After adhesion overnight, RAW 264.7 cells were treated with LPS for 48 h before the treatment
of Au(h)@MIL, DexP, Au(h)@MIL/DexP and Au(h)@MIL/DexP-HP in DMEM/FBS at different
concentrations (1, 2, 5, 10, 20, 50 and 100 g mL™Y). After one day’s incubation, 10 pL CCK-8 was
added to each well for measurement of UV-Vis absorbance. The survival rate of inflammatory cells

were thus compared.
ROS scavenging properties.

To investigate the reactive oxygen species (ROS) scavenging capacity, RAW 264.7 cells were co-
cultured with different formula (MIL-100(Fe), Au(h)@MIL, DexP and Au(h)@MIL/DexP) in the
presence of lipopolysaccharide (LPS) at a concentration of 100 ng mL™ for 24 h. After the removal of
the aforementioned materials containing supernatant, fresh serum-free medium containing
dichlorofluorescein diacetate (DCF-DA, 10 uM) for ROS imaging and Hoechst for nucleus staining
was added for 30 min in dark. A confocal laser microscope was used to detect intracellular ROS level.

The green fluorescence intensity represents the intracellular ROS level.
Pro-inflammatory cytokines downregulation.

To investigate the down regulation effect of pro-inflammatory cytokines of DexP loaded Au(h)@MIL,
RAW 264.7 cells were seeded at a density of 1 x10° cells/mL into a 6-well plate and incubated at
37<C under 5% CO- overnight and then the cells were incubated with LPS at a concentration of 100
ng mL? for 48h. After this activation step, the DMEM medium was replaced by a fresh DMEM
medium containing MIL-100 (Fe), Au(h)y@MIL, and Au(h)@MIL/DexP at a concentration of 1 pg
mL. For comparison, activated Raw 264.7 cells were exposed to free DexP at a concentration of 0.4
ng mLt for 24 hours. Then, the supernatant was collected and centrifuged to remove cells pellets and
materials for next step detection. Briefly, mouse tumor necrosis factor alpha (TNF-a) DY410 DuoSet®
ELISA, R&D Systems; mouse Interleukin 1 beta (IL-1B) DY401 DuoSet® ELISA, R&D Systems;
mouse interleukin 6 (IL-6) DY406 DuoSet ELISA, R&D Systems were used to access TNF-a, IL-1J,
and IL-6 concentrations from cell culture media samples by the standard ELISA technique, namely
sandwich ELISAs (Capture antibody + sample or standard + Detection antibody). Following the
manufacturer’s instructions, the samples were finally diluted by five times for ELISA assays based on

absorbance values of the recombinant mouse standard.
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NF-xB and IRF pathways blockade.

THP1-dual cell line allowed the simultaneous study of the NF-kB pathway, by monitoring the activity
of SEAP, and the interferon regulatory factor (IRF) pathway, by assessing the activity of Lucia
luciferase. Similar with cytotoxicity study, THP1-dual cells were seeded into a 24-well plate at a
density of 5 % 10° cells/mL with PMA (50 ng mL™) to adhere for two days. Subsequently, adherent
THP1-Dual cells were treated by different formula (DexP, MIL-100(Fe), Au(h)@MIL, and
Au(h)@MIL/DexP) with or without LPS (100 ng mL™* or 1000 ng mL™) for 24 hours. Firstly, the cell
viability of THP1-Dual cells was analyzed using a CCK-8 assay kit. After 2 h of incubation, cell
viability was determined by the intensity of 590 nm emission under the excitation of 550 nm. In a
parallel experiment, the supernatant was collected after one step of centrifuged to remove floating cells
pellets and materials. Following the manual’s procedures, NF-kB and IRF induction and luciferase
activity in the supernatant were quantified by QUANTI-Blue (InvivoGen) and QUANTI-Luc
(InvivoGen), respectively. Changes from baseline were calculated as -fold changes, normalized against
unstimulated control cells. 96-well plate was transferred into a microplate reader for UV-Vis
absorbance (NF-xB) analysis and fluorescence analysis (IRF).

Statistical analysis.

All experimental results were exhibited as the mean %standard deviation and the statistical significance
among the groups was analyzed using one-way ANOVA. Differences with a p value < 0.05 were
considered to be statistically significant. Statistical significance was assigned for *p < 0.05, **p < 0.01
and ***p < 0.001.
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Results and Discussion
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Figure S1. A) TEM (statistical analysis figure inserted), B) UV-Vis and C) FL spectra of Auz;sSGig NCs. The
particle size distribution of AuzsSGis NCs was 1.6 + 0.3 nm. AuzsSGig NCs exhibited two distinct absorption
peaks at 450 and 665 nm and they associated with the Au 6sp intraband and interband transitions of the bulk
gold, respectively, which was consistent with previous literature. The excitation wavelength used was 450 nm

and the corresponding emission peak was ~700 nm.
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Figure S2. TEM observations of (A) Au(l)@MIL and (B) Au(h)@MIL. The particle size distribution of
Au(l)@MIL and Au(h)@MIL is 39 = 8 nm and 46 + 10 nm, respectively.
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O ,

Figure S4. STEM-HAADF and EDS mapping images of Au(l)@MIL.
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Figure S5. EDS of Au(D@MIL and Au(h)y@MIL by STEM. (Normalized atomic ratio between Au and Fe).
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Figure S6. FT-IR spectra of MIL-100(Fe), Au(l@MIL, Au(hy@MIL and AuzsSGis NCs. The sharp band at
~1375 cm ™ and the weak band at ~1720 cm™* could be assigned to the stretching of the carboxylate groups and
carboxyl groups of the organic linker BTC or GSH, respectively.

Table S1. The atomic ratio of Au ion (ICP-MS) to Fe (ICP-MS) to BTC (HPLC) of Au(l)@MIL and
Au(h)@MIL.

Sample Weight (mg) ICP-Fe (ug) ICP-Au (ug) BTC (ug) Fe: Au:BTC (molar ratio)

Au(l)@MIL 1 135.4 6.5 422.5 100:1.4:83

Au(h)@MIL 1 121.3 33 368.5 100 :7.7 : 80.7
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Figure S7. TGA of MIL-100(Fe), Au(D@MIL and Au(h)y@MIL.
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Figure S8. A) The hydrodynamic diameters of Au(h)y@MIL at a concentration of 100 ug mL* in different
media (Milli Q water, PBS, 0.9% NaCl, DMEM and DMEM + FBS) at room temperature. B) Long term
colloidal stability of Au(hy@MIL was conducted through monitoring evolution of the average particle diameter
(by Z-Average) in Milli Q water, PBS and DMEM + FBS over 24 hours.
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Figure S9. A) pH dependent hydrodynamic diameters and (B) Zeta potentials of Au(h)@MIL at a concentration
of 100 pg mL™.

A)

0.8 4

0.6 4

UV Absorbance

0.4 4

0.2

0.0

—BTC
—— DexP

200

C)

1000

T T
300 350

Wavelength (nm)

T
250

800 =

600 -+

Area

400 4

200 4

= BTC
Fitting line

y= 45.931x - 8.6607
R? = 0.9997

5 10 5
Concentration of BTC (pg/mL)

-
B) ™  BrC
500 “
HO._.O
= 400 4
2 A
£ 300 ] HOW \H,OH
2 o o]
5 20
Q.
3 )
¥ 100
0 v ~ J A\~
400 0 25 5 75 10 _ 125 15 125 20 225 min
Time (min)
D) 5000
= DexP
4000 4 Fitting line
y = 44,993x - 10.971
R?=0.9997
3000 4
(]
L
<
2000 4
1000 4
T 0 T T T T T
20 0 20 40 60 80 100

Concentration of DexP (ug/mL)

Figure S10. A) UV-vis spectra and B) HPLC chromatogram (Inserted: Molecular structure) of BTC and DexP;
calibration curves of (C) BTC and (D) DexP in water by HPLC.
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Figure S11. PXRD patterns (Acy = 1.5406 A) of MIL-100(Fe)/DexP and Au(h)@MIL/DexP.
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Figure S12. A, C) Nitrogen absorption and desorption isotherms and corresponding (B, D) pore size distribution
(BJH Adsorption: Halsay, Kruk-Jaroniec-Sayari) at 77 K (Po = latm) of MIL-100(Fe)/DexP and
Au(h)@MIL/DexP.
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Figure S13. TGA of (A) MIL-100(Fe)/DexP and (B) Au(h)@MIL/DexP.
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Table S2. Dex loading capacity (LC) or entrapment efficiency (EE) of MIL-100(Fe) and Au(h)@MIL.

_ _ MIL-100(Fe)/DexP Au(h)@MIL/DexP

Weight Ratio

(MOF : DexP) LC (%) EE (%) LC (%) EE (%)
1:05 49.1+0.1 98.1+0.3 43.3+0.2 86.6+0.4
1:1 60.4+1.7 60.4+1.7 46.6+0.2 46.6+0.2
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Figure S14. Characterizations of HA-PDA.. A) lllustration figure of the reaction route of HA-PDA,; B) 'H
NMR spectra and (C) FT-IR spectra of HA-PDA, HA-CHO and HA.
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Figure S15. A) PXRD patterns (Acy = 1.5406 A) of Au(h)y@MIL and Au(h)@MIL-HP (Photos before and
after surface coating of HA-PDA were shown).
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Figure S17. A) DexP and (B) BTC release of Au(h)y@MIL/DexP-HP in PBS (pH5.1), PBS (pH5.1) with 10
mM GSH and PBS (pH7.4) by HPLC. (C) Fe release of Au(h)@MIL/DexP-HP in PBS (pH5.1), PBS (pH5.1)
with 10 mM GSH and PBS (pH7.4) by ICP-MS.
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Figure S18. Cell viability of (A) normal RAW 264.7 macrophage cells and (B) LPS activated RAW 264.7
macrophage cells after incubation with different concentrations of MIL-100(Fe), Au(h)@MIL, DexP,
Au(h)@MIL/DexP and Au(h)@MIL/DexP-HP for 24 hours.
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Figure S20. The cell viability of (A) normal THP1-dual macrophage cells, and THP1-dual macrophage cells
treated with (B) 100 ng mL?* and (C) 1000 ng mL* LPS along with different formula: MIL-100(Fe),
Au(h)@MIL, DexP and Au(h)@MIL/DexP at the concentration of 5 or 50 g mL* for 24 h. Cell viability assay
was quantified by using CCK-8 kit. Results are shown as mean £SD.
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Chapter 4

This chapter “Novel hybrid Au NCs@MOFs” devotes to the
construction of novel fluorescent Au NCs@MOFs via in situ

room temperature synthesis.
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4.1 Introduction

This chapter is based on the work realized during the internship of Mrs Camille Baland, a third year

license intern (from Ecole Normale Supé&ieure de Lyon) that I supervised directly.

Near-infrared Il (NIR-II) imaging in 1100-1700 nm has shown great promise for medical diagnosis
due to its deep penetration and high resolution in biological tissue.}* Most NIR-II fluorophores and
probes are still in their infancy and current NIR-1I fluorescent probes contain rare earth-doped
nanoparticles, quantum dots, single-walled carbon nanotubes, small molecule dyes, conjugated
polymers and gold nanoclusters (Au NCs).2 As mentioned in the previous chapters, Au NCs composed
of a well-defined number of gold atoms exhibit excellent biocompatibility, easy surface
functionalization and outstanding pharmacokinetics.

It is worth noting that minor changes in the composition of monolayer-protected atomically precise
nanoclusters, such as the number of metal atoms and/or the change of the protecting ligand, might have
a drastic effect on the physicochemical properties of the sample.>® Recently, Au NCs have been
reported for emitting strong fluorescence in NIR-II region.”® Through NIR-11 fluorescence imaging,
Auys nanoclusters consisting of 25 gold atoms and 18 peptide ligands allow high-resolution imaging
of cancer metastasis and kidney elimination without any acute or long-term toxicity.® Li et al.
discovered that glutathione-capped gold nanoclusters (AusSGig) could efficiently bind to
hydroxyapatite of bone matrix and NIR-II fluorescence imaging revealed the targeted delivery of
AuzsSGis to bones, benefiting from the abundant carboxylic acids side chains in AuzsSGis.*°

In comparison with AuzsSGas, L-cysteine (Cys) capped Auzs NCs (AuzsCysig) showed a stronger NIR-
Il fluorescence signal, but they were scarcely studied for in vivo imaging.® Interestingly, protein-
capped ultrasmall Au NCs containing cysteine residues are also good NIR-II photoluminescence
agents.'"12 Despite of various promising properties, the quick renal clearance of Auzs NCs will hinder
possible theranostic applications and meanwhile drug delivery is another challenge for them. Thus, the
construction of heterostructure Auzs NCs@MOFs is of particular interest. Luo et al. have synthesized
AuzsSGis-ZIF-8 nanocomposites by positioning AuzsSGis NCs inside and outside ZIF-8.1° Based on
aggregation-induced emission (AIE) enhancement of gold nanoclusters in metal-organic frameworks,
AUNCs@ZIF-8 NPs have also been used as biosensors.}*1°> Ma et al. have coupled fluorescent gold
nanoclusters (BSA-Au NCs) with the surface of MIL-101(Fe)-NH2 NPs for fluorescence imaging and
magnetic resonance imaging (FI/MRI) guided microwave enhancing dynamic therapy.!® Yang et al.
have attached captopril capped Auzs NCs (AuzsCaptis) on FesO4/ZIF-8 nanocomposite via surface

decoration for magnetically targeted photodynamic / photothermal therapy upon 808 nm NIR light
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irradiation.” Apart from bioapplications, Auzs NCs@MOFs are also of interest in catalysis. Yun et al.
have developed sandwich cluster composite nanocatalyst ZIF-8@AuxsCys@ZIF-67 for both 4-
nitrophenol reduction and terminal alkyne carboxylation with CO under ambient conditions.

In Chapter 3, AuxsSG@MIL-100(Fe) NPs consisted of AuxsSGig and MIL-100(Fe) have been
synthesized via a green in situ room temperature synthesis method, and similarly we report here the
construction of a series of Auzs@MOFs nanocomposites. To the best of our knowledge, Aus@MOFs
have not been reported yet for NIR-I1 fluorescence imaging. Briefly, in this chapter we first studied
NIR-1I' fluorescence imaging property of AuzsSGis NCs and AuxsSG@MIL-100(Fe) and a
fluorescence quenching phenomenon was observed. To circumvent the fluorescence quenching issue,
two possibilities could be explored concomitantly: select better fluorescence imaging agents and
consider non colored MOFs. Thus, we further synthesized AuxsCys@MIL-100(Fe), AusCys@ZIF-8
and AuxsCys@Ui0-66. Although the synthesis and characterization of these nanocomposites have not
been fully investigated due to time limit considerations, NIR-II fluorescence imaging guided therapy

is very promising and will be explored in the near future..

4.2 Chemicals and instruments

Chemicals: All chemicals were used as received without any further purification: iron(ll1) nitrate
nonahydrate (Fe(NO3)3-9H20, 98%), L-glutathione reduced (GSH, >98%) and potassium chloride
were purchased from Alfa Aesar. 1,3,5-benzenetricarboxylic acid (1,3,5-BTC, 95%), hydrogen
tetrachloroaurate(l11) trinydrate (HAUCl4 3H20, >99.9% trace metals basis), L-cysteine (Cys, 97%),
sodium chloride, phosphate buffered saline (PBS), sodium phosphate monobasic dehydrate
(NaH2PO4 2H20) and sodium phosphate, dibasic (Na2HPO4) were purchased from Sigma-Aldrich.
Acetonitrile, methanol, ethanol, nitric acid (HNOs, 70%), acetic acid (98+%), hydrochloric acid (HCI,
37%) and sodium hydroxide (NaOH) unless specified were obtained from Fisher Chemical. Ultrapure

water was obtained with the MilliQ purification system (Merck Millipore, France).

Instruments: Powder X-ray diffraction patterns (PXRD) data were recorded on a high-throughput
Bruker D8 Advance diffractometer working on transmission mode and equipped with a focusing G&oel
mirror producing CuKo radiation (A = 1.5418 A) and a LynxEye detector. Scanning electron
microscope (SEM) images were recorded with FEI Magellan 400 scanning electron microscope.
Thermogravimetric analyses (TGA) were performed on a Perkins EImer SDA 6000 apparatus. Samples
were heated up to 600 <T with a heating rate of 5 <T min™ under an oxygen atmosphere. Transmission
IR spectra were recorded in the 550-4000 cm™ range, with 4 cm™ resolution on a Nicolet iS5 FTIR

ThermoFisher spectrometer. N2 sorption isotherms were obtained at 77 K using a Micromeritics Tristar
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instrument (pre-activating samples at 120 T under vacuum, 5 hours). Prior to the analysis,
approximately 30 mg of samples were evacuated for 5 h at 120 <T under primary vacuum. Brunauer-
Emmett-Teller (BET) surface and pore volume were estimated at a relative pressure lower than 0.25.
TEM images were recorded on a JEOL 2010 TEM microscope operated at 200 kV. Samples were
prepared by deposition of one droplet of colloidal suspensions onto a carbon-coated copper grid and
left to dry in air. ICP-MS was performed with an Agilent 7850 elemental analyzer.The particle
diameter was measured by Dynamic Light Scattering (DLS) on a Zetasizer NanoZS (Malvern
Instruments). NPs (~100-200 ug mL™) were dispersed at RT in aqueous solutions by using an
ultrasound tip (Digital Sonifer 450, Branson) during 1 minute at 10% amplitude. Their surface charge

was also evaluated by recording {-potential with the Zetasizer NanoZS.

4.3 Methods

Concerning Auzs NCs synthesis, all glassware was cleaned with fresh aqua regia first and washed with

ultrapure water thoroughly.

Au2sSGi1s NCs and AuzsSG@MIL-100 synthesis
The synthesis details have been given in Chapter 3.
AuzsCysis NCs synthesis

AuzsCysis NCs were first synthesized following a typical protocol.’® Aqueous solutions of
HAuCIl4 3H20 (20 mM, 0.25 mL) and cysteine (5 mM, 2 mL) were mixed in water (2.35 mL), leading
to the formation of Cys-Au(l) complexes. An aqueous NaOH solution (1 M, 0.3 mL) was then
introduced into the reaction mixture, followed by the addition of 0.1 mL of NaBH4 solution (prepared
by dissolving 43 mg of NaBH4 powder in 10 mL of 0.2 M NaOH solution). After 3 hours , Au2sCysig
NCs were collected and then purified using a superfilter centrifuge tube (molecular cut-off of 3 kDa).

AuzsCys@MIL-100 synthesis

To prepare AuxsCys@MIL NPs, a colloidal solution containing 10 or 20 mg of Auzs NCs was added
to 90 mL of an aqueous solution of Fe(NO3)3-9H>0 (0.72 g, 1.78 mmol) under stirring. 0.25 g of
trimesic acid (1.2 mmol) was then added and the mixture was stirred for 24 hours at room temperature.
The dark brown precipitate was centrifuged at 14500 rpm for 10 min. The solid was then washed by

two centrifugation / redispersion cycles in water followed by two centrifugation / redispersion cycles
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in absolute ethanol. AuzsCys(X)@MIL NPs (X = 10 or 20 mg) were stored in EtOH and could be

redispersed in water before use.
Synthesis of ZIF-8 nanoparticles

ZIF-8 nanoparticles were synthesized according to literature by mixing an aqueous solution of
Zn(NOz3)2-6H20 with an aqueous solution of 2-methylimidazole (2-MIM) directly under stirring at
room temperature with minor modifications.?° In a typical synthesis, 5 mL of a 0.05 M aqueous
solution of Zn(NOz3). were poured into 5 mL of a 3.5 M aqueous solution of 2-MIM stirred at 600 rpm

for 10 min, followed by three centrifugation / redispersion cycles in in water and then stored in ethanol.
Synthesis of AuzsCys@ZI1F-8 nanoparticles

Inspired by the synthesis of AusSG@ZIF-8', Au;sCys@ZIF-8 NPs were synthesized via an in situ
growth at room temperature. Pre-synthesized AuzsCysis NCs in aqueous solution (14 mg, 1 mL) were
added to a solution of Zn(NOz3),:6H20 (0.05M, 10 mL) drop by drop. Then, the mixture was stirred
for 5 min, followed by the addition of a solution of 2-MIM (3.5 M, 10 mL). A slightly brown slurry
solution was obtained and after stirring for 10 min, the product was centrifuged and washed three times
with water. AuxsCys@ZIF-8 nanoparticles were stored in ethanol.

Synthesis of UiO-66(Zr) nanoparticles

First, Zre oxoclusters were prepared following a previously reported protocol.?* ZrCls (10 g, 42 mmol)
was added into a mixture of 15 mL of acetic acid and 25 mL of isopropanol under stirring at 600 rpm
and the mixture was heated at 120 <C for 1 h. The product was collected through centrifugation at
14500 rpm and then washed with acetone. The obtained white powder of Zre oxoclusters were dried
under vacuum. Then, UiO-66 was synthesized by a protocol reported with minor modifications
described recently recently.?? 300 mg of Zrs oxoclusters were dispersed in 2 mL of acetic acid and 5
mL of H20. The resulting suspension was stirred at 600 rpm until it became completely colorless. A
solution of terephthalic acid (BDC, 200 mg) in EtOH (40 mL) was then added. After one day of
reaction at room temperature, the solid was collected by centrifugation at 14500 rpm for 30 min and

then thoroughly washed with H>O and EtOH repeatedly. The resultant solid was stored in EtOH.
Synthesis of AuzsCys@UiO-66 nanoparticles

30 mg of Zrs oxoclusters were dispersed in 0.2 mL acetic acid and 0.5 mL H2O under stirring at 600
rpm until the mixture became completely colorless. Subsequently, 7.5 mg of AuzsCysig NCs in 0.5 mL
H>O was added drop by drop into the previous mixture at 600 rpm, followed by the addition of a
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solution of 20 mg terephthalic acid (BDC) in 4 mL EtOH. After one day at room temperature, the solid
obtained was collected by centrifugation at 14500 rpm for 30 min and then thoroughly washed with
H>0 and EtOH repeatedly. The resultant solid was stored in EtOH.

NIR-I1 fluorescence imaging

Different concentration (20, 50, 100, 200 and 1000 pug mL™?) of Au2sSGis NCs and AusSG@MIL (i.e.,
Au(h)@MIL in Chapter 3) were prepared in both water and PBS. Then, these samples were transferred
to a black 96-well plate (200 uL/well) for NIR-11 fluorescence imaging (Ex = 808 nm, Em = 1200 nm).

Drug loading

30 mg of ZIF-8, AuxsCys@ZIF-8, UiO-66 or AusCys@UiO-66 were dispersed in 3 mL of an aqueous
solution of methotrexate (MTX) (10 mg mL™, diluted MTX injection). The resulting suspension was
stirred at 200 rpm at 37 °C overnight. The MTX loaded nano-objects were then collected by
centrifugation at 14500 rpm for 10 min and washed with water three times. The final products were
stored in water (10 mg/mL) at 4 °C until use. The loading capacity of these MOFs was determined by
TGA and HPLC.
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4.4 Results and discussion
4.4.1 NIR 11 fluorescence imaging

NIR-1I fluorescence imaging of AuzsSGig NCs and AuzsSG@MIL (i.e., Au(h)y@MIL in Chapter 3)
was first investigated (Aex = 808 nm, Aem = 1200 nm). As shown in Figure 11, AuxsSGig NCs display a
nonlinear concentration dependent fluorescence in both water and PBS.

In contrast, the fluorescence of Au2sSG1s NCs was quenched in AusSG@MIL in water in the range
of 20 to 1000 ng mL™%. However, its fluorescence was surprisingly partly recovered in PBS. Fe** ions
are well-known fluorescence quencher and are assumed to preferentially bind with nitrogen atoms of
amino groups and/or oxygen atoms of carboxyl groups of the glutathione molecule of noble metal NCs,

leading to the observed fluorescence quenching.?24
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Figure 4.1 The fluorescence intensity (Inserted: NIR-I1 images) of AuzsSGig NCs and AuzsSG NCs@MIL at
different concentrations in (A) water and (B) PBS (Aex = 808 nm).

The partial fluorescence recovery of AuxsSGig NCs was indeed caused by the relatively fast
degradation of MIL-100(Fe) nanoparticles in neutral PBS because of the competition for Fe** in the
presence of phosphate salts, so that AuxSGig NCs were progressively released from the
heterostructure. The fluorescence recovery of AuzsSGig NCs could therefore be used for real-time
monitoring of drug delivery, especially for stimuli responsive drug release.?

The fluorescent AuzsCysig NCs, known to exhibit a stronger NIR-11 fluorescence signal in comparison
with AuzsSGis, were thus considered® and different AuzsCysis NCs encapsulated MOFs designed.

Then AuzsCysis NCs@MOF composites were produced with nanosized MIL-100(Fe), as well as ZIF-
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8(Zn) and UiO-66(Zr), that are alternative benchmark nanoMOFs for drug delivery, albeit their

utilization in biomedicine can be controversial due to potential toxicity.

4.4.2 AuzsCys@MIL-100

AusCysis NCs were first synthesized by a NaOH-mediated NaBH, reduction method?® and the scheme
of the synthesis is given as in Figure 4.2 The synthesized AusCysig NCs were further characterized
by UV-Vis absorbance spectroscopy and TEM. As shown in Figure 4.3A, similar with AusSG1s NCs,
AuzsCysig NCs exhibited two distinct absorbance peaks at 440 and 670 nm, which is associated with
the Au 6sp intraband and interband transitions of the bulk gold, respectively.?® The diameter of

AuzsCysig NCs is 1.5 + 0.4 nm (Figure 4.3B).

. o ®Au25Cys13
o H
Cl Cl
NH, c” ¢l NaBH,, Stirring
L-cysteine

Figure 4.2 Scheme of the synthesis of AuzsCysis NCs.
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Figure 4.3 A) UV-Vis and (B) TEM and statistical analysis of AuzsCysis NCs. The particle size of AuzsCysis
NCsis 1.5+ 0.4 nm.

AuzsCys(X)@MIL-100 (X = 10 or 20 mg) nanoparticles with different content of AuzsCysis NCs,
namely AuzsCys(10)@MIL and AuzsCys(20)@MIL, were successfully prepared and characterized by
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PXRD, TEM and DLS. In Figure 4.4, PXRD patterns of AuzsCys(10)@MIL and AuxsCys(20)@MIL
were consistent with the one of MIL-100(Fe) and AuzsCysig NCs did not affect the formation of the
nanoMOF significantly. TEM images (Figure 4.5) of AuzsCys(10)@MIL and AuzsCys(20)@MIL
showed an average diameter of ~40 nm with a monodisperse size distribution, similar to what was
observed with AusSG@MIL (~45 nm) in Chapter 3. Moreover, the hydrodynamic diameter (~120
nm) and surface charge (~-20 mV) (Figure 4.6) of AuzsCys(10)@MIL and AuzsCys(20)@MIL were
also quite close. However, we cannot conclude on the exact location of AuzsCysigs NCs in the
heterostructure, inside or outside the nanoMOF, and more characterizations such as HAADF-STEM

shall be carried out to verify it. Furthermore, fluorescence imaging properties need to be measured.

—— MIL-100(Fe) Simulated
—— Au, Cys(10)@MIL
Au, Cys(20)@MIL

Intensity (a.u.)

5 10 15 20 25 30
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Figure 4.4 PXRD patterns (Acy = 1.5406 A) of AuzsCys(10)@MIL and AuzsCys(20)@MIL.
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Figure 4.5 TEM images of (A) AuxsCys(10)@MIL and (B) AuxsCys(20)@MIL (inserted statistical analysis
Figure). The particle size of AuxsCys(10)@MIL and AuzsCys(20)@MIL is 42 + 8 nm and 41 + 8 nm,
respectively.
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Figure 4.6 A) Hydrodynamic diameters (HDs) and B) Zeta potentials of AuzsCys(10)@MIL and
AuzsCys(20)@MIL at a concentration of 100 ug mL™,

4.4.3 AuxsCys@ZIF-8

As mentioned in previous chapters, ZIF-8 has been widely studied as a drug delivery system due to its
facile synthesis and acidic responsive stability. Herein, the synthesis of AuxsCys@ZIF-8 also followed
an in situ room temperature approach in water. Furthermore, ZIF-8 and AuxsCys@ZIF-8 were
characterized by different techniques, including PXRD, FT-IR, SEM, N2 adsorption and desorption
isotherms and TGA.
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Figure 4.7 PXRD patterns (Acy ~ 1.5406 A) of ZIF-8 and AuzsCys@ZIF-8.

The PXRD pattern of AuxsCys@ZIF-8 showed that there was no significant crystallinity loss after
assembling AuzsCysigs NCs with ZIF, indicating that the addition of AuzsCysis NCs did not affect the
ZIF skeleton (Figure 4.7). There is no observed peak of Au clusters in the PXRD pattern, indicating
that the size of AuzsCysis NC is too small to be observed. Both ZIF-8 and AuzsCys@ZIF-8 were also
studied by FT-IR spectroscopy. In Figure 4.8, the bands at 3134 cm™, 2961 cm™, 2931 cm™, and at
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1584 cm™* can be attributed to the stretching vibrations of the aromatic and aliphatic C—H and —NH-
of imidazole in ZIF-8 or AuzsCys@ZIF-8.%7

— =
]
1 1
— 2-MIM | y
| 11 I
1 1" |
@" | 1 1
8 1 1 1
c —ZIF-8 | 1 I
g 1 11 1
‘= | 11 1
E ;' ﬁ'l\lr— R 1
c 1 1
VNN
rb'\?J Q)G\ Q)eb‘\ © ,\I
> o
—— Au, Cys@ZIF-8 A9
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.8 FT-IR spectra of ZIF-8 and AuzsCys@ ZIF-8.

According to SEM analysis (see Figure 4.9) the average diameter of ZIF-8 and AusCys@ZIF-8 is
160 + 33 nm and 217 + 40 nm, respectively. The nanoparticles were monodisperse in size and (shape)
homogeneous in the SEM images. Energy dispersive spectroscopy (EDS) analysis gave an atomic ratio
of Au to Zn close to 8% (Table 4.1). This ratio can be tuned by changing the initial amount of
AuzsCysig NCs in the synthesis in our preliminary study. As for future potential fluorescence imaging
or catalysis application, a selection of AuxsCys@ZIF-8 NPs with different encapsulation of AuzsCysis
NCs would be necessary. Meanwhile, the initial addition of Au2sCysig NCs affects the final particle

size and the cost should also be taken into consideration for practical applications.

The colloidal stability of ZIF-8 and AuxsCys@ZIF-8 was also studied. DLS analysis of ZIF-8 and
AusCys@ZIF-8 showed a hydrodynamic diameter in ethanol of 212 + 12 nm and 267 + 18 nm,
respectively (see Figure 4.10A). Their hydrodynamic diameters increased by only ~50 nm in
comparison to the corresponding SEM diameters, suggesting the monodisperse character of ZIF-8 and
AuxsCys@ZIF-8 again. Meanwhile, it has to be noticed that the color of a suspension of
AuxsCys@ZIF-8 was much darker than a suspension of ZIF-8 (Figure 4.10B). In conclusion,
AuzsCysis NCs clearly affect the formation of ZIF-8 leading to an increase of the particle size,
measured by SEM or by DLS, of the AusCys@ZIF-8 NPs compared to ZIF-8 NPs. The hypothesis is
that the formation of Au—Cys—Zn linkage slows down self-assembling of Au2sCysig NCs and ZIF-8,
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leading to large particle sizes. Further works need to be done in order to see if the size of the final
AuxsCys@ZIF-8 NPs can be effectively tuned by controlling the amount of AuzsCysis NCs added or
by varying the concentration of Zn?* and 2-MIM during the synthesis.?8-%

As for potential in vivo application, a hydrodynamic diameter below 200 nm and a good colloidal
stability in physiological media are expected. Thus, to further improve the colloidal stability or the
targeting ability of AuxsCys@ZIF-8, these nanoobjects could be further functionalized/capped for
instance using an additional surface coating with a biopolymer such as hyaluronic acid or polyethylene
glycol (PEG).

160+ 33 nm
100 1500iame'er (nm)zt')o 250
217+ 40 nm
1;0 Zl')Ol)larv|eterz(:510m) 3{']0 3;’0
Figure 4.9 SEM images and statistical analysis of ZIF-8 and AuxsCys@ZIF-8.
Table 4.1 EDS analysis of AusCys@ZIF-8
Sample Zn-K Au-K
Point 1 91.9+2.6 8.1+1.2
Point 2 87.7 x2.5 12317
Point 3 93.1+2.6 6.9 +1.2
Point 4 91.5+2.6 85+1.2
Point 5 92.0%25 8.0=+x12
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Figure 4.10 A) Hydrodynamic diameters (by number) and (B) pictures of ZIF-8 and AuzsCys@ZIF-8
suspensions in EtOH.

N2 porosimetry results of ZIF-8 and AuxsCys@ZIF-8 are shown in Figure 4.11. A slight decrease of
the BET area was observed when comparing AuzsCys@ZIF-8 (1490 m2 g1) with ZIF-8 (1670 m? g
1), suggesting the successful assembly of AuzsCysis NCs and ZIF-8. TGA was carried out under O
flow to evaluate the thermal stability of ZIF-8 and Au2sCys@ZIF-8. Based on TGA analysis, a better

thermal stability was observed after integrating Au2sCysig NCs into ZIF-8 (see Figure 4.12). All the
results shown here tend to confirm the successful synthesis of AuxsCys@ZIF-8 heterostructure.
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Figure 4.11 N, adsorption-desorption isotherms (77K, Po = 1 atm) of ZIF-8 and AuzsCys@ ZIF-8.
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Figure 4.12 TGA of ZIF-8 and AuxsCys@ZIF-8 under oxygen flow with a measuring speed at 5 < min™.

4.4.5 AuzsCys@UiO-66

For the synthesis of UiO-66 and Au2sCys@UiO-66, acetic acid was introduced as a modulator in order
to control the growth of UiO-66. The MOF nanocrystal size results from a subtle interplay between
different equilibria such as linker deprotonation, linker complexation, modulator deprotonation and
termination.®:32 It was clearly shown that the presence of an acid modulator can increase or reduce the
crystal size of Zr MOFs and a significant amount of acid limits the deprotonation of the linker upon
decreasing the pH and can also compete with the organic linker for the coordination of the metal,
thereby slowing down the metal-linker complexation and leading to large particle sizes.?! 3334 The
crystalline structure of UiO-66 and AuzsCys@Ui0-66 was first investigated. They showed very similar
PXRD patterns, matching well the simulated pattern of UiO-66 (see Figure 4.13). Also, the synthesis
of Zre oxoclusters, precursors of UiO-66, was confirmed by XRD analysis. Similar FT-IR spectra were
also observed for UiO-66 and AuxsCys@UiO-66 (see Figure 4.14), with the expected characteristic
peaks from the structural unit (ZrsO4)(OH)4(CO2)n formed by coordination of the metal Zrs clusters
with terephthalic acid at 1573 cm™* and 1397 cm™.
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Figure 4.13 PXRD patterns (Ac, ~ 1.5406 A) of UiO-66, Au,sCys@UiO-66 and Zrs clusters.

Transmittance (%)

—— Au, Cys@UiO-66

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4.14 FT-IR spectra of BDC, UiO-66 and Au.sCys@UiO-66.

According to previous results,?> Cu NCs@UiO-66-NH2 MOFs were already obtained with small sizes
(~80 nm), and a smaller particle size of UiO-66 NPs would be highly beneficial for biomedical
applications. SEM analysis gave an average diameter of about 30 nm for both UiO-66 and
AusCys@Ui0-66 nanoparticles (see Figure 4.15). Aggregates were clearly observed in SEM images.
The SEM samples were prepared in EtOH, and the hydrodynamic diameters were also measured in
EtOH by DLS. UiO-66 and AuxsCys@Ui0O-66 had a hydrodynamic diameter of 53 + 16 nm and 83 +
9 nm (see Figure 4.16.A), respectively, indicating a slight aggregation in EtOH. Nevertheless, the size
of the AuxsCys@UiO-66 NPs remained smaller compared to AuxsSG@MIL studied in Chapter 3.
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Moreover, suspension of AuxsCys@UiO-66 NPs became totally black due to the introduction of
AuzsCysig NCs (see Figure 4.16.B).
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Figure 4.15 SEM images of UiO-66 and AuzsCys@UiO-66. The particle size of UiO-66 and AuzsCys@UiO-
66 was 30 + 8 nm and 30 + 6 nm, respectively.
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Figure 4.16 A) Hydrodynamic diameters (by number) and (B) pictures of UiO-66 and Au.sCys@UiO-66 in
EtOH.

The colloidal stability of UiO-66 and AuxsCys@UiO-66 was found to be pH-dependent. The surface
charges were around 0 mV at pH 5 and pH 7, thus leading to strong aggregation at these pH values
(Table 4.2). At pH 2.7, the hydrodynamic diameters of UiO-66 and AusCys@UiO-66 were 72 + 12
nm and 84 + 12 nm, respectively (see Figure 4.17 and Table 4.2) with a surface charge of ~30 mV,
leading to a good colloidal stability. Furthermore, the hydrodynamic diameters were studied in
physiological media, and interestingly, while AuzsCys@UiO-66 showed a diameter of ~98 nm in

neutral PBS, a significant aggregation was observed in acidic PBS (see Table 4.2), contrary to what
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was observed with MIL-100(Fe) or AuzsSG@MIL in Chapter 3. Although the small size of individual
AuzsCys@Ui0O-66 particle makes it interesting for in vivo applications, further surface modification
might be necessary to slow down degradation, prevent aggregation and/or ensure a good targeting of
these nanoMOFs.
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Figure 4.17 A) Hydrodynamic diameters (by number) and (B) Zeta potentials of UiO-66 and AuzsCys@UiO-
66 in water (pH = 2.7).

Table 4.2 Hydrodynamic diameters (HDs, by number) and (B) Zeta potentials of UiO-66 and
AuzsCys@UiO-66 in water and PBS at various pH.

UiO-66 AuzsCys@UiO-66
Zeta potential )
HDs (hm) HDs (nm) Zeta potential (mV)
(mV)
Water (pH
72 12 315422 84 +12 33.2+0.6
2.7)

Water (pH 5) 852 +49 52+0.1 904 +252 6.5+0.1
Water (pH 7) 853 +448 -6.3 0.1 Not reliable -0.2 0.1
PBS (pH 5.1) 143 35 - 962 +112 -
PBS (pH 7.4) 95 +14 - 98 +5 -

N2 porosimetry analysis of UiO-66 and AuzsCys@UiO-66 at 77K has been carried out, leading to a
BET area of 1481 m? g* and 952 m? g%, respectively. The significant decrease of the BET area of
AuxsCys@Ui0-66 (~35%) indicated the presence of a significant amount of AuxsCysie NCs in
AuxsCys@Ui0-66 (see Figure 4.18). According to TGA analysis (see Figure 4.19), the weight
percentage of AuxsCys@UiO-66 decreased more significantly before 400 °C due to the existence of
AuzsCysis. Meanwhile, from the isotherms, the interparticular N2 uptake of AuxsCys@UiO-66

occurred at a lower P/Po than that of UiO-66, suggesting a smaller size. After the integration of
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AuzsCysig NCs, AuasCys@UiO-66 are still microporous which is promising in a view of drug delivery
applications. Importantly, NIR 11 fluorescence properties of AusCys@UiO-66 need to be studied.
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Figure 4.18 N; adsorption-desorption isotherms at 77K (Po =1 atm) of Ui0-66 and AuzsCys@UiO-66.
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Figure 4.19 TGA of UiO-66 and AupsCys@UiO-66 under oxygen flow with a measuring speed at 5 <€ min™.

4.4.6 Preliminary drug loading tests

Apart from MIL-100(Fe), ZIF-8 and UiO-66 nanoparticles are also promising candidates for drug
delivery, as discussed in the introduction. As already mentioned in Chapter 2, MTX is a promising
drug model for anti-tumor and anti-inflammation, but the burst release in neutral PBS is a drawback
for intravenous injection. ZIF-8 showed a high drug loading capacity (~70%) with an acidic responsive
release for MTX.35-3 UiO-66 also showed a high adsorption capacity and a great affinity to MTX and
ethylenediamine functionalized UiO-66-NH2 (UiO-66-EDA) even exhibited an adsorption capacity of
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MTX as high as 540.78 mg/g.%-3® MTX was thus selected for the preliminary studies on the stability
of MOFs and AuzsCys@MOF during drug loading. After the encapsulation of MTX, no significant
crystallinity loss was observed by PXRD for ZIF-8, UiO-66 and their corresponding heterostructures
AuxsCys@ZIF-8 and AuzsCys@UiO-66 (see Figure 4.20). Due to time limitations, it was not possible
to further analyze our MTX loaded Au2sCys@MOF. The drug loading capacity needs to be studied by
HPLC and TGA and the drug or metal ions release shall be monitored by HPLC and ICP-MS in the

near future.

A) B)
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Figure 4.20 PXRD (Acy = 1.5406 A) of (A) ZIF-8, ZIF-8/MTX, AuzsCys@ZIF-8/MTX and (B) Ui0-66, UiO-
66/MTX, AuzsCys@UiO-66/MTX.

4.5 Conclusion

In this chapter, series of Au NCs/MOFs nanoobjects have been synthesized via an in situ room
temperature approach for possible NIR-1I fluorescence imaging and photodynamic therapy. Herein,
based on the same MOF, namely MIL-100(Fe), different ligand cysteine protected Auzs NCs could be
assembled into heterostructures (i.e., AuxsCys@MIL-100). Although significant fluorescence
quenching effects of AuzsSG@MIL-100 have been observed, this is still promising for further NIR
triggered photodynamic study. Alternatively, AuzsCys NCs could also be assembled into different
nanoMOFs (i.e., AuzsCys@ZIF-8 and AuzsCys@UiO-66), which were characterized by PXRD, SEM,
DLS, N2 porosimetry analysis, etc. Notably, the obtained UiO-66 nanoparticles and AuzsCys@UiO-
66 nanoobjects even showed a particle size as small as ~30 nm by SEM. When compared with bare
Ui0-66, AuxsCys@Ui0O-66 exhibited significant decrease of BET area. Currently, there is still a need
to complete this work to better understand the NIR-II fluorescence imaging, ROS generation and drug
delivery properties of these composites. Apart from anti-cancer, they could be of interest for other

applications such as antibacterial, catalysis, sensing, etc.

226



Chapter 4

References

1. Dai, H.; Wang, X.; Shao, J.; Wang, W.; Mou, X.; Dong, X., NIR-II Organic Nanotheranostics
for Precision Oncotherapy. Small 2021, 17 (44), 2102646.

2. Gong, L.; Shan, X.; Zhao, X. H.; Tang, L.; Zhang, X. B., Activatable NIR-II Fluorescent Probes
Applied in Biomedicine: Progress and Perspectives. ChemMedChem 2021, 16 (16), 2426-2440.

3. Li, B.; Zhao, M.; Lin, J.; Huang, P.; Chen, X., Management of Fluorescent Organic/Inorganic
Nanohybrids for Biomedical Applications in the NIR-II Region. Chem Soc Rev 2022, 51, 7692-7714.
4. Lei, Z.; Zhang, F., Molecular Engineering of NIR-II Fluorophores for Improved Biomedical
Detection. Angew Chem Int Ed 2021, 60 (30), 16294-16308.

5. Kang, X.; Zhu, M., Tailoring the Photoluminescence of Atomically Precise Nanoclusters. Chem
Soc Rev 2019, 48 (8), 2422-2457.

6. Jin, R., Atomically Precise Metal Nanoclusters: Stable Sizes and Optical Properties. Nanoscale
2015, 7 (5), 1549-1565.

7. Liu, J.; Liang, J.; Xue, J.; Liang, K., Metal-Organic Frameworks as a Versatile Materials
Platform for Unlocking New Potentials in Biocatalysis. Small 2021, 17 (32), 2100300.

8. Li, S.; Ma, Q.; Wang, C.; Yang, K.; Hong, Z.; Chen, Q.; Song, J.; Song, X.; Yang, H., Near-
Infrared II Gold Nanocluster Assemblies with Improved Luminescence and Biofate for In Vivo
Ratiometric Imaging of H>S. Anal Chem 2022, 94 (5), 2641-2647.

9. Liu, H.; Hong, G.; Luo, Z.; Chen, J.; Chang, J.; Gong, M.; He, H.; Yang, J.; Yuan, X.; Li, L.;
Mu, X.; Wang, J.; Mi, W.; Luo, J.; Xie, J.; Zhang, X. D., Atomic-Precision Gold Clusters for NIR-II
Imaging. Adv Mater 2019, 31 (46), 1901015.

10. Li, D.; Liu, Q.; Qi, Q.; Shi, H.; Hsu, E. C.; Chen, W.; Yuan, W.; Wu, Y.; Lin, S.; Zeng, Y.; Xiao,
Z.; Xu, L.; Zhang, Y.; Stoyanova, T.; Jia, W.; Cheng, Z., Gold Nanoclusters for NIR-II Fluorescence
Imaging of Bones. Small 2020, 16 (43), 2003851.

11. Wang, W.; Kong, Y.; Jiang, J.; Xie, Q.; Huang, Y.; Li, G.; Wu, D.; Zheng, H.; Gao, M.; Xu, S.;
Pan, Y.; Li, W.; Ma, R.; Wu, M. X_; Li, X.; Zuilhof, H.; Cai, X.; Li, R., Engineering the Protein Corona
Structure on Gold Nanoclusters Enables Red-Shifted Emissions in the Second Near-infrared Window
for Gastrointestinal Imaging. Angew Chem Int Ed 2020, 59 (50), 22431-22435.

12. Bertorelle, F.; Wegner, K. D.; Peric Bakulic, M.; Fakhouri, H.; Comby-Zerbino, C.; Sagar, A.;
Bernado, P.; Resch-Genger, U.; Bonacic-Koutecky, V.; Le Guevel, X.; Antoine, R., Tailoring the NIR-
IT Photoluminescence of Single Thiolated Au25 Nanoclusters by Selective Binding to Proteins.
Chemistry 2022, 28 (39), 202200570.

13. Luo, Y.; Fan, S.; Yu, W.; Wu, Z.; Cullen, D. A.; Liang, C.; Shi, J.; Su, C., Fabrication of Auys
(SG)18 -ZIF-8 Nanocomposites: A Facile Strategy to Position Auzs (SG)i1s Nanoclusters Inside and
Outside ZIF-8. Adv Mater 2018, 30 (6), 1704576.

14, Xia, M.; Sui, Y.; Guo, Y.; Zhang, Y., Aggregation-Induced Emission Enhancement of Gold
Nanoclusters in Metal-Organic Frameworks for Highly Sensitive Fluorescent Detection of Bilirubin.
Analyst 2021, 146 (3), 904-910.

15. Cai, Y.; Zhu, H.; Zhou, W.; Qiu, Z.; Chen, C.; Qileng, A.; Li, K.; Liu, Y., Capsulation of AuNCs
with AIE Effect into Metal-Organic Framework for the Marriage of a Fluorescence and Colorimetric
Biosensor to Detect Organophosphorus Pesticides. Anal Chem 2021, 93 (19), 7275-7282.

16. Ma, X.; Ren, X.; Guo, X.; Fu, C.; Wu, Q.; Tan, L.; Li, H.; Zhang, W.; Chen, X.; Zhong, H.;
Meng, X., Multifunctional Iron-Based Metal-Organic Framework as Biodegradable Nanozyme for
Microwave Enhancing Dynamic Therapy. Biomaterials 2019, 214, 119223.

17. Yang, D.; Yang, G.; Gai, S.; He, F.; An, G.; Dai, Y.; Lv, R.; Yang, P., Auxs Cluster Functionalized
Metal-Organic Nanostructures for Magnetically Targeted Photodynamic/Photothermal Therapy
Triggered by Single Wavelength 808 Nm Near-Infrared Light. Nanoscale 2015, 7 (46), 19568-19578.
18. Yun, Y.; Sheng, H.; Bao, K.; Xu, L.; Zhang, Y.; Astruc, D.; Zhu, M., Design and Remarkable
Efficiency of the Robust Sandwich Cluster Composite Nanocatalysts ZIF-8@Aws@ZIF-67. J Am

227



Chapter 4

Chem Soc 2020, 142 (9), 4126-4130.

19. Yuan, X.; Zhang, B.; Luo, Z.; Yao, Q.; Leong, D. T.; Yan, N.; Xie, J., Balancing the Rate of
Cluster Growth, Etching for Gram-Scale Synthesis of Thiolate-Protected Au(25) Nanoclusters with
Atomic Precision. Angew Chem Int Ed 2014, 53 (18), 4623-4627.

20. Pan, Y.; Liu, Y.; Zeng, G.; Zhao, L.; Lai, Z., Rapid Synthesis of Zeolitic Imidazolate
Framework-8 (ZIF-8) Nanocrystals in an Aqueous System. Chem Commun (Camb) 2011, 47 (7), 2071-
2073.

21. Dai, S.; Simms, C.; Dovgaliuk, I.; Patriarche, G.; Tissot, A.; Parac-Vogt, T. N.; Serre, C.,
Monodispersed MOF-808 Nanocrystals Synthesized Via a Scalable Room-Temperature Approach for
Efficient Heterogeneous Peptide Bond Hydrolysis. Chem Mater 2021, 33 (17), 7057-7066.

22. Dai, S.; Kajiwara, T.; Ikeda, M.; Romero-Muniz, 1.; Patriarche, G.; Platero-Prats, A. E.; Vimont,
A.; Daturi, M.; Tissot, A.; Xu, Q.; Serre, C., Ultrasmall Cu Nanoclusters in Zirconium Metal-Organic
Frameworks for the Photoreduction of CO,. Angew Chem Int Ed 2022, 134,202211848.

23. Chen, Z.; Lu, D.; Zhang, G.; Yang, J.; Dong, C.; Shuang, S., Glutathione Capped Silver
Nanoclusters-Based Fluorescent Probe for Highly Sensitive Detection of Fe*". Sens Actuators B Chem
2014, 202, 631-637.

24, Zheng, S.; Yin, H.; L1, Y.; Bi, F.; Gan, F., One—Step Synthesis of L-Tryptophan-Stabilized Dual-
Emission Fluorescent Gold Nanoclusters and Its Application for Fe** Sensing. Sens Actuators B Chem
2017, 242, 469-475.

25. Yin, X.; Yang, B.; Chen, B.; He, M.; Hu, B., Multifunctional Gold Nanocluster Decorated
Metal-Organic Framework for Real-Time Monitoring of Targeted Drug Delivery and Quantitative
Evaluation of Cellular Therapeutic Response. Anal Chem 2019, 91 (16), 10596-10603.

26. Negishi, Y.; Nobusada, K.; Tsukuda, T., Glutathione-protected gold clusters revisited: bridging
the gap between gold(I)-thiolate complexes and thiolate-protected gold nanocrystals. J Am Chem Soc
2005, 7127 (14), 5261-5270.

27. Zhang, L.; Gao, Y.; Sun, S.; Li, Z.; Wu, A.; Zeng, L., pH-Responsive Metal-Organic Framework
Encapsulated Gold Nanoclusters with Modulated Release to Enhance Photodynamic
Therapy/Chemotherapy in Breast Cancer. J Mater Chem B 2020, § (8), 1739-1747.

28. Tanaka, S.; Kida, K.; Okita, M.; Ito, Y.; Miyake, Y., Size-controlled Synthesis of Zeolitic
Imidazolate Framework-8 (ZIF-8) Crystals in an Aqueous System at Room Temperature. Chem Lett
2012, 41 (10), 1337-1339.

29. Beh, J. J.; Lim, J. K.; Ng, E. P.; Ooi, B. S., Synthesis and size control of zeolitic imidazolate
framework-8 (ZIF-8): From the Perspective of Reaction Kinetics and Thermodynamics of Nucleation.
Mater Chem Phys 2018, 216, 393-401.

30. Zheng, G.; Chen, Z.; Sentosun, K.; Perez-Juste, I.; Bals, S.; Liz-Marzan, L. M.; Pastoriza-
Santos, I.; Perez-Juste, J.; Hong, M., Shape Control in ZIF-8 Nanocrystals and Metal
Nanoparticles@ZIF-8 Heterostructures. Nanoscale 2017, 9 (43), 16645-16651.

31.  Forgan, R. S., Modulated Self-Assembly of Metal-Organic Frameworks. Chem Sci 2020, 11
(18), 4546-4562.

32. Marshall, C. R.; Staudhammer, S. A.; Brozek, C. K., Size Control over Metal-Organic
Framework Porous Nanocrystals. Chem Sci 2019, 10 (41), 9396-9408.

33, Gibbons, B.; Bartlett, E. C.; Cai, M.; Yang, X.; Johnson, E. M.; Morris, A. J., Defect Level and
Particle Size Effects on the Hydrolysis of a Chemical Warfare Agent Simulant by UiO-66. Inorg Chem
2021, 60 (21), 16378-16387.

34, Dai, S.; Nouar, F.; Zhang, S.; Tissot, A.; Serre, C., One-Step Room-Temperature Synthesis of
Metal(IV) Carboxylate Metal-Organic Frameworks. Angew Chem Int Ed 2021, 60 (8), 4282-4288.
35. Samiei Foroushani, M.; Zahmatkeshan, A.; Arkaban, H.; Karimi Shervedani, R.; Kefayat, A.,
A Drug Delivery System Based on Nanocomposites Constructed from Metal-Organic Frameworks and
Mn30O4 Nanoparticles: Preparation and Physicochemical Characterization for BT-474 and MCF-7
Cancer Cells. Colloids Surf B Biointerfaces 2021, 202, 111712.

228



Chapter 4

36. Wang, Y.; Jia, M.; Zheng, X.; Wang, C.; Zhou, Y.; Pan, H.; Liu, Y.; Lu, J.; Mei, Z.; Li, C.,
Microvesicle-Camouflaged Biomimetic Nanoparticles Encapsulating a Metal-Organic Framework for
Targeted Rheumatoid Arthritis Therapy. J Nanobiotechnology 2022, 20 (1), 253.

37. Molavi, H.; Moghimi, H.; Taheri, R. A., Zr-Based MOFs with High Drug Loading for
Adsorption Removal of Anti-Cancer Drugs: A Potential Drug Storage. App! Organomet Chem 2020,
34 (4), 5549.

38. Aghajanzadeh, M.; Zamani, M.; Molavi, H.; Khieri Manjili, H.; Danafar, H.; Shojaei, A.,
Preparation of Metal-Organic Frameworks UiO-66 for Adsorptive Removal of Methotrexate from
Aqueous Solution. J Inorg Organomet Polym Mater 2017, 28 (1), 177-186.

229



General Conclusion and Perspectives

General Conclusion and Perspectives

230



General Conclusion and Perspectives

To meet the requirements of precise and personalized medicine, multifunctional nanocarriers that
enable multimodality imaging, stimuli-responsive drug release, and image-guided targeted synergistic
therapies are urged to develop. Metal-organic frameworks (MOFs), a sub-class of crystalline porous
hybrid materials, have during the past decades demonstrated strong promises in biomedicine. Based
on their large pore sizes and volumes, biodegradable character and low toxicity, iron(l11) carboxylate
MOFs are of a particular interest in drug delivery. Currently, if MOFs have been mainly investigated
to treat cancer, they have not yet been intensively considered for inflammatory disease therapy.
Recently several strategies have been proposed to combine MOFs with nano-objects bearing stimuli
responsive features, to develop new generations of multimodal MOF based nanocarriers. As for
practical applications, facile and universal “green synthesis” of nanocarriers is also highly desired.

Herein, the main goals in this thesis are:

1) Developing biocompatible hierarchical MOFs, combining magnetic or optically active nano-

objects, via an in situ room temperature strategy
2) Exploiting their drug delivery capacities

3) Evaluating the prepared theranostic MOFs for the treatment of cancer and inflammatory

diseases.

Following an introduction (Chapter 1) to “nanoparticles for anti-inflammation” and “functional
MOFs for theranostics”, in Chapter 2, we have prepared new hierarchical nanocarriers USPIO@MIL
NPs that consist of (i) maghemite nanoparticles (USPIO) as a magnetic resonance imaging (MRI)
contrast agent suitable for diagnosis and (ii) iron carboxylate nanoMOFs (MIL-100(Fe)) due to their
mesoporous and biodegradable properties. These smart theranostic MOFs nanovectors were
synthesized through a one-pot, cost-effective and environmentally friendly protocol. The synergistic
coupling of the physico-chemical and functional properties of both nanoparticles conferred to these
nano-objects valuable features such as high colloidal stability, biodegradability, low toxicity, high drug
loading capacity as well as stimuli-responsive drug release. Herein, the rate of USP10 in USPIO@MIL
was tunable and the loading capacity of USPIO could be as high as 20 wt%. In contrast, the maximum
value of USPIO in previous MIL/USPIO by surface decoration strategy was only 10 wt%. These
USPIO nanoparticles were embedded inside the heterostructure or located on the surface through the
in situ room temperature synthesis. The TEM size of USPIO(20)@MIL was ~50 nm, and it possessed
a hydrodynamic diameter of < 200 nm in various of physiological media, thereby leading to a better
colloidal stability. Based on RAW 264.7 macrophage cells, the biodegradability of USPIO(20)@MIL
was investigated for more than one week by Bio-TEM, and USPIO@MIL could be efficiently
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internalized into endosomes after 4 hours’ co-incubation. The in vitro degradation process of these
nano-objects involved two stages, a fast degradation of their MIL-100(Fe) moieties within 24 h and
gradual degradation of maghemite nanoparticles in the following one week. USPIO@MIL showed a
drug loading capacity of methotrexate (MTX) and doxorubicin (DOX) of ~50 wt%, and a similar GSH-
responsive sustained drug release (~20% release in 24 h) was observed in acidic phosphate-buffered
saline (PBS). Interestingly, MTX and DOX loaded USPIO@MIL exhibited a burst and negligible drug
release in neutral PBS, respectively within initial 24 h. Moreover, they showed promising in vivo MRI
properties and valuable in vitro anti-inflammation and anti-tumor effects. In terms of in vitro anti-
inflammation, DOX loaded USPIO(20)@MIL showed specific inhibition effects on inflammatory
RAW 264.7 macrophage cells and downregulates the expression of pro-inflammatory cytokines. Also,
DOX loaded USPIO(20)@MIL could kill Hela cells efficiently, even better than equivalent free DOX.
The r, value of USPIO(20)@MIL was ~93 mM™ s, ~30 times higher than that of MIL-100(Fe) and a
significant decrease of MRI signal was observed in the mouse liver and spleen after injection of
USPIO(20)@MIL.

In Chapter 3, similarly, we have synthesized theranostic Au@MIL MOFs by assembling atomically
precise fluorescent and biodegradable gold nanoclusters (Au2sSGig NCs) with the MIL-100(Fe). The
TEM size of Au@MIL MOFs was ~45 nm and their colloidal stability was also similar with that of
USPIO(20)@MIL in Chapter 2. These nanocarriers showed high drug loading (~40 wt%) and stimuli-
responsive drug release of the glucocorticoid dexamethasone phosphate (DexP). Hyaluronic acid-
polydopamine (HA-PDA) coating has been studied for the functionalization of Au@MIL, which could
slow down the release of DexP and target inflammatory macrophage cells. The co-delivery of
chemodrugs and inorganic nanoclusters by nanoMOFs led to an efficient anti-inflammation by
scavenging reactive oxygen species (ROS), downregulating pro-inflammatory cytokines secretion and
inhibiting inflammatory cells growth, etc. The in-depth anti-inflammatory mechanism of DexP loaded
Au@MIL was further investigated on THP1-dual cells, and the nuclear factor kappa B (NF-xB)
pathway and the interferon regulatory factor (IRF) pathway were blocked in the process. Although
AuxsSGigs NCs were good NIR-1I fluorescence agents, the fluorescence of AusSGig NCs@MIL-
100(Fe) NPs were quenched. In Chapter 4, based on cysteine capped Auzs NCs (AuzsCysis NCs) with
good NIR-II imaging properties under laser irradiation, we further developed series of hierarchical
diamagnetic Zn or Zr based nanoMOFs (i.e., ZIF-8 and UiO-66) via an in situ room temperature

synthesis and their perspectives are discussed as below.

Overall, the main ‘synthesis and in vitro’ goals of this thesis have been achieved, and whilst in vivo

anti-inflammatory or anti-tumoral applications need to be carried out in the future to fully demonstrate
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the therapeutic efficiency of these nanovectors. This work will hopefully facilitate the green synthesis
of hierarchical theranostic nanoMOFs and the future development of NIR-II window fluorescence

imaging, anti-inflammatory or even anti-bacterial applications.

Perspectives:

Theranostic MOFs have been increasingly attracting attention for cancer therapy. Through an in situ
room temperature synthesis, series of hierarchical theranostic nanoMOFs are obtained and some of
them have been investigated for in vitro anti-inflammation or anti-tumor in our work. However, there

are still many points that need to be addressed in a near future.

1) In Chapter 2, we have developed MTX loaded USPIO@MIL NPs. A burst release of
methotrexate (MTX) in neutral PBS and a sustained release in acidic PBS were observed, respectively.
Based on lipopolysaccharide (LPS) activated RAW 264.7 cells, we have however achieved a high anti-
inflammatory activity. In a view of in vivo anti-inflammation application, oral administration is thus
proposed for the treatment of gastritis and inflammatory bowel disease considering their acid
environment. In terms of rheumatoid arthritis, an intra-articular administration might be suitable for
sustained release.

2) As for DOX loaded USPIO@MIL NPs, the release of Dox is very slow even triggered by 10
mM glutathione (GSH) at acidic pH due to the strong coordination bond between DOX and open Fe
site of MIL-100(Fe). For better therapeutic efficiency, a combined chemotherapy and photothermal
therapy is thus proposed. Photothermal agents such as organic dyes or plasmonic nanoparticles could
be easily co-encapsulated into heterostructures to realize photothermal therapy that would trigger the
drug release. Additionally, in terms of intravenous injection, further surface modification might
improve the colloidal and/or chemical stability (and prevent from a strong burst release) while
conferring the required targeting ability.

3) In Chapter 3, encouraged by the promising in vitro anti-inflammatory and anti-oxidative
effects of AusSG1s@MIL-100(Fe), in vivo synergistic anti-inflammation could be further studied in
the future. Notably, the chemical stability of MIL-100(Fe) in neutral PBS is however a concern. In
our study, HA-PDA coating did not change the ligand trimesic acid (BTC) release rate compared with
uncoated AuxsSG1s@MIL-100(Fe). Different coating strategies employing covalent phosphate binding
biopolymers might circumvent this issue. Alternatively, following the strategy of delivering anti-
inflammatory drugs together with superoxide dismutase (SOD) and catalase (CAT) enzyme-like

metallic nanoparticles or nanoclusters, MIL-100(Fe) might also be replaced by other biocompatible
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and more stable MOFs such as Fe/Tannic acid (TA) MOF and PCN222 MOF, with a particular
attention on the in vivo toxicity.

4) In Chapter 4, as already known, AuzsCysig NCs are promising NIR-11 imaging agents, and
AursCysis@ZIF-8 and AuzsCysis@UiO-66 are of interest for NIR-11 imaging guided chemotherapy.
Also, In situ room temperature synthesis of MOFs based nano-objects is a versatile and universal
strategy and novel hierarchical MOFs might be beneficial for not only biomedical applications but also

catalysis, etc.
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Abbreviations

3-MA 3-methyladenine

4,4-DTBA  4,4'-dithiobisbenzoic acid
5-FAM S-carboxyfluorescein

5-FU 5-fluorouracil

AS artesunate

BBDC 5-boronobenzene-1,3-dicarboxylic acid
BSA bovine serum albumin

(6{0] carbon monoxide

Cy cyanine

DOX doxorubicin hydrochloride
DDS drug delivery systems

DHA dihydroartemisinin

EPR enhanced permeability and retention
ESCP ethoxysuccinato-cisplatin
EV extracellular vesicle

FA folic acid

GSH glutathione

HA hyaluronic acid

ICG indocyanine green

LA lactobionic acid

LSS liquid-solid-solution

MDR multidrug resistance

MDT microwave dynamic therapy
MIL materials of institut lavoisier
MOF metal-organic frameworks
MRI magnetic resonance imaging
MTT microwave thermal therapy
NCPs nanoscale coordination polymers
NCs nanocubes

NIR near-infrared

NIRF near-infrared fluorescent
nMOF nanoMOF

NPs nanoparticles
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NSF nephrogenic systemic fibrosis
PAI photoacoustic imaging

PB Prussian blue

PDA polydopamine

PDT photodynamic therapy

PEG polyethylene glycol

PET positron emission tomography

PPy polypyrrole

MIL-100(Fe)
MIL-101(Fe)

MIL-101(Fe)-
NH,
MIL-127

Fe-MIL-
53-NH,
ZIF-8(Zn)
Uio-66(Zr)

core
F606
Fe3(p3-0)g(ps-
OH);
Fe3(p3-0)g(ps-
OH);
Fe3(u3-0)e(p3-
OH)3
FeO4(OH),

Zn2+
[ZrsO4(OH)4]

Trimesic acid (BTC)
Terephthalic acid (BDC)

2-aminobenzene-1,4-dicarboxylate
(BDC-NH,)
3,3',5,5'-azobenzenetetracarboxylate
(Tazb)

Terephthalic acid (BDC)

2-methylimidazolate (MeIM)
Terephthalic acid (BDC)

PTT photothermal therapy
QDs quantum dots
RAFT reversible addition-fragmentation chain transfer
RGD cyclic arginine-glycine-aspartic acid
ROS reactive oxygen species
SNO S-nitrosothiol
SPAAC strain-promoted [3 + 2] azide-alkyne cycloaddition
SPECT photon emission computer tomography
TCPP tetra(4-carboxyphenyl)porphine
TNBC triple-negative breast cancer
UCNPs upconverting nanoparticles
USPIO ultra-small superparamagnetic iron oxide
VER verapamil hydrochloride
ZGGO zinc gallogermanate
ZIF-8 zeolitic imidazolate framework-8
pg-CD B-cyclodextrin
Common MOFs
MOF Metal cluster/ Ligand Node

6-connected
6-connected

6-connected

6-connected

6-connected

4-connected
6-connected

18.1 Introduction

Theranostics combines therapeutic property and diagnostic imaging to treat disease with high
therapeutic effects through a precise and personalized approach together with minimal side
effects. In recent years, it has become a hot topic with an increasing interest from chemists or
scientists to explore novel theranostic nanoprobes |1, 2].
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Biocompatible metal-organic frameworks (MOFs), highly porous crystalline porous solids,
have been widely known as drug delivery systems considering their large pore sizes/volumes
and ideal drug adsorption capacities. Apart from drug delivery, nanoMOFs also have been
considered as imaging agent to diagnose different diseases such as cancer or as therapeutic
agent used in preclinic research [3-7]. Most of the nanoMOFs reaching a preclinical in vivo
evaluation are based on Fe carboxylates or Zn azolates [8—11]. Until 2010, nanoMOFs

have been mainly considered for imaging or therapy, and their use for theranostics gradually
attracted researchers’ attention particularly since 2015 where it encountered a rapid
development [12—16]. Particularly, the construction of hybrid systems associating nanoMOFs
with functional organic or inorganic nanoparticles paved the way for the development of
multifunctional or multimodal nanoMOF theranostic probe [3, 9, 17].

In this chapter, we mainly discuss the developments of cancer theranostics based on nanoMOFs
within the past decade, which includes topical MOFs such as MIL-100(Fe), ZIF-8(Zn) and
UiO-66(Zr), etc. This contains the following subchapters: magnetic nanoMOFs, noble metal
nanoparticles-encapsulated nanoMOFs, polymer-assisted nanoMOFs, fluorescent nanoMOFs,
phototherapeutic nanoMOFs, nuclear medical imaging nanoMOFs, and other stimuli-
responsive nanoMOF. Note that a single type of nanoMOF system combines several features
and applications at the same time and could match more than one classification.

18.2 MOFs NPs with multitherapy and MR/optical imaging properties
18.2.1 Magnetic-based MOFs NPs

Magnetic nanoMOFs is a class of nanomaterials combining the magnetic properties of the metal
or metal-oxides nanoparticle with the drug-loading ability of the nanoMOF. These systems
are able to carry and deliver specific drugs in biological systems whose release is triggered on a
controlled manner under the application of a magnetic field [18, 19]. Magnetic resonance
imaging (MRI) is a powerful imaging technique due to its ability to provide high spatial
resolution and tissue penetration. In the present case, the magnetic nanoparticles affect the
relaxivity of the protons from water. High spin paramagnetic gadolinium (Gd) or iron (Fe)
oxides superparamagnetic nanoparticles are typically integrated or coupled with nanoMOFs
as MRI contrast agents.

18.2.1.1 Gd-based MOF NPs

As positive contrast agents, Gd-based nanoMOFs produce a large shortening of the longitudinal
relaxation time (T1) and high longitudinal relaxivity (r1). Boyes’s et al. have prepared polymer-
modified Gd nanoMOFs via a reversible addition-fragmentation chain transfer (RAFT)
polymerization for targeted imaging and treatment of cancer [20]. However, bimodal imaging
(magnetic resonance and fluorescence microscopy) and cell growth inhibition were only
considered at the in vitro level.
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Yin’s group also developed a Gd-carboxylate nanoMOFs theranostic platform for MRI-guided
pH-responsive chemotherapy in vivo based on a 5-boronobenzene-1,3-dicarboxylic acid
(BBDC) as a versatile ligand, leading to an enhanced permeability and retention (EPR)
effect and glucose-mediated glucose-transported protein (GLUT1) tumor targeting; this led to:
(1) an improved biocompatibility, (ii) efficient active targeting of tumors, and (iii) a
pH-responsive switch for leakage-free DOX delivery as three birds with one stone [21].

Via utilizing photodynamic porphyrin carboxylate as Gd MOFs ligand, Li’s group developed a
FA-conjugated Gd-porphyrin MOF for fluorescence imaging and MRI dual-modality
imaging and photodynamic therapy using zebrafish to develop tumor model of Hepatocellular
carcinoma [22]. The relaxivities of the resulting Gd-based nanoMOFs were significantly
higher than typical Gd chelates and the EPR effect took advantage of their higher

molecular weights. Such a multimodal imaging approach is attractive to guide cancer
therapy clinically.

18.2.1.2 Fe-carboxylate MOFs NPs

Considering the potential leaching of highly toxic Gd** ions from the in vivo degradation
of Gd-carboxylate-based nanoMOFs, which may lead to nephrogenic systemic fibrosis (NSF)
in patients, highly porous nontoxic iron(III)-carboxylate nanoMOFs have attracted so far a
great deal of attention as drug nanocarriers.

To make nanoMOFs efficient theranostic systems, it is necessary to synthesize nanoparticles of
several hundred nanometers with a narrow polydispersity. Among the large number of
existing Fe-carboxylate MOFs, MIL-n materials combine several features of interest: a good
chemical stability, a large porosity suitable for high dug payloads, a low toxicity, and
intrinsic imaging properties. Horcajada et al. have shown that MIL nanoMOFs with engineered
cores and surfaces are a class of nanocarriers for the controlled delivery of series of
challenging antitumoral and retroviral drugs, which also possess interesting in vivo imaging
properties and opens the way for theranostics, or personalized patient treatments [23].

Lin’s group also reported a strategy of delivering an imaging contrast agent organic fluorophore
together with an anticancer drug ethoxysuccinato-cisplatin (ESCP) prodrug by postsynthetic
grafting of the outer surface of the MIL-101(Fe) nanoMOF (MIL stands for Materials of
Institut Lavoisier) [24].

To overcome the poor biodistribution of drugs with frequent dose-related side effects, Zhang’s
group reported a biocompatible nanoMOF-based tumor targeting Drug Delivery Systems
(DDS) developed through a one-pot organic solvent-free “green” postsynthetic surface
modification procedure. Authors started from the preformed MIL-101(Fe)-N3; nanoMOF, then
functionalized by a bicyclononyne functionalized B-cyclodextrin (-CD) derivative (through
strain-promoted [3 + 2] azide-alkyne cycloaddition (SPAAC)) further combined with an
adamantane functionalized PEG polymer and targeting peptide cyclic arginine-glycine-aspartic
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acid (RGD) through host-guest interactions [25]. Due to the covalently linked pH-responsive
benzoic imine bond and the redox-responsive disulfide bond, this multifunctional DDS
showed an acidic environment-enhanced tumor cell uptake and tumor intracellular GSH-
triggered drug release, which inhibited tumor growth effectively with minimal side effects.

Based on MIL-100(Fe) nanoparticles and through SPAAC reaction, Liu et al. designed a novel
two-steps strategy for specific in vivo imaging of bacteria based on the metabolic labeling
technique for image-guided antibacterial therapy (Fig. 18.1) [26]. Herein, 3-azido-d-alanine
(d-AzAla) was first labeled on MIL-100 (Fe) NPs and after intravenous injection and d-AzAla
was selectively integrated into the cell walls of bacteria, which was then confirmed by
fluorescence imaging from DBCO-Cy5.
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Fig. 18.1

The proposed strategy of bacteria diagnosis and therapy by the H,O,-responsive MOFs assisted
in vivo metabolic labeling of bacteria (methicillin-resistant Staphylococcus aureus (MRSA)). (A) The
synthesis of azido-labeled D-AzAla@MIL-100 (Fe) NPs (d-AzAla = 3-azido-p-alanine). (B) The
accumulation and decomposition of D-AzAla@MIL-100 (Fe) NPs in the presence of H,O, at the site
of the infected tissue, followed by internalization of invading bacteria. (C) Ultra-small AIE
(aggregation-induced emission) NPs with dibenzocyclooctyne (DBCO) group bind with bacteria
through click reaction for tracking and effective photodynamic therapy (PDT) of bacteria [26].
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In another study, Liu et al. synthesized under ambient conditions pH-responsive nanoparticles
of coordination polymers (denoted Fe-CPNDs) via a simple and scalable method based on
the reaction among Fe>* ions, gallic acid, and poly(vinylpyrrolidone) [27]. As a class of
renal clearable nanomedicine, these ultra-small nanoparticles of Fe-CPNDs (5.3 nm) were used
for pH-sensitive MRI-guided photothermal therapy which completely suppressed tumor
growth. In short, one can consider that based on the very low toxicity and the interesting
photothermal/photodynamic properties of these nanoMOFs, solely Fe(IIl) carboxylate
nanoMOFs could be considered as safe and efficient candidates for theranostics in
nanomedicine. However, the potential challenges for clinical translation may still be

limited by their current lack of commercialization.

18.2.1.3 Composite nano-objects based on Fe-carboxylate MOFs

The association of MOFs and functional nanoparticles has led to the creation of new
multifunctional composites hybrid systems. However, until recently, these hybrid materials
have been mainly considered for other applications such as hydrogen storage or
heterogeneous catalysis [28-31]. In nanomedicine, series of hybrid nanostructures were
recently constructed from nanoMOFs to form multifunctional drug delivery systems.

Chen’s group developed core-shell Prussian Blue (PB) nanocube @Fe-BTC MOF for
pH-responsive artemisinin delivery, MRI, and fluorescence optical imaging(FOI)-guided
chemo/photothermal combinational cancer therapy [32]. Interestingly, dual nanoMOFs
integrated the T1/T2 MRI, photothermal ability, and photoluminescence properties of PB.
Furthermore, this strategy was applied for the construction of PB@ZIF-8 nanoparticle
system, and the endogenous degradation of ZIF-8 in acid tumor microenvironment was
combined with exogenous NIR stimuli to realize efficient drug delivery [33].

Ultra-small superparamagnetic magnetite (Fe;O,4) nanoparticles have generated a widespread
interest due to their potential applications in magnetic separation, magnetic hyperthermia,
magnetic targeting, and MRI. Sahu’s group incorporated Fe;O,4 nanoparticles into a degradable
zinc carboxylate metal-organic framework (IRMOF-3) and the cancer chemotherapy drug
paclitaxel was conjugated to the magnetic NMOFs through hydrophobic interactions for
targeted anticancer drug delivery and MR imaging [34]. The targeting nanoparticles killed the
cancer cells effectively, but only an in vitro model was considered so far. To some extent,
these folic acid-conjugated magnetic NMOFs also showed a stronger T,-weighted MRI
contrast.

Chen'’s group developed Fe;0,@C@Fe-BTC MOF nanoparticles through a layer-by-layer
formation of Fe-BTC MOF at the surface of particles combining Fe;0,4 and carbon dots. While
Fe;0,4@C imparts multimodal imaging properties (photoluminescence and MR) and magnetic
targeting ability, Fe-BTC MOF was used for the co-delivery of the anticancer
Dihydroartemisinin (DHA), the toxicity of which is increased in the presence of Fe(Il) [35].
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Through the pH-responsive degradation of Fe-BTC, MOF Fe(IIl) was released in the tumor
followed by its reduction into ferrous ions. The interaction of Fe(II) with DHA led to the
production of reactive oxygen species (ROS). A similar strategy was applied by using
preformed PB nanocubes Mn3;[Co(CN)¢],. Similar core-shell Fe;0,@nanoMOF composites
were also obtained with UiO-66 and Bio-MOF for simultaneous drug delivery and tumor
visualization via MRI [36, 37].

As an ultra-small superparamagnetic iron oxide (USPIO) NP, maghemite (y-Fe,O5) is of great
interest. Steunou et al. designed through a postsynthetic strategy a maghemite-nanoMIL-100
(Fe) bimodal nanovector as a platform for image-guided therapy [38]; when the maghemite
content was of 10 wt%, this led to relaxivity values reaching those of the commercial USPIO
systems, while keeping the drug delivery properties of the bare nanoMOF paving the way for
their use in theranostics.

18.2.1.4 Mn-based MOFs NPs

Manganese(IT) (Mn*"), although with a higher toxicity and lower daily dose compared to iron
ions, has been demonstrated with its five unpaired 3d electrons to be an effective T1
contrast agent in MRI. Recently, Mn-based MOFs have, therefore, been considered

for theranostics.

Lin’s group reported the self-assembly of a Mn-bisphosphonate nanoscale coordination
polymers (NCPs) with a lipid and PEG coating; this theranostic NCP platform was capable of
delivering a chemotherapeutic drug to cancer cells and behaved as an MRI contrast agent
simultaneously to cancer cells with high cargo loadings [39].

Considering the toxic adverse effects and resistance to drugs of chemotherapy, Yin’s

group developed theranostic Mn-porphyrin Zr(IV) carboxylate nanoMOFs; the bridging
Mn-porphyrin ligand was used for a MRI-guided nitric oxide and photothermal synergistic
therapy [40]. Interestingly, free-radical NO treatment was introduced to overcome the
disadvantages of singlet oxygen ('O,)-based PDT due to the local hypoxia of tumor and through
the formation of heat-sensitive NO donor S-Nitrosothiol (SNO). NO release and PTT were
obtained simultaneously under near-infrared (NIR) light irradiation.

18.2.2 MOFs NPs for photodynamic and photothermal therapy

Phototherapeutic therapy, including photothermal therapy (PTT) and photodynamic therapy
(PDT), is an highly effective, noninvasive, selective method for cancer treatment [41].
Meng’s group prepared flexible Mn-doped UiO-66 nanocubes (NCs) with a small particle size
(~60 nm) through a one-pot hydrothermal route. This led to a nanosystem combining
microwave dynamic (MDT) and microwave thermal (MTT) therapies well suited to suppress
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the tumor cell growth in vivo and in vitro under mild microwave irradiation [42],
highlighting the synergic effect between MTT and MDT.

Porphyrin ligands are interesting for photodynamic therapy, but their use is limited by their
poor solubility, self-quenching, and aggregation issues. Porphyrin carboxylate-based MOFs
are a recent subclass of MOFs with a good biocompatibility, although they are still produced
using toxic solvents, emitting bright red fluorescence for fluorescence imaging; they exhibit
also photosensitizing properties suitable for photodynamic therapy. Ju’s group designed
multifunctional porphyrin-based MOFs NPs by assembling porphyrin, folate targeting-motif,
and dye-labeled peptide into MOF cages [43]. After folate receptor-mediated uptake, the
nanoprobe could efficiently generate 'O, in mitochondria to induce cell apoptosis.

Zr(IV)-based porphyrinic MOF nanoparticles PCN-224 also attracted attention for tumor-
targeted photodynamic therapy and hypoxia-amplified bioreductive therapy [44, 45]. Through
cancer cell membrane coating, another novel cancer cell membrane @Pt(II) porphyrinic
MOF (mPPt) was also developed as a biomimetic theranostic O,-meter for cancer-targeted
photodynamic therapy and phosphorescence imaging [46]. In type II mechanism of
photodynamic therapy (PDT), the ground triplet-state molecular oxygen (*0,) is transformed to
the reactive singlet oxygen ('O,). However, the process is extremely dependent on oxygen
(O,), and the lack of O, will directly suppress the PDT efficacy. In the type I mechanism, O; ¢
molecule could be further converted to partially recyclable O, under the effects of intracellular
superoxide dismutase (SOD) and part of them could be transformed to high toxic hydroxyl
radical (OH®). To overcome a hypoxia microenvironment, Dong’s group developed
bacteriochlorin-based Hf MOFs termed DBBC-UiO as a NIR laser-induced O, * generator for
photoacoustic imaging (PAI)-guided PDT through synergistic type I (O,-independent) and
type II mechanism for hypoxia tumor ablation (Fig. 18.2) [47]. Tumor-specific PAI and highly
efficient hypoxic solid tumor ablation were shown in the experiment.

18.2.3 Nano-objects based on MOFs and inorganic NPs for optical imaging,
photodynamic/photothermal therapy

Noble metal nanoparticles (NPs), especially anisotropic gold NPs (AuNPs), are broadly
recognized as candidates for cancer theranostics because of their good biocompatibility, high
light-to-heat conversion efficiency, and unique near-infrared (NIR) light absorption feature.
Note, however, that the elimination pathways of such nanoparticles are highly questionable
particularly when the nanoparticles are nondegradable. In general, nanoparticles with a size of
<5 nm will undergo in vivo renal elimination via the kidneys and finally through urine. In
the case of nanoparticles >5 nm, the biodegradable ones can be disassembled first and then
return to the metabolic circulation, while most nondegradable nanoparticles (>5 nm) will

be retained in long term in liver nonparenchymal cells such as Kupffer cells, which act as
barriers of hepatobiliary elimination [48].
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Fig. 18.2
The synthetic procedure and photo-induced PDT mechanism of DBBC-UiO.

18.2.3.1 Core-shell Au NRs@MOFs

Tang’s group combined anisotropic gold nanorods (AuNR) and ZIF-8 into core-shell
nanostructures AuNRs@ZIF-8 as a multifunctional nanoplatform for near-infrared-induced
synergistic chemo-photothermal therapy (Fig. 18.3) [49]. Gold nanorods with high NIR-light-
triggered photothermal properties are good candidates for photothermal therapy, and its
drug-loading capacity was improved through the ZIF-8 shell. However, this work was mainly
focused on photothermal therapy and more work needs to be done considering the
questionable elimination of nondegradable Au NPs.

Through similar strategy, Li’s group developed biocompatible Au@Ag nanorod @ZIF-8 core-
shell nanoparticles for surface-enhanced Raman scattering (SERS) imaging and doxorubicin
(DOX) delivery. For a better SERS signal, 4-aminothiophenol (4-ATP) was adsorbed on the
surface of Au@Ag nanorod and the ZIF-8 shell played the role of the drug carrier and also
improved the stability and biocompatibility of the SERS tag. A targeting drug therapy and
imaging was shown in vitro [50].

Zhang’s group used functionalized gold nanorods to construct through a solvothermal
method porphyrinic nanoMOFs-coated gold nanorods (AuNR @MOFs) for combined
photodynamic/photothermal/ chemotherapy of tumor. Camptothecin (CPT) was chosen as a
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Fig. 18.3
The fabrication of AUNR@ZIF-8 core-shell nanostructures as a novel multifunctional nanoplatform
for synergistic chemo-photothermal cancer therapy both in vitro and in vivo.

model drug, and through the triple synergistic therapy, the tumor cells were damaged efficiently
both in vitro and in vivo [51].

Janus nanoparticles have shown also to have a great potential as theranostic platform in tumor
treatment, but were mainly limited to oxides and metals. Interestingly, Han’s group prepared
a unique lactobionic acid (LA)-modified AuNR/ZIF-8 Janus nanoplatform via a selective
growth of ZIF-8 on the polyacrylic acid (PAA) side of preformed Janus Au NR/ PAA
nanoparticles. These original nano-objects were used for CT imaging-guided liver cancer
therapy by the combined effect of chemotherapy and PTT [52].

18.2.3.2 Nano-objects based on MOFs and Au nanospheres/nanoclusters

The Au nanosphere with a size of tens of nanometers could not only act as photothermal agents
to kill cancer cells and promote drug release, but also enhanced Raman signal. Meanwhile,
considering nanoscale metal-organic frameworks (NMOFs) with high porosities and high
internal surface areas as drug delivery system, Hu’s group designed Raman tag-bridged core-
shell Au@Cu;(BTC), nanoparticles for Raman imaging and synergistic chemo-photothermal
therapy [53]. Theranostic applications for cell tracking and in vivo synergistic chemo-
photothermal therapy of tumor were conducted, but the tumors were partially retained.
Moreover, the toxicity of Cu ion and the elimination of Au nanosphere with large particle
size may be a potential problem.
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Gold quantum dots are very small nanoparticles (a few nm) which exhibit distinctive optical
and magnetic behaviors compared with larger gold nanoparticles. Au nanoclusters (AuNCs)
have been extensively applied as fluorescent probes for various biomedical applications due
to their unique chemical and physical properties [54-56], especially for cell imaging or
detection [57-59] and even for in vivo theranostics [60]. There is also an interest in biomedicine
for hybrid Au nanoclusters, such as Au,s nanoclusters [61-63].

Yang’s group has developed an inorganic-organic Fe;0,4/ZIF-8-Au,s nanocomposite for
magnetically targeted photodynamic/photothermal therapy. Briefly, upon 808 nm NIR light
irradiation, the attached Au,s clusters can generate hyperthermia to produce a unique
photothermal therapy modality, while an efficient singlet oxygen can also be produced for PDT.
Furthermore, the encapsulated Fe;O,4 nanocrystals could also serve as a PTT agent [64].
The introduction of small Au nanoclusters, when designing hybrid theranostic nanoMOFs, is
quite advantageous not only due to their ability to produce ROS for photodynamic therapy,
but also as a result of their easier renal clearance in comparison to larger inorganic
nanoparticles.

Wang’s group designed a multifunctional Fe;0,@PAA/AuNCs/ZIF-8 NPs nanoplatform with
a 130 nm size that combines MR, CT, and fluorescence tri-modal imaging, ultrahigh
anticancer drug-loading, and dual pH-responsive drug release properties (Fig. 18.4) [65]. In this
work, Fe;0,@PAA core-shell NPs and GSH-capped AuNCs were prepared, respectively,
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Fig. 18.4
The preparation of Fe30,@PAA/AuNCs/ZIF-8 composite NPs for simultaneous tri-modal cancer
imaging and chemotherapy.
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and then ZIF-8 was formed at the surface of Fe;0,@PAA/AuNCs. Such multifunctional NPs
are of interest for their multimodal cancer diagnostics and visualized-synergistic therapy.

In another approach, the attachment of BSA-modified AuNCs at the surface of MIL-101(Fe)
was performed to build multifunctional theranostic nanoMOFs. MIL-101(Fe) @BSA-AuNCs
presented MRI and fluorescence properties and was used as microwave-sensitive reagent for
microwave thermal therapy, MRI, and fluorescence imaging (FI) [66].

18.2.3.3 Core-shell Au nanostar@ nanoMOF

To cure the triple-negative breast cancer (TNBC), one of the most dangerous subtypes among
breast cancers, Zeng’s group prepared core-shell gold nanostar@ MIL-101-NH,(Fe) whose
surface is covalently modified by a short peptide ZD?2 able to target the TNBC. This nano-
object was used for T1-weighted MRI and photothermal therapy specifically targeting TNBC
(Fig. 18.5) [67]. MIL-101-NH,(Fe) is a biocompatible and biodegradable MOF-bearing amino
groups that could be further functionalized by ZD2 to achieve an active-targeted ability. MIL-
101-NH,(Fe) through its very large pores is able to upload record amounts of drugs which is of
interest for further synergistic cancer therapy.

18.2.3.4 Nano-objects based on MOFs and upconversion NPs (UNCPs)

Upconversion nanoparticles (UCNPs), capable of converting near-infrared radiation to visible
light, were chosen as optical probe in biological assays and medical imaging. Deng’s group
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Fig. 18.5
The synthesis of AUNS@MOF-ZD2 nanoprobes and application of T1-weighted MRI and
photothermal therapy specifically toward MDA-MB-231 tumor (TNBC) [67].
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developed an aptamer-modified core-shell nano-objects composed of upconversion
luminescent NaYF,:Yb**/Er’* nanoparticles-based core and Fe-BTC MOF shell. These
UCNPs@MOF nanocomposites exhibit upconverting green emission under laser excitation at
980 nm, thereby providing the possible optical imaging for in vivo bioprobes. This hybrid
system showed great promises for simultaneous in vitro upconverting imaging and
chemotherapy of cancer cells [68]. Apart from MIL100(Fe), ZIF-8 was also developed to
encapsulate UCNPs with the modification of folic acid, which demonstrated in vitro its efficient
pH-responsive drug delivery properties [69].

Cha’s group used DNA-mediated assembly of core-satellite structures composed of Zr
(IV)-based porphyrinic MOF (PCN-224) and UCNPs for photodynamic therapy (PDT) [70].
Herein, singlet oxygen ('O,) was generated by Zr porphyrinic MOF NPs upon photo-irradiation
in NIR. By assembling UCNPs with MOFs, it was possible to take advantage of the
increased penetration of NIR light. UCNP NPs were used to excite the porphyrinic ligand due to
their ability to absorb in the NIR and emit visible light. A high singlet oxygen production
was observed under 980 nm irradiation by using the core-satellite UCNP-PCN-224 and this
amount was significantly higher than what can be produced from simply mixing UNCPs and
MOF NPs.

18.2.3.5 Nano-objects based on CuS and MOF NPs

CuS NPs is one of the most common PTT agents used for the design of nanocomposites
suitable for chemo-PTT. ZIF-8 was used by Luan’s group to co-encapsulate the anticancer
quercetin, CuS nanoparticles, in order to reach a synergy between chemotherapy and PTT [71].
Moreover, folic acid-bovine serum albumin (FA-BSA) conjugates were grafted to stabilize
the CuS@ZIF-8-QT and design an active-targeting drug delivery system. As a result, in vivo
and in vitro anticancer PTT/chemotherapy was demonstrated under NIR irradiation.

Yin’s group developed an “all-in-one” antitumor and antirecurrence/metastasis nanocarrier
by combining CuS nanoparticles, protoporphyrin IX, and Doxorubicin during the synthesis
of ZIF-8 to obtain a chemo-, photothermal-, and photodynamic-nanosystem able to eliminate
solid tumors under the guidance of MRI and infrared thermal imaging [72].

18.2.4 Hybrid nanoparticles by combining MOFs with organic molecules and materials

18.2.4.1 Photothermal MOFs-polymer nanocomposites

Polymers are commonly combined to MOF nanovectors not only to process and stabilize
MOFs NPs, but also to enhance their blood circulation and enable specific cell targeting.

In addition, polymers were also used to impart physical properties such as PTT ability. In the
following, we will discuss recent examples in which polymers were used as photothermal
agents.
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As a type of photothermal agent, polypyrrole (PPy) has shown great potential for the
photothermal treatment of cancer in vitro and in vivo. Fan’s group fabricated multifunctional
core-shell PPy@MIL-100(Fe) nanoparticles with PPy NPs acting as cores and the
MIL-100(Fe) as the outer shell. Doxorubicin (DOX) was encapsulated in the MOF for a
simultaneous photothermal therapy and chemotherapy of cancer cells. Herein, the introduction
of PVP was used to facilitate the nucleation and growth of MIL-100(Fe) on the surface of
PPy [73]. This resulted finally into an outstanding in vivo synergistic anticancer ability.
Following a similar strategy, Wang’s group further conducted Photoacoustic(PA) and MR
dual-mode imaging and synergistic chemo-photothermal killing effects in vitro based on
PPy @MIL-100 nanoparticles [74]. The strong NIR absorbance and T, relaxation signal of
PPy @MIL-100(Fe) NCs were utilized for PAI and MRI and synergistic chemo-photothermal
killing effects were achieved. However, these two studies were limited to in vitro theranostics.

PPy was also formed in situ in the presence of preformed MIL-53(Fe) particles which provide
Fe’* ions able to oxidize Py to PPy. PPy-MIL-53(Fe) nanocomposites with strong NIR
absorbance can be applied for PPT to destroy cancerous cells, while anticancer drug DOX
could be loaded in the composite particles. These multifunctional nanocomposites can be of
interest for tumor theranostics through a combined photothermal-chemotherapy [75, 76].

Polydopamine was also combined to MOFs due to its facile synthesis, biocompatibility, and
high photothermal conversion efficiency.

Zhao’s group fabricated hybrid particles by coating ZIF-8 nanoparticles with polydopamine
(PDA), followed by a surface modification with hyaluronic acid (HA) and Fe’* for targeted
drug delivery and MRI [77]. Prior to the surface modification, DOX was encapsulated in
the porosity of ZIF-8. In order to realize a pH-responsive drug release system, ZIF-8 was
selected considering its intrinsic pH-dependent stability. HA was used to target the prostate
cancer line PC-3, while Fe* cations impart T1 MRI properties. The targeting ability of
DOX@ZIF-8-HA was confirmed and the in vitro chemotherapeutic efficacy was shown, but no
further in vivo study was performed.

Based on MIL-100(Fe), Zhang et al. prepared hybrid particles by coating curcumin-loaded
MIL-100(Fe) NPs with PDA-modified HA and studied them for photoacoustic imaging-guided
chemo-/photothermal cancer therapy (Fig. 18.6) [78]. A high photothermal conversion
ability was achieved in these hybrid particles through the introduction of both curcumin and
PDA-HA. The coating of HA-PDA resulted in a tumor-targeting ability as well as improved
the stability of the nanoMOF in the blood, resulting in a significant antitumor effect after
intravenous injection into tumor-bearing mice.

Polyaniline (PAN) exhibits strong absorption coefficients, excellent photostability, but a poor
water solubility. Wang et al. synthesized nanoscale polymer-MOF UiO-66 @polyaniline with
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Fig. 18.6
(A) The preparation of MCH NPs through the formation of MIL-100(Fe), curcumin loading, and
HA-PDA surface coating; (B) Under the guidance of PAIl in vivo, efficient chemo-/photothermal
combinational tumor therapy of MCH NPs was conducted via combinational-enhanced penetration
and retention (EPR) and tumor-targeting effects [78].

an appropriate particle size, good water-dispersibility, strong NIR absorbance, high
photostability, and photothermal conversion efficiency suitable for PTT-based cancer
treatment in vitro and in vivo under guidance of photothermal imaging [79]. Due to its
negatively charged surface, UiO-66 could adsorb aniline through electrostatic interaction
that was further polymerized using ammonium persulfate as an oxidizing agent.

MOFs@polymer composites based on Zr dicarboxylate nanoMOFs, such as UiO-66@CyP
(CyP represents cyanine polymer), were obtained for NIR fluorescence imaging-guided
PTT-based cancer treatment by utilizing multicomponent passerini reaction to realize the
polymerization of NIR dye cyanine (Cy) on the surface of UiO-66 nanocrystals [80]. UiO-66
nanocrystals were used as templates for the polymerization, and the resulting UiO-66@CyP
exhibited high PTT performance in cancer treatment. Note that the utilization of Zr for
biomedical applications is highly questionable due to the exogeneous nature of Zr as

well as the very low solubility in body fluids of the biodegradation products

(Zr oxides/phosphates).
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18.2.4.2 C dots

Compared with toxic metal-based quantum dots (QDs), fluorescent carbon nanodots (C-dots)
display strong fluorescence intensity and are harmless to the environment. This makes

them appealing candidates for diagnostic analysis, bio-imaging, etc. Wang’s group reported
a two-step room temperature synthesis of green fluorescent C-dots incorporated into ZIF-8 as
a simultaneous pH-responsive drug delivery and fluorescence imaging system [81]. These
hybrid nanocomposites showed remarkable properties depending on the incorporated C-dots
with versatile shapes and functions.

18.2.4.3 Graphitic carbon nitride (g-C3N4) nanosheets

The g-C5N4 nanosheets are efficient visible-light photosensitizer for PDT. Lee’s group first
designed an nanoscale core-shell platform based on DOX-loaded g-C3;N,@ZIF-8 nanoparticles
for photo-chemotherapy under dual-color imaging (the red fluorescence of DOX and the
blue fluorescence of g-C5N,4 nanosheets) [82]. The combination of the chemotherapeutic
effects of DOX and the PDT effect of g-C5N4 nanosheets led to a high therapeutic efficacy.

18.2.4.4 Fluorescent dyes

Most near-infrared region (NIR) organic dyes such as Indocyanine green (ICG) are ideal
imaging and photodynamic/photothermal therapy agents. However, their poor aqueous
solubility, low cancer specificity, and low sensitivity in cancer theranostics have limited so
far their clinic translation. To overcome these issues, Liu’s group developed hyaluronic acid
(HA) and ICG-engineered MIL-100(Fe) nanoparticles (MOF@HA @ICG NPs) for
imaging-guided, anticancer photothermal therapy (PTT) [83].

Apart from MIL-100(Fe), NIR dyes were also combined to ZIF-8, MIL-53, or Fe(III)
tetracarboxylate “socMOF” (or MIL-127), and the dye-MOF NPs inhibited tumor growth
through photothermal or photodynamic therapy, while exhibited outstanding NIR or
fluorescence imaging capacity both in vitro and in vivo [84-86].

Through postsynthetic surface modification process, one can also design fluorescent
nanoMOFs denoted “NMOF.” Damirin’s group synthesized a smart multifunctional NMOF for
MR /optical imaging and targeted drug delivery [87]. First, Fe-MIL-53-NH, was used for
encapsulating the drug 5-fluorouracil (5-FU) and served as a MR contrast agent. Subsequently,
the fluorescence imaging agent 5-carboxyfluorescein (5-FAM) and the targeting reagent
folic acid (FA) were conjugated to the 5-FU-loaded Fe-MIL-53-NH,. The obtained drug
delivery system (DDS) showed both a good biocompatibility, tumor-enhanced cellular uptake,
strong cancer cell growth inhibitory effect, excellent fluorescence imaging, and finally an
outstanding MRI capability.
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18.2.5 MOF NPs for nuclear medical imaging

18.2.5.1 Positron emission tomography (PET)

Compared to other imaging techniques, positron emission tomography (PET) imaging has
superior detection sensitivity, deeper signal penetration, and better quantitative capacity,
thus gaining more widespread use in both preclinical and clinical scenarios. Hong’s group
developed a biocompatible isotope zirconium-89 (**Zr, t, 2 = 18.4 h)-labeled UiO-66
nanoMOF platform for PET imaging and tumor targeting DOX delivery to treat tumor-bearing
mice [88]. These functionalized 897r-Ui0-66 nanoMOFs with strong radiochemical and
material stability are of interest as an image-guidable, tumor-selective cargo delivery
nanoplatform.

Liu’s group developed a chelator-free ®*Cu-labeled method that can precisely tune the size of
drug-loaded amorphous ZIF MOF particles at room temperature and analyze in vivo the
impact between the particle size and the cancer theranostics [89] to trace MOFs through
PET imaging. These 60 nm radiolabeled nanoMOFs exhibited a longer blood circulation with
over than 50% higher tumor accumulation compared with larger particles of 130 nm.
Although ZIF MOF is specifically promising for drug carrier, the toxicity of ZIF-8
nanoparticles cannot be ignored, which may severely limit its further clinical application.
Meng’s group developed biocompatible ZIF-8 nanoparticles by coating ZrO, onto the surface
for chemo-microwave thermal tumor synergistic therapy [90]. Ionic liquid (IL) was loaded
into the pore for enhanced microwave thermal therapy and ZrO, could also act as an excellent
CT contrast agent. Meaningfully, the toxicity problem of ZIF-8 nanoparticles successfully
was solved, which is helpful for further research.

Chen’s group fabricated a PEGylated Zr/porphyrinic MOF-Au nanohybrid, in which AuNPs
were grown in situ on the MOF NPs for O,-Evolving Synergistic Chemoradiotherapy

(Fig. 18.7) [91]. The biodistribution of the nanomedicine was investigated by PET imaging
through Cu-64 radiolabeling method. Herein, AuNPs as radiosensitizers were decorated on
the surface of MOF to stabilize the nanocomposite, whereas the MOF scaffold acts as a
container for loading chemotherapeutic drug doxorubicin, achieving an enhanced synergistic
radiochemotherapy.

18.2.5.2 Single photon emission computer tomography (SPECT)

Liu’s group fabricated PEG functionalized 2D-NMOFs composed of Zn** and tetra
(4-carboxyphenyl) porphyrin (TCPP) labeled with the diagnostic radioisotope **™Tc for
single photon emission computer tomography (SPECT) imaging and chemo-photodynamic
cancer therapy [92]. Through SPECT, efficient tumor homing of those **™Tc-labeled
2D-NMOFs was observed upon intravenous injection.
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Fig. 18.7
The main components of Dox@MOF-Au-PEG and the mechanism of O, self-supplying synergistic
chemoradiotherapy.

18.2.5.3 Computed tomography (CT)

Meanwhile, considering strong X-ray attenuating ability of the Hf element, Xie’s group
developed a multifunctional Hf-porphyrin NMOF platform [Hf/TCPP] with a high TPZ loading
for Computed Tomography (CT) imaging that combined PDT and hypoxia-activated
chemotherapy [93]. Hf/TCPP nanoparticles could efficiently produce ROS for PDT upon
irradiation, while the depletion of the oxygen did further enhance the hypoxic environment of
tumors to induce the activation of TPZ associated with better in vivo efficacy. Via a mixed-
component strategy, photoactive chlorin was incorporated into the Hf-UiO-66 archetype
structure, named TCPC-UiO, in a view of multimodal CT/thermal/photoacoustic imaging,
photodynamic, and photothermal therapy (Fig. 18.8) [94]. TCPC-UiO showed an impressive
anticancer activity against tumor-bearing mice in vivo, with a tumor inhibition rate above 90%.

Tumor hypoxia is a typical feature of solid tumors, which limits the applications in radiotherapy
because of radiation resistance. Based on the upregulated expression of CA IX by hypoxia in
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Fig. 18.8
The synthesis and mechanism for cancer therapy of TCPC-UiO by light activation. (A) Synthesis of
TCPC-UiO NMOF and schematic description of heat and singlet oxygen generation under laser
irradiation. (B) Photophysical mechanism for cancer therapy under light activation of a combination
therapy guided by CT/thermal/photoacoustic imaging.

tumor, Meng’s group developed quercetin-modified Zr MOFs for simultaneously enhancing
RT therapeutic effects and CT imaging [95]. The 1,4-benzenedicarboxylic acid produced
from Zr-MOF biodegradation can strongly bind to the Zn** of CA IX, which can inhibit the
catalytic activity of CA IX and result in downregulating tumor hypoxia and quercetin (QU)
acts as a radiosensitizer. The as-prepared Zr-MOF-QU as CA IX inhibitor exhibited improved
radiation-mediated apoptosis.

Following again an “all-in-one” strategy, Dong’s group developed zirconium-ferriporphyrin
MOF (Zr-FeP MOF) nanoshuttles for multimodal imaging diagnosis, PDT, and low-
temperature PTT synergistic treatments (Fig. 18.9) [96].

18.2.6 Other stimuli-responsive nanoMOF

New responsive MOFs nanocarriers sensitive to tumor microenvironment such as low pH and/
or a high glutathione (GSH) concentration have been developed [97, 98]. Encapsulation of
stimuli-responsive molecules into MOFs paves the way for constructing novel stimuli-
responsive systems able to trigger drug release at tumor site. Qi’s group developed an intrinsic
GSH-responsive MOFs carrier, denoted as MOF-Zr(DTBA), using 4,4'-dithiobisbenzoic
acid (4,4'-DTBA) able to release drugs in vivo [99]. Curcumin (CCM) was further incorporated
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Fig. 18.9
Multimode imaging diagnosis and combination of low-temperature PTT and PDT for cancer
treatment based on siRNA/Zr-FeP MOF nanoshuttles.

into MOF-Zr(DTBA) to construct CCM@MOF-Zr(DTBA). Its superior anticancer efficacy
was verified through in vitro and in vivo experiments.

Fang’s group-encapsulated autophagy inhibitor 3-methyladenine (3-MA) into ZIF-8 to build
a pH-sensitive and tumor-targeting controlled drug delivery system denoted 3-MA @ZIF-8
NPs for antitumor application [100]. ZIF-8 framework was shown to be effective in terms of
drug control release and controlling autophagy by encapsulating autophagy inhibitors.

Based on ZIF-8 MOF, pH-responsive theranostic nanoMOFs have been developed for imaging,
tumor suppression, and multidrug resistance (MDR), etc. [101, 102].

Oxidative stress can also affect the therapy of cancer cells, and therefore, Ning’s group
developed a liposomal formulation of dichloroacetic acid (DCA) and metal-organic framework
(MOF)-Fe** (MD@Lip) for synergistic amplification of oxidative stress-mediated antitumor
activity [103]. DCA can stimulate intracellular H,O, generation and promote MOE-Fe** to
convert H,O, to cytotoxic *OH, inducing cancer cell apoptosis. MD@Lip showed selective
accumulation in tumors and effective inhibition to tumor growth in in vivo studies.

For a better drug delivery, it is critical to pass biological barriers in vivo; biomimetic membrane
camouflage of MOF strategy has been developed for the inhibition of tumor growth
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considering its advantageous homotypic targeting ability, prolonged circulation, and
phagocytosis prevention [104]. Li’s group constructed a biomimetic cascade nanoreactor
(designated as Mem @GOx @ZIF-8 @BDOX) for tumor-targeted starvation therapy-amplified
chemotherapy by assembling tumor cell membrane cloak and glucose oxidase (GOx) onto
zeolitic imidazolate framework (ZIF-8) with the loading prodrug of hydrogen peroxide (H,O,)-
sensitive BDOX [105]. The biomimetic cascade nanoreactor could be for fluorescent imaging,
and meanwhile, remarkably improve the therapeutic efficacy through the synergistic therapy.

Considering that MOFs have emerged as promising delivery vehicles, the construction of
stimuli-responsive nanoMOF:s is critical for the development of cancer theranostics, and Liu’s
group designed a general approach for the preparation of stimuli-responsive multifunctional
MOFs [106]. Different types of MOFs including ZIF-8, MIL101, and UiO-66 were synthesized
first and then functionalized with polydopamine (PDA) after DOX loading, followed by the
conjugation with targeting molecules for targeted drug delivery. Importantly, the stimuli-
responsive multifunctional MOFs showed great potential in combined chemo-photothermal
therapy.

For the purpose of precise therapy and reducing side effects, more smart targeting molecules-
modified stimuli-responsive nanotheranostic probe with the ability of affording immune
evasion shall be developed, and it is very meaningful to explore series of facile and general
synthesis methods of stimuli-responsive nanoMOF hybrid composites based on tumor
microenvironment.

18.3 Challenges

So far many new hybrid nanoMOFs systems have been constructed and have demonstrated,
in most cases in vitro, a potential benefit that combines the DDS properties of the nanoMOFs
and the imaging or stimuli-responsive behavior of the functional nanoparticles (organic or
inorganic). However, when dealing with biomedical applications, this is necessary to consider
the potential toxic effects of the system in play. In the case of such nanoMOFs hybrid systems,
one should ideally demonstrate the biocompatibility, biodegradability, and lack of
accumulation into the body of the nanoparticles such as done previously with the bare porous
iron(IIT) carboxylate materials [15]. Before constructing theranostic probe, in vitro and

in vivo toxicity experiments should be considered for each nanocarrier. Besides, these
nanosystems shall ideally be produced following green, environmentally friendly, and
energy-efficient routes using water or nontoxic organic solvents such as alcohols [107, 108].
Another very important parameter is to control the physical and chemical properties of the
nanoparticles such as the particle size that should be smaller than 200 nm with an excellent
control of the dispersity. This is likely that most of hybrid nanoMOFs candidates considered so
far for bioapplications fail to meet these demanding criteria.
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In addition, the colloidal stability of the hybrid nanoMOFs in different biological media shall
strongly affect the biodistribution and pharmacokinetics in vivo [109]. If a considerable
effort has been devoted to surface modification [110-113], such as conjugating targeting
molecule, coating with PEG or polymer, the stability of these systems could be improved,
leading to a longer blood circulation half-life, better drug delivery abilities, and therapeutic
efficiencies.

18.4 Conclusion/perspectives

This paper gives a detailed description on the recent developments of hybrid nanoMOFs
concerning theranostics. MOFs themselves are promising candidates for drug delivery and
a large array of strategies to produce hybrid nanoMOFs combined with various active
molecules or nanoparticles have been produced that bear magnetic, fluorescent, or thermal
properties suitable for imaging-guided therapy. In a view of future MOFs’ clinical use, one
shall now focus on the development of optimal nontoxic multifunctional stimuli-responsive
nanoMOFs formulations with a suitable stability in body fluids.
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Biocompatible nanoscale iron carboxylate metal—organic frame-
works (nanoMOFs) have already demonstrated their ability to
efficiently deliver various therapeutic molecules. The versatility of
the synthesis methods and functionalization strategies could
further improve their drug carrier potential. However, in oncology,
preclinical evaluation still suffers from the lack of relevant models
able to mimic the heterogeneity and the microenvironment of
human tumors. This may impact the significance of the preclinical
data, hindering the clinical translation and drug development
process. Motivated by this hurdle, a 3D lung tumor model is herein
developed to investigate nanoMOFs, as bare nanoparticles or
coated with polyethylene glycol. Loading with doxorubicin, as a
model drug, enables the investigation of their penetration capacity
and efficacy in the 3D tumor nodule. NanoMOFs carry a large
cargo, can diffuse efficiently within the tumor and are capable of
significant intracellular penetration. Nevertheless, they prove to be
therapeutically ineffective because the loaded drug is sequestrated
in the lysosomal compartment and does not reach the nucleus, the
doxorubicin sub-cellular target. These results question the in vivo
evaluation of these nanoMOFs and call for further optimization to
achieve successful drug delivery.

Over the past 50 years, great effort has been devoted toward
the development of nanoscale drug delivery systems (i.e., nano-
medicines) since they offer the promise of surmounting the
limitations of conventional treatments." Some nanomedicines
have shown their ability to protect the loaded drug from rapid
degradation and/or elimination as well as to avoid some non-
specific distribution in the whole body. The latter forces the
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administration of high doses of drugs to enable at least a
small amount to reach the target tissue, cell or sub-cellular
compartment and this is frequently associated with the insur-
gence of undesired side effects.

Among the severe diseases, due to the overall poor progno-
sis, much work has been done in the field of cancer therapy.”
Lipid- and polymer-based nanocarriers (e.g., liposomes, nano-
particles, micelles, dendrimers) constitute the majority of the
drug delivery systems designed so far.>”> Some of them are cur-
rently in advanced clinical trials, whereas others have already
reached the marketplace, confirming the potential of nanome-
dicines for the efficient delivery of chemotherapeutics.® In
addition, a variety of hybrid inorganic-organic ordered porous
solids (metal-organic frameworks, MOFs) have also been pro-
posed as nanocarriers due to their large internal pore volume
and tunable environment suitable to host large quantities of
challenging drugs.” Among them, nanoscale iron(m) carboxy-
late MOFs (nanoMOFs) have gained considerable interest for
biomedical applications due to their proven biodegradability
and safety profile.® One of the most interesting nanoMOF can-
didates is MIL-100(Fe)’ (i.e., MIL stands for Material of the
Institute Lavoisier), made of trimers of iron(m) octahedra and
trimesic acid linkers, which exhibit mesoporous cages of 25
and 29 A accessible through 5.5 and 8.6 A microporous
windows. Prepared under green conditions with particle sizes
of around 100 nm, these nanoMOFs can ensure very high
loading and efficient delivery of a large diversity of anticancer
drugs.'™'" To prevent stability issues and improve nanoMOF
stealth properties, several surface modifications have been
reported to date, either through covalent or non-covalent
routes.">™"*

A relevant and predictive in vitro assessment of tumor
exposure to the therapeutic agents requires the use of bio-
mimetic models."®"” In this context, 3D culture methodologies
may be used. They are able to recreate in vitro the cellular het-
erogeneity and the microenvironment of tumor tissues in
humans and represent therefore a suitable alternative to
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animal experiments, which are not only associated with
ethical, economic and time-related issues but are also some-
times poor predictors of human disease in oncology.'* !

Among the various 3D models, multicellular tumor spher-
oids (MCTS) are largely applied for systematic drug investi-
gations in the oncology field.**** These scaffold-free spherical
cell assemblies recreate in a plate well the interactions among
different cell types (e.g., cancer cells, fibroblasts, immune
cells), the gradients of nutrients and metabolites, the accumu-
lation of extracellular matrix components, and the influence of
the microenvironment on the sensitivity of the cancer cells to
the treatments and recapitulate the physical barriers (ie.,
tumor stroma) that must be crossed by any therapeutic treat-
ment (i.e., drugs and nanocarriers).* To the best of our knowl-
edge, such an approach has not been applied yet to the in vitro
evaluation of nanoMOFs so far routinely performed only using
2D cell cultures.

Herein, we have developed a 3D heterotype spheroid model
of lung cancer to investigate MIL-100(Fe) nanoMOFs, both
bare and surface-modified with hydrophilic polyethylene
glycol (PEG) chains, to design nanocarriers with long circulat-
ing properties.””*® Loading these nanoMOFs with doxorubicin
(Doxo) allowed us to assess their therapeutic efficacy and,
thanks to the drug fluorescence properties, to monitor their
capacity to diffuse through the tumor mass (Fig. 1).

The heterotype spheroid model of lung cancer integrating
human lung cancer cells (A549) and fibroblasts (MRC5) has
been constructed according to the liquid overlay technique
using pHEMA-coated 96 round-bottomed well plates. Starting
from a fixed number of cancer cells (5000 cells per well at day
0), a 1:2 seeding ratio between A549 and MRCS5 cells has been
applied. Optical images of these spheroids have been collected
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at regular time points and they revealed the formation of
reproducible regular structures, whose size progressively
increased, leading to a volume doubling in 7 days of culture
(from 0.10 + 0.01 mm® at day 3 post-seeding to 0.20 =+
0.01 mm? at day 10) (Fig. S17).

Hematoxylin-eosin staining of these spheroids at day 3
revealed a compact structure rich in cancer cells (positively
stained for the cytokeratin AE1/AE3 marker, specific for the
identification of epithelial cells of neoplastic origin), among
which cytokeratin-negative cells were distributed. The positive
staining of the latter for fibronectin allowed their identifi-
cation as fibroblasts, which secrete this component of the
extracellular matrix (Fig. 2a-c). Further information on the
cell spatial organization was provided by imaging spheroids
made of A549 cancer cells and GFP-labeled fibroblasts by
light sheet fluorescence microscopy (LSFM). Thanks to the
high penetration depth, this microscopy technique allowed
us to scan the whole spheroid and acquire high resolution
images. The blue signal of the Hoechst 33342-stained nuclei
revealed the distribution of the cells in this three-dimen-
sional structure and the green fluorescence confirmed the
presence of fibroblasts that are mainly localized in the
central region at day 3 of culture (Fig. 2d-f). A considerable
reduction of the green signal was observed in the spheroids
at day 7 post-seeding and indicated a gradual loss of fibro-
blasts over time (Fig. S2f). Hence, the spheroid growth
observed by optical imaging was mainly due to the fast pro-
liferation of cancer cells. Based on these results, spheroids at
day 3 post-seeding, showing a stable integration of cancer
cells, fibroblasts and fibronectin, and thus mimicking the
tumor heterogeneity, were used for the in vitro screening of
nanoMOFs.

Surface modification

.

Doxo loading

Screening

Tumor spheroid

Fig. 1 Schematic representation (not in scale) of the formulation of nanoMOFs and the construction of the 3D tumor model used for their

investigation.
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Fig. 2 Heterotype A549:MRC-5 spheroid characterization (day 3 post-seeding). Histological analysis of 5 um sections of spheroids: (a) hematoxy-
lin—eosin; (b) cytokeratin AE1/AE3 and (c) fibronectin staining. Scale bars: 100 pm. LSFM imaging of spheroids: (d) single green channel (GFP-labeled
fibroblasts); (e) single blue channel (Hoechst 33342, nuclei) and (f) overlay of blue and green fluorescence. Scale bars: 100 pm.

Engineering the surface of nanocarriers has been largely
exploited to endow them with long circulating properties as
well as to promote cell targeting taking advantage of the
specific receptors overexpressed on the cell surface. Herein,
MIL-100(Fe) nanoMOFs with and without surface modification
with hydrophilic PEG chains have been investigated.
Encouraged by the previous “green” synthesis strategy, bare
nanoMOFs were prepared by a recently developed low tempera-
ture synthesis method in the absence of organic solvent.?”"*®
Surface decoration has been then performed according to the
previously described covalent’ (nanoMOF_Cv) or GraftFast®
(nanoMOF_Gf) strategies.'***

For the former, a chemical reaction between the pendent
COOH groups of the external surface of the nanoMOFs and
the NHS groups from the PEG allowed the PEG chains to
anchor in a covalent way. On the other hand, in the GraftFast®
route, radical polymerization occurred on the surface of the
nanoMOFs, leading to a PEG brush that strongly interacted
with the outer surface, although no precise information is
available to establish the nature of the grafting (i.e., covalent
or dispersive interactions). Note that these modifications were
performed on MIL-100(Fe) nanoparticles obtained through a
microwave-assisted route with a size of around 130 nm, while
we applied these grafting strategies to newly developed
ambient pressure nanoparticles with a size of 60 nm. The crys-
tallinity of the surface engineered nanoMOFs fitted well with
those of the bare nanoparticles, indicating that the structural
integrity of the nanoMOFs was preserved (Fig. S31). As
reported before,**?! partial pore blocking occurred upon Doxo

This journal is © The Royal Society of Chemistry 2021

loading, while new stable coordination bonds formed between
Fe(m) open metal sites and the drug. Such coordination
resulted in a loss of crystallinity, thus leading to a slight broad-
ening and change in the relative intensity of the low angle
Bragg peaks of the drug-loaded particles in comparison with
those of the empty nanoparticles (Fig. S37).

As shown by thermogravimetric analysis, the two surface
modification strategies induced similar functionalization with
a slightly higher PEG content on the nanoMOF_Gf (~39%)
compared to the nanoMOF_Cv (~34%) (Fig. S4 and Scheme S17).

It is noteworthy that the presence of PEG chains on the
surface of empty nanoMOFs also did not induce any signifi-
cant modification of their mean diameter compared to the
naked particles (Table S1f). As reported before when using
larger nanoMOFs (~130 nm), shielding of the negative surface
charge was observed when the covalent strategy was applied
(zeta potential shifted from —28 mV to a neutral value), while
the surface charge did not change following GraftFast®
PEGylation (Table S1f). In the latter case, this was due to the
free pendent carboxylic groups, not involved in the coupling
reaction with the PEG moieties, which were still available on
the particle outer surface. The lack of cytotoxicity on both
A549 lung cancer cells and MRC5 lung macrophages con-
firmed the biocompatibility of these nanoMOFs, independent
of their surface identity (Fig. S57).

The soaking of naked nanoMOFs in an aqueous doxorubicin
solution allowed the formulation of doxorubicin-loaded par-
ticles (i.e., nanoMOF_Doxo), which reached a high loading
capacity of 36 + 5%. Only a slight drug loss occurred during the
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successive surface-functionalization steps and the PEG-deco-
rated nanoMOF_Cv_Doxo and nanoMOF_Gf Doxo exhibited
loading capacities of 34 + 2% and 31 + 1%, respectively
(Table S27). Such a small reduction was likely due to the desorp-
tion of the drug moieties localized on the outer particle surface.

Whatever the surface functionalization strategy, we
observed a crucial role of the PEG chains in the colloidal stabi-
lization of drug-loaded nanoMOFs that, in water, maintained a
narrow size distribution (i.e., polydispersity index < 0.14) and a
mean diameter (~170 nm) comparable with those of the empty
particles (Tables S1 and S27). Similarly, the surface charge of
PEG-modified nanoMOFs was not affected by the loading of a
drug, while a switch from a negative (—28 + 3 mV) to a neutral
value (4 + 1 mV) was observed for bare nanoMOF_Doxo, com-
pared to the empty ones. This surface charge modification, by
suppressing the repulsion among particles, was likely respon-

a)

Cell Viability %
(-2}
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sible for the significant increase of the measured mean dia-
meter due to nanoMOF aggregation (Table S27). In spite of the
different physicochemical properties, the drug release profiles
from the three kinds of nanoMOFs almost overlapped. The
latter did not exceed 15 wt% after 72 h in phosphate buffer
(Fig. S67) and it was not significantly influenced by the pH of
the medium (i.e., 5.1 or 7.4) used to mimic different intracellu-
lar compartments. Similar progressive release of the drug was
observed in complete cell culture medium. Although higher,
more than 70% of the loaded drug remained still encapsulated
in the nanoMOF pores after 72 h (Fig. S7t). These results
demonstrated a stable encapsulation, not affected by the pres-
ence of the surface coating and suitable to achieve a controlled
and sustained drug liberation over prolonged periods of time.
Then, we investigated whether such successfully formulated
nanoMOFs were capable of diffusing through 3D tumor spher-

nanoMOF_Doxo
nanoMOF_Cv_Doxo

nanoMOF_Gf_Doxo
Doxo

——
o
-
-ve

Fig. 3 (a) Spheroid viability following exposure to increasing concentrations of free doxorubicin (Doxo) or Doxo-loaded nanoMOFs for 72 h at
37 °C. Values represent mean + standard deviation. (n = 3). (b) LSFM imaging of MCTS treated for 24 h with (i) free Doxo; (ii) nanoMOF_Doxo; (iii)
nanoMOF_Cv_Doxo and (iv) nanoMOF_Gf_Doxo at a Doxo concentration of 10 uM. Merge of blue (Hoechst 33342, nuclei) and red (doxorubicin)
fluorescence signals. Images represent the orthogonal section in the middle of the spheroids. For each condition, the 3D tomography of the spher-

oid is included in the yellow square. Scale bars: 100 pm.
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oids and eventually would provide a therapeutic advantage
compared to the free drug. Scanning of the whole spheroid by
light sheet fluorescence microscopy (LSFM) well confirmed the
diffusive capacity of the free drug through the entire lung
spheroid, and the punctuate fluorescence pattern indicated
the colocalization of the drug with the cell nuclei, where the
doxorubicin can exert its action by intercalation within
the DNA (Fig. 3b and Fig. S81). Penetration of nanoMOFs
was also observed, thus revealing the capacity of these nano-
particles to cross the biological barrier of the tumor microenvi-
ronment, which was reproduced in the 3D model. However,
incubation with doxorubicin-loaded nanoMOFs led to a more
diffuse signal homogeneously dispersed in the whole spheroid
(Fig. 3b and Fig. S8f) Whatever their surface identity, the
nanoMOFs did not display any significant difference in the
spheroid distribution. As also previously reported,®’ we
observed that drug encapsulation into the nanoMOFs (both
bare and surface modified) induced the quenching of the
Doxo fluorescence (Fig. S91). As already described with drugs
bearing phenol (¢-OH) groups able to bind open metal sites in
nanoMOFs, this quenching was due to the direct coordination
of the OH groups from Doxo on the iron open metal sites.
Accordingly, the red signal here observed was likely due to the
drug released from the particle cavities.

However, LSFM images highlighted that the doxorubicin
was likely not reaching the nuclei. Such hypothesis was veri-
fied by assessing the cell viability: while exposure of tumor
spheroids to the free drug induced dose-dependent cytotoxicity
that increased over time, no reduction of the cell viability was
observed after spheroid incubation with the Doxo-loaded
nanoMOFs, independent of the treatment length (Fig. 3a,
Fig. S10t). Accordingly, in spite of the release of a certain
amount of doxorubicin, suggested by the recovery of the
quenched fluorescence signal, the drug was not able to exert
its activity.

To better elucidate the path of the free drug and the drug-
loaded nanoMOFs, cleared spheroids have been imaged by
confocal laser scanning microscopy (CLSM). Such a change
of technique was justified by the different resolutions
between the two imaging modalities. The higher magnifi-
cation (40x versus 20x) and the larger numerical aperture (1.1
versus 1) of the CLSM compared to the LSFM allowed an
increase in the sensitivity of the acquisition and thus to
better monitor the signal at the cellular level, even when low.
In agreement with the LSFM results, the collected images
confirmed the capacity of the free drug to reach the cell
nuclei, which was consistent with the observed reduction of
the cell viability. In contrast, no nuclear localization was
observed after spheroid exposure to drug-loaded nanoMOFs
(Fig. 4).

Whether the different behaviors between the free drug
and the drug-loaded nanoMOF particles were due to a dis-
tinct fate inside the cell was a matter of question. Hence, we
performed live-cell confocal microscopy to observe A549 cells
after 24 h exposure to the different treatments. Whereas the
free doxorubicin accumulated in the cell nuclei, nanoMOFs

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Confocal imaging of MCTS treated for 24 h with (a, b) free
Doxo; (c, d nanoMOF_Doxo; (e, f) nanoMOF_Cv_Doxo and (g, h)
nanoMOF_Gf_Doxo at a Doxo concentration of 10 uM. Cell nuclei were
stained with Hoechst-33342 (blue signal). (a, ¢, e and g) single red signal
(doxorubicin) and (b, d, f and h) merged fluorescence signals. Images
represent the orthogonal section at 100 pm depth. Scale bars: 100 pm.

amassed only in the cytosolic compartment and their
distribution was not affected by their surface properties
(Fig. S117).

Such behavior combined with the absence of toxicity
evoked the nanocarrier confinement into endo-lysosomal vesi-
cles as already observed with other nanoMOFs in different cell
lines,*”** which suggested an endocytosis-mediated uptake
well described for nanoscale drug delivery systems.?” Staining

Biomater: Sci., 2021, 9, 5477-5484 | 5481

268



Published on 25 June 2021. Downloaded by INIST - CNRS (Chemistry) on 11/18/2021 1:50:14 PM.

Communication

of lysosomes with Lysotracker blue after cell exposure to drug-
loaded nanoMOFs revealed clear colocalization of the red and
the blue fluorescence signals, thus confirming lysosomal local-
ization (Fig. 5).

The recovery of the red doxorubicin fluorescence (Fig. 5a, d
and g) indicated that a fraction of the encapsulated drug was
released from the nanoMOF pores; however, being ionized at
lysosomal acidic pH, doxorubicin was unable to leak out of the
lysosomes.*® Accordingly the red signal allowed us to identify
the subcellular site of nanoMOF accumulation. It should be
noted that drug sequestration in this compartment hindered
the diffusion into the cell cytoplasm and the successive trans-
location to the nucleus, thus abolishing its therapeutic
activity.

View Article Online

Biomaterials Science

Previous studies have demonstrated the key role of the
nanoparticle physicochemical properties in their ability to
penetrate and be internalized by cells in spheroids.**””*°
Despite the different experimental conditions (e.g., building
materials, range of evaluated sizes, surface chemistry, etc.), a
general trend emerged that the smaller the nanoparticle, the
better their ability to diffuse through the whole mass and to
reach the core of the spheroids. However, size is not the only
determinant and for instance, adjusting the surface properties

of the carriers to reduce their interaction with the microenvi-
ronment (e.g., by coating with PEG chains)* could also
improve penetration.

Despite the differences in the physicochemical properties
(i.e., size, surface coating, charge), the doxo-loaded nanoMOFs

Fig. 5 Intracellular localization of doxorubicin-loaded nanoMOFs assessed by CLSM imaging. A549 cells (2D culture) were incubated for 24 h with
(a—c) nanoMOF_Doxo; (d—f) nanoMOF_Cv_Doxo and (g—i) nanoMOF_Gf_Doxo at a Doxo concentration of 10 uM. (a, d and g) single red signal
(doxorubicin); (b, e and h) single blue signal (lysosomal Celltracker blue); and (c, f and i) merge of red and blue fluorescence signals. Scale bars:

50 ym.
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described in this study showed comparable penetration
capacity through the tumor spheroids. These results suggested
that once they come into contact with the proteins present in
the complete cell culture medium (containing 10% FBS), in
which they were diluted before incubation with spheroids, the
nanoMOFs probably acquired similar biological identity and
therefore similar behavior, although the initial chemical iden-
tity was not the same. Further investigation would be necess-
ary to validate such a hypothesis, but several studies have
already stressed the role of the biological identity in the fate of
different nanocarriers, thus strongly supporting this
assumption.**™*?

It should be noted that discrepancies among published
data may arise also from the different models used to evaluate
the nanocarriers. Monotype spheroids made of different
cancer cells and heterotype spheroids constructed by the
assembly of cancer cells and fibroblasts, such as those
described in the present study, have a different 3D structural
architecture and composition that may affect the diffusion and
penetration of nanoparticles.

Finally, in agreement with previous studies, we have
observed that the free drug was able to diffuse efficiently and
reach the core of the spheroids. In contrast, when the drug
was encapsulated in nanoMOFs, its sequestration in the acidic
endo-lysosomal compartment, which abolished its pharmaco-
logical activity, was observed. An example of the efficacy of
doxorubicin both in the free form or loaded in surfactant-con-
taining vesicles has been reported.*® However, the composition
of these vesicles played a key role in the observed results.
Indeed, it was assumed that the intact vesicles did not pene-
trate the whole spheroid, but the interaction of the surfactant
molecules with the lipids of the cell membrane probably
created a locally high concentration of the free drug on the
spheroid surface, and the released drug was then able to
diffuse freely and reach the nuclei to exert its pharmacological
activity.

The above considerations suggest that a timely formulation
and structural modification of nanoMOFs to provide endo-
somal escape capabilities are mandatory to ensure the efficient
release of the loaded drug into the cell cytosol and thus
achieve therapeutic efficacy.

38,39

Conclusions

Although promising results have been obtained in the last few
years in nanomedicine, important obstacles still remain in the
oncology field. Among them, poor drug loading and the
inability to cross the multiple biological barriers that charac-
terize the tumor tissue and its microenvironment deserve
special attention. The achievement of a high drug loading and
the overcoming of the stromal barrier would theoretically
ensure a better exposure of the tumor to the drug, thus result-
ing in a significant clinical benefit.

Thus, we investigated herein doxorubicin-loaded nanoMOFs
in a 3D heterotype tumor spheroid model to verify their thera-

This journal is © The Royal Society of Chemistry 2021
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peutic efficacy. The results have clearly shown that satisfying
the above-mentioned conditions was not enough. Indeed,
although doxorubicin was successfully encapsulated into
nanoMOFs, penetrated throughout the spheroids and accumu-
lated into the cells, it was discovered that doxorubicin failed to
reach the cell nucleus.

As a result, the in vivo evaluation of these nanoMOFs in an
animal model has not been performed.

Such a screening, combining various cell culture method-
ologies and imaging techniques, could allow us to identify
strategies for the optimization of the nanoMOF structure and
surface properties to breach the intracellular barriers, ensure
endo-lysosomal escape and therefore achieve successful deliv-
ery of the drug towards the relevant intracellular target. These
results would also allow us to extrapolate a correlation between
the nanoMOF chemical identity and their biological fate as
already shown for polymer and metal-based nanocarriers.

Overall, these results call for an accurate in vitro screening
of any newly engineered nanomedicine in order to select the
most promising ones before in vivo studies.
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Iron(in) carboxylate based metal organic frameworks (MOFs)/porous coordination polymers (PCPs) have
sparked great interest owing to their high structural diversity and tunable porosity, excellent stability,
tailored functionality and their scalability as well as green synthesis associated with their biocompatible
and biodegradable character. Herein, we present a new robust Fe(i) based PCP (labelled MIL-178(Fe))
built up from chains of corner sharing Fe octahedra interconnected by 1,2,4-benzene tricarboxylic acid,
delimiting one dimensional narrow pore channels (pore diameter < 4.5 A) decorated with polar groups
(p-OH and —CO,H functions). These structural and chemical features are suitable for the selective
adsorption of CO,. MIL-178(Fe) was synthesized following a simple and green protocol in water under
near ambient conditions using non-toxic reactants, allowing the production of sub-micrometer sized
MIL-178(Fe) particles in a large amount (30 g). As shown by single-gas isotherms and CO,/N, co-
adsorption experiments as well as molecular simulations, this material exhibits a moderate CO, capacity
at low pressure but a high CO,/N; selectivity. This is fully consistent with the presence of p,-OH groups
acting as CO, adsorption sites, as revealed from both molecular simulations and in situ PXRD
experiments. Finally, the good compatibility of this MOF with the elastomer block copolymer Pebax®-
3533 allowed the processing of homogeneous and defect-free mixed matrix membranes with a MIL-
178(Fe) loading of up to 25 wt% that outperformed pure Pebax®-3533 membranes for CO,/N, separation.
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variability of pore shape/size and topology." Therefore, their
physico-chemical properties can be finely tuned, making them

Introduction

Metal organic frameworks (MOFs) and porous coordination
polymers (PCPs) are a class of porous crystalline hybrid mate-
rials constructed through the coordination of multi-metallic
units called secondary building units (SBUs) with organic
multitopic ligands."* They have gained widespread interest due
to their high surface area, chemical diversity, unprecedented
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promising materials for a myriad of applications including gas
storage and separation, heterogeneous catalysis, sensing,
biomedicine and so on.*” Remarkable advances have been
made toward CO, capture and separation by using PCPs, MOFs
and MOF based composites.**** The main advantages of MOFs
over other porous materials are their high CO, sorption capacity
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and high CO, affinity.*° This largely stems from their potential
high pore volume and large amount of CO,-philic sites that can
be introduced within their backbone. Typically, MOFs can
integrate multiple CO, adsorption sites, e.g. open metal sites,
Lewis basic sites and covalently-bound polar functional groups,
that enables to achieve preferential CO, adsorption over other
gas molecules such as N,, CH, and H,0.*"" In addition, post-
synthetic modification has been also employed to introduce
novel CO, adsorption sites without altering or degrading the
MOF structure.** "

While remarkable advances have been achieved for using PCPs
and MOFs in CO, capture and separation, their large scale appli-
cation in this field would require overcoming some challenges
such as the limited chemical and thermal stabilities of some of
them, particularly in the presence of harsh contaminants.®*
Indeed, numerous MOFs reported so far for CO, capture still lack
the requisite chemical stability. Note that moisture is a major
concern in industrial gas separation as it is not economically
feasible to use completely dry feed-gas streams. Therefore, only
hydrothermally stable MOFs can be considered for real practical
applications. Various strategies have been explored to design
stable MOFs by privileging the formation of strong metal-ligand
coordination bonds with the use of high valent metal cations
(I1I/IV) according to Pearson's hard/soft acid/base principle, or
alternatively the incorporation of hydrophobic and/or polydentate
organic linkers.">*

In this context, Fe(u) carboxylates — denoted here as “Fe-
MOFs”-were thus considered so far since the association of the
Fe" cation with strong Lewis acid properties and carboxylate
ligands can produce, although not systematically, water stable
MOFs.'*** Moreover, iron is widely distributed in nature and
environmentally friendly. The abundance of iron and its low
toxicity have promoted the development of Fe-MOFs, not only
for gas separation but also for (photo)catalysis, heat realloca-
tion, (bio)sensing or biomedicine due to their good chemical
stability, high porosity and biocompatibility.'**¢*°

So far, Fe(m) MOFs of different architectures, such as the MIL-n
(MIL-53, MIL-59, MIL-88, MIL-100, and MIL-101) series, the Fe-soc-
MOF or Fey(j13-0),(BTB)g3(DMF),(H,0),, have been designed by
assembling either di-, tri-, tetranuclear clusters or Fe-hydroxy
chains as SBUs and polycarboxylate aromatic moieties as organic
linkers.'®*** Fe(m) sites were also introduced in the organic
backbone of MOFs by using Fe(m) porphyrin ligands (PCN-223,
PCN-224, and PCN-600).>*** The Fe(m)-phosphonate MOFs such
as Fe-CAU-53 were also recently reported.”” However, not all of
these MOFs exhibit a high hydrolytic stability that is not only
driven by the type of SBUs but also the connectivity as well as the
size and hydrophobic character of the organic linker."**” As an
example, the good hydrothermal stability of MIL-53(Fe) is certainly
due to its 1D micropore channel structure based on
[Fe(OH)(COO0),],, chains while the mesoporous MIL-101(Fe) and
PCN-333(Fe) based on the oxo-trimer SBU present a limited water
stability. Due to the presence of CO, adsorption sites such as Lewis
acid Fe*" sites or polar functions (OH and F) and a high pore
volume, a few Fe-MOFs such as MIL-100(Fe), MIL-88A(Fe), soc
MOF(Fe), Fe-BTB and Fe-BTC have been considered for CO,
capture, and some of them have shown attractive CO, uptake at
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low pressure (>2 mmol g~ " at 1 bar, 298 K).!*'%2° Recently, an Fe-
MOF (Fey(p3-0),(BTB)g/3(DMF),(H,0),), whose structure consists
of two interpenetrating 3D skeletons, has shown a greater CO,
uptake than that of several known MOFs with a larger pore volume
as a result of its small pore and the presence of multiple CO,
adsorption sites induced by the framework interpenetration.”
Another property of MOFs and PCP that was exploited for CO,
capture is their propensity for structural flexibility. In particular,
a few Fe-MOFs or Fe-PCPs can undergo structural changes such as
pore opening upon exposure to stimuli such as pressure or
temperature.* In such cases, the CO, adsorption capacity of these
MOFs such as MIL-53(Fe) can drastically increase at a definite gas
pressure.** Moreover, it was demonstrated that the structural
flexibility and thus CO, adsorption capacity of MIL-53(Fe) could be
modulated through the functionalization of the organic linker of
the MOF.* It was shown that the CO, adsorption capacity of MIL-
53(Fe)-X could be enhanced through the introduction of groups
with low polarity (X = Cl, Br, CH;) that could modulate the p,-OH/
CO, interactions instead of directly interacting with CO,
molecules.*

In spite of these interesting results, the number of Fe-MOFs
and Fe-PCPs that combine all the properties required for CO,
separation (high CO, adsorption capacity and selectivity; high
chemical and thermal stabilities) is still limited. Moreover,
many challenges regarding their synthesis remain unaddressed.
Numerous Fe-MOFs are often prepared in the presence of toxic
organic solvents and reactants and through a solvo/
hydrothermal process leading to fine powdered materials
made of micron-sized particles.'*** This restricts their applica-
tions to a great extent. Therefore, the development of Fe(m)-
MOFs using safer synthetic conditions allowing both the
control of the crystal size and their large-scale production is still
an open challenge for their future practical applications.*

Herein, we report the synthesis and characterization of a novel
PCP based on iron(m) and 1,2,4-benzene tricarboxylate (Fig. 1),
named MIL-178(Fe) (MIL stands for Material of Institut Lavoisier),
that exhibits a 1D architecture delimiting ultra-micropores (¢ < 4.5
A) decorated with functional groups (-COOH, ~OH). The structural
behavior of this PCP under CO, pressure has been investigated by
in situ powder X-ray diffraction and molecular modelling, thereby
providing a detailed analysis of the preferential arrangement of the
confined CO, molecules in the material pores and the host/guest
interactions. Finally, co-adsorption CO,/N, experiments and
grand canonical Monte Carlo simulations were performed in
tandem, revealing that this PCP presents an excellent CO,/N,
selectivity. Due to its high hydrothermal stability and scalability
under room temperature green conditions, this PCP was used as
an inorganic filler for the processing of mixed matrix membranes
(MMMs). Its combination with the elastomeric block copolymer
Pebax®-3533 led to defect-free composite membranes with an
enhanced CO,/N, post-combustion separation performance in
comparison to the bare polymer. Pebax®-3533 was preferred over
the most studied Pebax®-1657 due to the fact that the former is not
water/ethanol soluble. Therefore, Pebax®-3533 based membranes
are prone to be more stable in the separation of a realistic humid
flue gas.**

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Crystal structure of (a and b) MIL-178(Fe) along the (a) a axis and
(b) ¢ axis, and (c) CO, loaded-MIL-178(Fe) along the a axis. Fe octa-
hedra, carbon, oxygen and hydrogen are in purple, gray, red and white
respectively. Hydrogen bonds are represented as dotted lines.

Experimental
Chemicals

All chemicals were obtained commercially and used without
further purification. The chemicals in this work were anhydrous
FeCl; (Sigma Aldrich 99%) and 1,2,4-benzene tricarboxylic acid
(1,2,4-BTC) (Sigma Aldrich, 95%). Pebax® MH 3533 was gener-
ously provided by Arkema, France.

Hydrothermal synthesis of MIL-178(Fe)-hyd. Single crystals
of MIL-178(Fe)-hyd were synthesized via a hydrothermal route.
1,2,4-BTC (1.15 g, 5.5 mmol) was poured into a 125 mL Teflon-
lined steel autoclave with anhydrous FeCl; (1.29 g, 8 mmol) and
10 mL of deionized H,O. The mixture was stirred for 10 min and
heated to 200 °C for 72 h under autogenous pressure. The
resulting solution was then filtered, and a yellow powder was
obtained after extensive washing with water and ethanol to
remove the unreacted ligand.

Room temperature synthesis of MIL-178(Fe)-RT. 1,2,4-BTC
(1.05 g, 5 mmol) and anhydrous FeCl; (0.81 g, 5 mmol) were
poured into a 100 mL beaker with 50 mL of deionized H,O and
stirred at room temperature for 5 days. A bright yellow powder

This journal is © The Royal Society of Chemistry 2022
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was then recovered by filtration after extensive washings (H,O &
ethanol). For the scale-up synthesis of MIL-178(Fe)-RT,
150 mmol of both FeCl; and 1,2,4-BTC and 1.5 L of water were
used.

Fabrication of the mixed matrix membrane. The MMMs
were prepared following a two-step process. First, 6 wt% Pebax®
MH 3533 (of a total weight of 3 g (polymer + solvent)) was dis-
solved in 1-propanol: 1-butanol (75/25 (v/v)) by stirring under
reflux for 1 h. Afterwards, the dissolved polymer was used to cast
bare polymeric membranes for comparison. In the case of
MMMs, MIL-178(Fe)-RT was dispersed in the dissolved polymer.
The required amount of the filler (5-25 wt%), which was
calculated against the amount of Pebax® MH 3533 being used,
was dispersed in 1.5 mL of 1-propanol/1-butanol (75/25 (v/v)) by
repeated sonication and stirring at RT for 1 h. Next, both
dispersions were mixed and kept under stirring overnight at RT.
In the next step, the solution was poured into a Petri dish. At the
end of the process, the membranes were dried for 48 h in a top-
drilled box under a solvent-saturated atmosphere under
ambient conditions. MMMs are labelled MIL-178(Fe)-Pebax-X,
where X represents the weight fraction of MIL-178(Fe)-RT.
MMMs were tested in the CO,/N, separation through both
single gas permeability (time lag) experiments and 15/85 CO,/
N, mixture measurements. Further details of these experiments
are provided in the ESLT

Computational methods. MIL-178(Fe) structure models were
optimized at the DFT level with the Quickstep module of the
CP2K code using the PBE functional and the triple zeta basis set
(TZVP-MOLOPT) for all atoms, except for the Fe centres, where
double zeta functions (DZVP-MOLOPT) were employed. Semi-
empirical dispersion corrections as implemented in the DFT-
D3 method were considered. Force field based grand canon-
ical Monte Carlo (GCMC) simulations were performed at 303 K
to assess the single component CO, and N, and the binary
mixture of CO,/N, at 15 : 85 molar compositions in the DFT
optimized MIL-178(Fe). The L] parameters of the MOF atoms
were taken from the universal force field (UFF), whereas CO,
and N, molecules were described by the TraPPE potential
models. The employed atomic partial charges were derived with
the density-derived electrostatic and chemical charges (DDEC)
method. Further details of these calculations are provided in
the ESLt

Adsorption measurements. Pure CO, and N, adsorption
measurements have been performed at 303 K up to 10 bars by
a gravimetric technique using a high-pressure magnetic
suspension balance Rubotherm GmbH.**?¢® CO,/N, co-
adsorption measurements were performed on about 10 g of
MIL-178(Fe) at 303 K and 1 and 3 bar by using an advanced
homemade device that combines a volumetric apparatus and
gas chromatography analysis (see the ESIT for more details).

Results and discussion

Synthesis of MIL-178(Fe), and structure resolution by single
crystal X-ray diffraction

MIL-178(Fe) microcrystals were first synthesized through
a hydrothermal route using the 1,2,4-BTC ligand and FeCl; as
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an iron precursor. We did not consider Fe powder as a precursor
due to its oxidation to Fe*' that may thus lead first to the
formation of the two-dimensional iron(i)-1,2,4 BTC phase (MIL-
67(Fe)) as previously reported.’” This material (i.e., MIL-178(Fe)-
hyd) was isolated as a yellow crystalline powder. The SEM
images show that MIL-178(Fe) consists of uniform and aniso-
tropic ellipsoidal microcrystals with a length and diameter of
about 19 and 3 um (Fig. 2a). The crystal structure of MIL-178(Fe)
was determined by single crystal X-ray diffraction. Due to the
small size of the crystals, the X-ray data acquisition was per-
formed at SOLEIL synchrotron by using the PROXIMA 2A
beamline equipped with a micro-focused beam. MIL-178(Fe)
crystallizes in the orthorhombic space group Pnma with unit
cell parameters of a = 6.930(2) A, b = 28.420 (6) A and ¢ =
9.560(2) A and a unit cell volume of 1882.8(7) A%, The associated
chemical formula of MIL-178(Fe) is Fe(OH)[CoOsHs]x(-
C,H;0H), 5. MIL-178(Fe) is made of 1D infinite chains of corner
sharing Fe®" octahedra along the a-axis (Fig. 1). According to the
IUPAC definitions,*® MIL-178(Fe) can thus be described as a 1D
coordination polymer due to the presence of repeating coordi-
nation entities in one dimension. Each six-coordinated Fe’" is
covalently linked to two oxygen atoms of bridging p,-OH groups
and four oxygen atoms of the 1,2,4-BTC linker. The Fe-O
distances range between 1.946 and 2.038 A. Interestingly, only
one carboxylate group from the ligand bridges two Fe®" centers
holding the 1D chain together, the two other carboxylates being
free -COOH groups. The free -COOH groups from two different
ligands face each other and are thus involved in strong
hydrogen bonds connecting the 1,2,4-BTC linkers in the ¢
direction. Finally, 1,2,4-BTC linkers coordinated to Fe®*
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octahedra of different 1D chains also interact through hydrogen
bonds in the b-direction. Remarkably, this structure possesses
very narrow 1D channels following the a-axis, i.e. along the Fe
infinite chains, that are occupied by ethanol molecules (Fig. 1).
The dimensions of these channels of 3.5x 4.3 A (see Fig. $81) lie
in the range of the CO, kinetic diameter (3.3 A), thereby sug-
gesting that this material is of potential interest for CO,
capture. Although the structure of MIL-178(Fe) presents free
carboxylic acid groups, they are not exposed to the center of
pores and may not strongly interact with adsorbed CO, mole-
cules. However, the u,-OH groups linked to Fe*' octahedra
decorate the internal surface of the channels and are known to
be preferential adsorption sites for CO,. MIL-178(Fe)-hyd was
then characterized by *’Fe Mdssbauer spectrometry (Fig. S17).
The °’Fe Mossbauer spectra of MIL-178(Fe)-kyd at 300 and 77 K
display a doublet that consists of two quadrupolar components
I'y and I', with relative amounts of 83 and 17%, respectively,
according to the total absorption area. The hyperfine parame-
ters of such components are consistent with high spin Fe®*
species in the octahedral environment. The *’Fe Mé&ssbauer
spectra at 300 and 77 K obtained after evacuating and heating
the MIL-178(Fe)-hyd sample at 60 and 100 °C (Fig. S1t) showed
only the single quadrupolar I'; component (see the ESIf for
more details) while the spectra of the rehydrated MIL-178(Fe)-
hyd sample are identical to those of the as-synthesized MIL-
178(Fe)-hyd. According to these experiments, it can be inferred
that both components can be assigned to six-fold coordinated
Fe®" centers with an identical first coordination shell (1,2,4-BTC
and p,-OH groups) but a different second coordination shell. In
contrast to the non-hydrated Fe®" site of the major Iy

Fig. 2 SEM images of (a) MIL-178(Fe)-hyd. The inset shows a higher magnification image of MIL-178(Fe)-hyd, (b) MIL-178(Fe)-re, and (c) MIL-

178(Fe)-RT; (d and e) TEM images of MIL-178(Fe)-RT.
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component, the local environment of the Fe** site of the minor
I', component contains water molecules that are located in the
pores of this material. Similar results were previously reported
for MIL-82(Fe).** MIL-178(Fe) was also characterized by ther-
mogravimetric analyses (TGA) under O, (Fig. S27). The first
weight loss from 25 °C to 200 °C corresponds to the removal of
free water and ethanol trapped in the pores. The second weight
loss between 200 and 400 °C follows a two step process and
corresponds to the degradation of the framework. The residual
Fe,0; content obtained at 400 °C (~15 wt%) is consistent with
the chemical formula Fe(OH)[CyO4H;],(C,Hs0H)g 5.
Temperature-dependent PXRD experiments were performed,
thereby confirming that MIL-178(Fe) is stable up to 200 °C
(Fig. S37). Moreover, the absence of any XRD peak shift upon
increasing the temperature indicates that the framework of
MIL-178(Fe) remains somehow rigid under these conditions.
The FT-IR spectrum of MIL-178(Fe) shows the characteristic
vibration bands of the coordinating carboxylate functions of
1,2,4-BTC (ie. v{(C=0) = 1400 cm ' and »,(C=0) =
1543 cm ') and free carboxylate functions at 1703 cm '
(Fig. S4%). Temperature-dependent FT-IR spectra of MIL-
178(Fe)-hyd were recorded (Fig. S47), showing the progressive
increase of two vibration bands at 1852 and 1783 em ' from
125 °C to 225 °C. These two bands at 1852 and 1783 cm ™' can be
respectively assigned to the asymmetric and symmetric
carbonyl groups of the strained anhydride. The concomitant
decrease of the vibration band of the free -CO,H group at
1703 cm ™' upon increasing the temperature is in agreement
with the condensation of the free carboxylic acid groups into the
anhydride. Such a phenomenon was previously reported for
other MOFs bearing a pending -CO,H group grafted in the
organic linkers such as UiO-66(Zr)-(CO,H) and UiO-66(Zr)-
(CO,H),." According to temperature-dependent PXRD experi-
ments, the formation of anhydrides does not provoke any
structural phase transition. Finally, the hydrothermal stability
of MIL-178(Fe) was assessed by heating the material under
reflux in deionized water for 72 h. The PXRD and TGA analyses
of the hydrothermally treated MIL-178(Fe) are comparable to
that of the initial MIL-178(Fe) (see Fig. S51). These results show
that MIL-178(Fe) presents a high chemical stability under
hydrothermal conditions and does not show any significant
flexibility upon water adsorption. Such a strong stability
(chemical and thermal) was, in our opinion, rather unexpected
as 1D coordination polymers are often thermally unstable and/
or suffer from structural collapse upon desolvation while 3D
chain related compounds such as MIL-53(Fe) exhibit a higher
hydrothermal stability.'> Most likely, the strong hydrogen bonds
between the free ~-COOH groups lead to stabilization of the
framework. The excellent stability of MIL-178(Fe) is therefore of
utmost importance for the further practical use of this material
for post-combustion CO,/N, separation.

Scale up and control over the particle size of MIL-178(Fe)

The synthetic conditions were then transferred to reflux
synthesis in water to tune the crystal sizes of MIL-178(Fe) and
enable a multigram scale-up of this material. MIL-178(Fe) could

This journal is © The Royal Society of Chemistry 2022
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be obtained after heating an aqueous solution of FeCl; and
1,2,4-BTC under reflux (~100 °C) for 16 h (see the ESI} for
details). The PXRD pattern of this phase (i.e., MIL-178(Fe)-re)
and TGA analysis are fully consistent with that of MIL-178(Fe)-
hyd (Fig. 3 and S27t). The SEM images of MIL-178(Fe)-re show the
presence of particles with a high polydispersity in diameter and
shape (Fig. 2b). Ellipsoidal particles with the characteristic
shape of MIL-178(Fe)-hyd are observed but are much smaller
with a maximum length of about 5 pm and a diameter of about
3 um. In addition, micrometer-sized platelets of about 5 x 5 um
are also obtained. Room temperature synthesis was then further
explored to form particles with a lower diameter and a narrow
particle size distribution. After stirring at room temperature an
aqueous solution of FeCl; and 1,2,4-BTC for 5 days, a bright
yellow powder (i.e. MIL-178(Fe)-RT) was obtained with a good
yield (m = 1 g; yield of 81% based on Fe). The PXRD pattern of
MIL-178(Fe)-RT displays the characteristic Bragg peaks of MIL-
178(Fe), but, as expected, are broader in comparison to those
of 178(Fe)-hyd (Fig. 3). As shown by SEM and TEM, MIL-178(Fe)-
RT consists of sub-micrometer-sized elongated platelet crystals
with a narrow size distribution (Fig. 2c-e). Their mean length,
diameter and thickness of about 1 pum, 200 and 20 nm,
respectively, are significantly lower than those of MIL-178(Fe)
obtained at higher temperatures. Following this synthetic
route, MIL-178(Fe)-RT could be produced at a large scale (e.g.,
30 g in one batch with a yield of 80% based on Fe) by increasing
the amount of precursors and the solvent volume by about 30
times.

CO,/N, gas sorption properties of MIL-178(Fe): single-gas
adsorption, in situ PXRD, CO,/N, coadsorption, and
molecular simulations

The adsorption properties of this material were investigated.
According to TGA (Fig. S21), MIL-178(Fe)-RT needs to be acti-
vated by outgassing the sample to around 383 K in order to
remove all the free water or residual ethanol. Single gas
adsorption experiments were first performed on MIL-178(Fe)-RT
samples. According to N, sorption at 77 K (Fig. S61), MIL-
178(Fe)-RT presents very small N, uptake at 77 K, which is
consistent with the theoretically calculated small pore volume
of 0.18 cm® g ' and pore dimensions (<4.5 A) of the cavities vs.
the kinetic diameter of N, (3.64 A). This PCP not only exhibits

(011)

(020) (031)

au.

14 16 I 18 26 ' 22
2-theta (°)
Fig. 3 Powder X-ray diffraction patterns of MIL-178(Fe) synthesized

through a hydrothermal process (i.e. MIL-178(Fe)-hyd), under reflux
(i.e. MIL-178(Fe)-re) or at room temperature (RT) (i.e. MIL-178(Fe)-RT).
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very small pore apertures but also presents a good chemical
stability and a framework bearing CO, adsorption sites (OH
groups). It was thus further envisaged to address the CO,/N,
post-combustion separation. Fig. 4 shows the adsorption
isotherms of single gas components CO, and N, obtained at 303
K. Both isotherms are of Type I with a steeper slope at low
pressure for CO, as compared to N,. The N, amount adsorbed
in MIL-178(Fe) is low with a saturation capacity of 0.25 mmol
g~ " at 10 bar. For CO,, the adsorption uptakes are 0.6 mmol g~*
and 1.2 mmol g~' at 1 bar and 10 bar, respectively. Grand
canonical Monte Carlo (GCMC) simulations were further
carried out to confirm this experimental trend (see the ESI} for
details). As shown in Fig. 4a, the calculated single component
CO, and N, isotherms reproduce well the experimental
isotherms at low pressure (<6 bar). The consideration of a fully
rigid framework in our GCMC calculations cannot however
capture the experimentally observed gradual increment of the
uptake amount over a higher pressure range. The GCMC
derived snapshots of the spatial arrangements of the adsorbed
CO, and N, molecules at low pressure (Fig. 5a and S107) show
that p,-OH groups act as primary adsorption sites for both CO,
and N, molecules. However, the corresponding radial distri-
bution functions (RDFs) reported in Fig. S9 clearly indicate
that CO, molecules interact much more strongly with the p,-OH
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Fig. 4 (a) GCMC calculated and experimental adsorption isotherms
for the single components CO, and N in MIL-178(Fe)-RT at 303 K. (b)
PXRD determined adsorption—desorption CO, isotherms of MIL-
178(Fe)-RT in comparison to the experimental adsorption CO,
isotherm.
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Fig. 5 Microscopic view of the GCMC derived preferential sittings at
low pressure for (a) CO, molecules as single components and (b) both
CO; and N, molecules in the binary mixture in the 1-D channel of MIL-
178(Fe).

groups compared to N, molecules as evidenced by a shorter
mean O(CO,)---H(u,-OH) distance of 1.8 A while the N(Ny)---
H(,-OH) mean distance is 2.05 A. This preferential geometry is
at the origin of a simulated adsorption enthalpy at low coverage
for CO, (35 kJ mol™") much higher than the value obtained for
N, (20 k] mol™), in line with the experimental adsorption
isotherm profiles observed at low pressure. Note that such
a moderate adsorption enthalpy is prone to induce an easy
reversibility of adsorption-desorption cycles. This is highly
desirable for the adsorbent regeneration process as a balance
between separation performance and energy cost is required in
real adsorption processes. In situ PXRD experiments were then
performed for various CO, pressures up to 10 bar in order to
shed light on the possible structural changes of MIL-178(Fe)
upon CO, adsorption. The whole patterns do not exhibit any
drastic modification upon increasing the partial pressure of
CO, with Bragg peaks showing only an intensity change. This
indicates that the overall framework of the material is main-
tained upon loading with CO,. A model of MIL-178(Fe) with
empty pores was therefore created using the Fox simulated
annealing software*' by starting from the structure solved from
single crystal X-ray diffraction in which the solvent molecules
were removed. CO, molecules were added, and their positions
were optimized by using the pattern obtained under the highest
CO, pressure. Once the position of CO, and occupancy at this
loading were determined, Rietveld refinement was conducted
using the Fullprof/Winplotr software (see the ESIt for details).*
Sequential Rietveld refinement was then performed at all the
experimental CO, pressures. On the basis of these in situ PXRD
data, adsorption/desorption CO, isotherms were calculated and
compared to the gravimetric sorption data (see Fig. 4b). The
good fit at each pressure point suggests that the CO, molecules
progressively fill the pores without a major change of the host
structure or a reorientation of the ligand. Diffraction data
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suggest that the saturation with CO, is reached slightly above
the half-filling of the site, and this CO, adsorption capacity is
slightly higher than that found by gravimetric adsorption
isotherm (see Fig. 4). As shown in Fig. 1c, CO, molecules could
be located in the structure of MIL-178(Fe). The center of the
guest CO, molecule is located on the mirror plane but the
molecules are orientationally disordered outside the plane of
symmetry. The closest contacts of CO, molecules with the host
framework are defined by hydrogen bonds of the hydroxyl
group, O(1,0)-H---0(C), having a H---O distance of about 1.82 A
and an O-H---O angle of 149 degree, which is fully consistent
with the GCMC derived preferential sitting reported in Fig. 5.

Since MIL-178(Fe) shows a simulated adsorption enthalpy
difference between CO, and N, of more than 15 k] mol ™, it is
expected to be attractive for the selective adsorption of CO, over
N,. GCMC simulations were thus conducted on the binary
mixture with a 15/85 CO,/N, molar composition. The relatively
high simulated CO,/N, selectivity value ~80 at 1 bar (see
Fig. S111) confirms the promise of this material for CO, capture.
Fig. 5b shows that the preferential adsorption site of CO, in
MIL-178(Fe) remains the same for the CO,/N, mixture as with
the CO, single component. This prediction motivated us to
perform binary mixture adsorption experiments by considering
post-combustion CO, capture, ie., for a gas mixture CO,/N, =
10/90 and 15/85 at 1.0 bar and 3.0 bar, i.e., the typical industrial
concentration and pressure conditions for the separation of flue
gas emitted from power plants. Such real co-adsorption data
were rarely reported in the literature.** Each mixture point was
repeated 3 times giving an average selectivity. A high selectivity
value of 116 + 16 was obtained at 1 bar and 303 K for CO,/N, =
10/90 and increases further to a value of 145 + 15 upon
increasing the CO, concentration (CO,/N, = 15/85). This
selectivity value is comparable with or greater than that of
numerous well-known MOFs with low CO, heat of adsorption
studied under the same conditions while it remains lower than
that of a few MOFs recently reported (see Table S2). By
increasing the pressure to 3 bar, the selectivity values decrease
but interestingly remain rather high (i.e. Spxp = 66 & 5 for CO,/
N, = 10/90).

Processing of the mixed matrix membrane (MMM) for CO,/N,
separation

Since MIL-178(Fe) particles present a good colloidal stability in
1-propanol and 1-butanol solvents (see Fig S141), MMMs were
prepared by dispersing MIL-178(Fe)-RT in a solution of Pebax®-
3533 in a 1-propanol/1-butanol solvent mixture (see the Exper-
imental part for details). Pebax®-3533 is a poly(amide-6-b-tet-
ramethylene oxide) block copolymer composed of 70% of
a rubbery poly(tetramethylene oxide) (PTMO) block with high
affinity towards CO, molecules and 30% of a glassy polyamide
(PA) block providing mechanical strength.**-** This polymer has
the advantage to be commercially available and soluble in non
toxic alcohol solvents. In the past few years, the series of Pebax
polymers was used as a continuous phase in MMMs owing to
their promising separation performances resulting from their
structural flexibility and solubility-selective gas separation.*’~>*

This journal is © The Royal Society of Chemistry 2022
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Moreover, a few rubbery Pebax-MOF MMMs have shown better
MOF-polymer interfacial properties in comparison to numerous
MMMs based on rigid glassy polymers.*>> MIL-178(Fe)-Pebax-X
MMMs with different MIL-178(Fe) contents (X = 5-25 wt%) were
fabricated following a two-step protocol (polymer dissolution
and filler dispersion followed by casting), as explained in the
Experimental section. PXRD patterns of the different MIL-
178(Fe)-Pebax-X MMMs display the characteristic Bragg peaks
of MIL-178(Fe), the intensity of which increases with the
amount of MIL-178(Fe) (Fig. 6). This indicates that the crystal-
line structure of MIL-178(Fe) is preserved upon their association
with the polymer. The PXRD pattern of MMMs displays also
a broad peak at 26 = 20° corresponding to the crystalline region
of PTMO. The FT-IR spectra of MIL-178(Fe)-Pebax-X MMMs
(Fig. S151) present the characteristic vibration bands of both
MIL-178(Fe) and Pebax®-3533, in agreement with the incorpo-
ration of the PCP in the polymer matrix and with the prevalence
of the PCP crystallinity upon the MMM preparation. The
morphology of the membranes was investigated by SEM. In
contrast to the pure Pebax®-3533 membrane that presents
a smooth and homogeneous surface, the surface of MIL-178-
Pebax-10 is rougher due to the embedding of well-dispersed
MIL-178(Fe) platelets with a random orientation in the poly-
mer matrix as shown in Fig. S16.7 However, when the MOF
content reached a loading of 15 wt%, the morphology of the
MMMs changes drastically. As shown in Fig. 6, the top surface
of MIL-178-Pebax-15 is smooth and exhibits a lamellar micro-
structure. Such layered structuration of the MIL-178-Pebax-15
MMM is also observed in cross-sectional SEM images and is
certainly imparted by the stacking of MIL-178(Fe) platelets
parallel to the substrate. A similar morphology was observed for
the MMM with 25 wt% of MIL-178(Fe)-RT (Fig. S161). The
thickness of the MMMs lies between 40 and 45 pm. The thermal
stability of MIL-178(Fe)-Pebax-X MMMs was evaluated by TGA in
comparison to the pure MIL-178(Fe) and bare polymer (see
Fig. S171). First, negligible weight loss below 250 °C shows the
removal of any residual solvent in the MMM. The onset
decomposition temperatures of MIL-178(Fe)-Pebax-10 and MIL-
178(Fe)-Pebax-15 MMMs are slightly higher than that of pure
Pebax®-3533 (~220 °C for the MMM vs. 180 °C for neat Pebax®-
3533) as a result of the good thermal stability of MIL-178(Fe). In
contrast, the thermal stability of MIL-178(Fe)-Pebax-25 is
significantly lower than that of MMMs with a lower PCP content
and pure polymer. This suggests that the interfacial interactions
between the PCP and Pebax®-3533 in MIL-178(Fe)-Pebax-25 are
presumably lower than that of MIL-178(Fe)-Pebax-X with X = 10
and 15. Nevertheless, the overall thermal stability of all MMMs
is enough to meet the requirement for CO,/N, separation. The
residual amount above 500 °C of the MMMs is consistent with
their respective MIL-178(Fe) contents. DSC experiments were
performed to evaluate the impact of the MIL-178(Fe) filler on
the degree of crystallinity of Pebax®-3533."” More precisely, as
the DSC curves are characterized by a single endothermic peak
corresponding to the melting of the PTMO phase (Tt V© ~ 10
°C), we have quantified the degree of crystallinity of this phase.
This was done for each MMM by calculating the ratio between
the enthalpy of fusion (AHy) obtained by integration of the peak
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Fig. 6 (a) PXRD of MIL-178(Fe)-Pebax 3533 MMMs in comparison with the pure polymer and MIL-178(Fe)-RT, and (b) DSC curves of neat
Pebax®-3533 and typical MIL-178(Fe)-Pebax-X MMMs. The curves are shifted vertically for clarity; (c) crystallinity degree of PTMO as a function
of the content of MIL-178(Fe)-RT, and (d) photographs of MMMs with different MIL-178(Fe) contents. (e and f) SEM images of the top surface and

(g) cross-sectional SEM image of the MIL-178-Pebax-15 MMM.

and the enthalpy of fusion corresponding to a purely crystalline
PTMO phase as obtained from the literature
(AH; =200 J g™)*® (see the ESIf for details). The plot of the
crystallinity degree as a function of the MIL-178(Fe)-RT
concentration shows a continuous decrease from 33% to 5%
when the MIL-178(Fe)-RT concentration varies from 0 to 20%.
Thus, it appears that MIL-178(Fe)-RT inhibits the crystallization
of the PTMO phase which should favor a significant softening of
Pebax®-3533 considering that this polymer contains 70% of
PTMO. Therefore, the addition of MIL-178(Fe) fillers to Pebax-
3533 induces the presence of a larger amount of flexible
PTMO chains. This is consistent with the mechanical properties
of the membranes that were characterized at large deformation
by performing tensile tests until failure. Fig. S191 shows the
stress-strain curves for the MIL-178(Fe)-Pebax-X MMMs with X
= 10 and 15 in comparison to the pure Pebax®-3533 matrix.
Table S31 provides the values of Young's modulus (E), the stress
at break (opreak) and elongation at break (epyear). Compared to
the pure Pebax®-3533 matrix, the mechanical properties of MIL-
178(Fe)-Pebax-X MMMs are significantly enhanced. These
materials are much more extensible, which is consistent with
the presence of a larger amount of the rubbery PTMO phase as
shown by DSC. Note that the deformability of MIL-178(Fe)-
Pebax-15 is slightly lower than that of MIL-178(Fe)-Pebax-10.
This can be imparted by the increasing amount of MIL-
178(Fe) particles that can act as reinforcing fillers of the poly-
mer as also shown by the higher value of Young's modulus of
MIL-178(Fe)-Pebax-15 in comparison to those of the other
MMMs. Finally, the long-term chemical stability of the MIL-
178(Fe)-Pebax-X MMMs with X = 10, 15 and 25 was confirmed
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by PXRD and FT-IR experiments after ageing the composite
membranes, under humid ambient air for about 8 months, with
no evidence of structural evolution (see Fig. S20%).

Gas separation measurements were carried out by feeding
the post-combustion gaseous mixture of CO,/N, (15/85
cm?(STP) min ") at an operating pressure of 3 bars to the feed
side at 35 °C. A schematic representation of the GC module is
given in Fig. S21.7 Fig. 7 and Table S41 show the CO, perme-
ability and CO,/N, selectivity of MIL-178(Fe)-Pebax-X MMMs
and pure Pebax®-3533. Remarkably, the addition of MIL-
178(Fe) to Pebax®-3533 up to 10 wt% of MIL-178(Fe) led to
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Fig. 7 Permeation analysis of MMMs, and their comparison with the
bare polymer membrane.
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a significant increase of both the CO, permeability and CO,/N,
selectivity. The CO, permeability of MIL-178(Fe)-Pebax-10 (165
+ 4 Barrer) increased by a factor of 2 compared to that of the
pure Pebax®-3533 (83 + 6 Barrer) while the CO,/N, selectivity of
MIL-178(Fe)-Pebax-10 (16.0 + 0.7) was improved by about 80%
in comparison to that of the pure polymer (9.0 £ 0.7). Further
increase of MIL-178(Fe) content to 15 wt% led to membranes
with the highest CO, permeability (210 + 15 Barrer) at the
expense of a slight decrease of the CO,/N, selectivity (14.0 +
0.7). These results indicate that the inclusion of MIL-178(Fe)
fillers in the Pebax-3533 matrix can induce a high increase of
both permeability and CO,/N, selectivity values up to about
160% and 80%, respectively, in comparison to the bare
membranes. The promising performance of these MMMs can
be explained by the high CO,/N, selectivity of the bare MIL-
178(Fe) and the good compatibility of the MOF filler with the
polymer matrix. Moreover, the ultra-micropores of MIL-178(Fe)
are presumably fully accessible to CO, molecules since the
penetration of polymer chains is not likely to occur in the MOF
channels (¢ < 4.5 A). To shed light on the solubility and diffu-
sivity contributions of the gas permeation results, time lag
experiments were carried out to obtain CO, and N, single gas
permeabilities, and subsequently CO, and N, diffusivities and
solubilities. It is worth mentioning that CO, permeability and
CO,/N, selectivity values of the bare membrane and MMM ob-
tained by time lag and mixture separation analyses are in good
concordance, as shown in Table S5. Time lag experiments have
demonstrated that the inclusion of the PCP in the polymer
increases the CO, solubility (Table S5t). CO, solubility values
are 7.3 x 10 2 and 3.3 x 10 ' (cm*(STP)/(cm® cmHg)) for the
pure polymer membrane and the MIL-178(Fe)-Pebax-10 MMM,
respectively. In contrast, the CO, diffusivity decreases (and so
does the N, diffusivity) from the pure polymer to the MIL-
178(Fe)-Pebax-10 MMM from 1.3 x 107 to 3.8 x 10 % em?
s, in agreement with the narrow microporosity of MIL-178(Fe)
and the tortuosity created in the MMM by the addition of the
filler particles. Therefore, the enhanced permeability of the
MMM in comparison to the pure Pebax®-3533 can be partly
explained by the increased content of the more permeable
amorphous PTMO (lower crystallinity degree) as was previously
reported for a few MOF-Pebax MMMs.*”

Conclusions

A new water stable 1D microporous coordination polymer, MIL-
178(Fe), was discovered, presenting interesting features for CO,
capture such as hydrothermal and thermal stabilities as well as
ultra-micropores decorated with polar OH groups acting as CO,
adsorption sites. This material was synthesized through an
easily-scalable and environmentally friendly protocol with non-
toxic reactants, allowing the achievement of the production of
a large amount of this material with high yield. Monodisperse
MIL-178(Fe) sub-micrometer sized particles were synthesized at
room temperature and were used for the preparation of MMMs.
The complete characterization of the CO,/N, gas sorption
properties of MIL-178(Fe) by combining CO,/N, adsorption/
coadsorption experiments, in situ CO, PXRD and molecular
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simulations revealed that MIL-178(Fe) presents a moderate CO,
adsorption capacity at low pressure but retains a high CO,/N,
selectivity in the 1-3 bar pressure range due to the high affinity
of CO, molecules toward p,-OH groups located on corner-
sharing Fe octahedral chains. MMMs based on MIL-178(Fe)
and the Pebax®-3533 elastomer with a PCP loading up to
25 wt% were cast, showing significantly enhanced CO,/N,
separation performance in comparison to the pure Pebax®-
3533. Such results are likely due to the excellent dispersion of
MIL-178(Fe) particles in the polymer matrix with the absence of
any interfacial microvoid defects, the enhancement of the
MMM CO, solubility and the lower crystallinity degree of the
Pebax matrix in comparison to the pure polymer. Finally, its
excellent stability and cheap composition make this PCP
interesting for other separation applications as well as sensing
or catalysis.””
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Abstract: Nanoparticles of metal-organic frameworks (MOF NPs) are crystalline hybrid micro- or
mesoporous nanomaterials that show great promise in biomedicine due to their significant drug
loading ability and controlled release. Herein, we develop porous capsules from aggregate of
nanoparticles of the iron carboxylate MIL-100(Fe) through a low-temperature spray-drying route. This
enables the concomitant one-pot encapsulation of high loading of an antitumor drug, methotrexate,
within the pores of the MOF NPs, and the collagenase enzyme (COL), inside the inter-particular
mesoporous cavities, upon the formation of the capsule, enhancing tumor treatment. This association
provides better control of the release of the active moieties, MTX and collagenase, in simulated body
fluid conditions in comparison with the bare MOF NPs. In addition, the loaded MIL-100 capsules
present, against the A-375 cancer cell line, selective toxicity nine times higher than for the normal
HaCaT cells, suggesting that MTX@COL@MIL-100 capsules may have potential application in the
selective treatment of cancer cells. We highlight that an appropriate level of collagenase activity
remained after encapsulation using the spray dryer equipment. Therefore, this work describes a
novel application of MOF-based capsules as a dual drug delivery system for cancer treatment.

Keywords: MOF capsules; dual release systems; enzyme encapsulation

1. Introduction

Metal-organic frameworks (MOFs) are crystalline hybrid porous materials comprised
of metal ion nodes and organic linkers with exceptional structural and chemical diversity.
These have gained significant attention for various applications (e.g., separation, catalysis,
sensing, etc.) due to their attractive properties, which include high porosity, large surface
area and structural stability [1-3]. In biomedicine, biocompatible MOFs are attractive
candidates, particularly for drug delivery and imaging, due to their record drug loading
and, in some cases, controlled delivery under body fluid conditions [4].

Biocompatible MOFs possess pore sizes typically within the micro- or mesoporous
domain, e.g., within the 0.3—4 nm range, which restrict their ability to encapsulate large
bioactive molecules, such as proteins. Capping of the external surface of MOF NPs is still a
possibility, but such a strategy is associated both with challenges in surface modification to
avoid any burst release as well as loading limitations. Therefore, to overcome this, develop-
ing new drug delivery systems (DDS) comprising MOF capsules has been proposed very

Int. . Mol. Sci. 2022, 23, 7670. https:/ /doi.org/10.3390/ijms23147670
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recently due to their desirable properties, including large cavities, selective permeability
and high stability [5,6]. This hierarchical system allows the incorporation of a large amount
of a drug while enabling the loading, within the capsule, of a significant amount of macro-
molecules, such as proteins, carbohydrates, lipids, nucleic acids and enzymes. This enables
the drug to be administered in combination with a bioactive molecule that acts in synergy,
such as a drug and a protein, thereby increasing the efficiency of the treatment.

MOF capsules with a controlled chemical composition can be synthesized using
several methods, including solid mold [7], liquid mold [5] and Pickering emulsion [8].
Such techniques are indeed not suitable for preparing a large amount of sub-micrometric
capsules. For instance, the use of emulsion to synthesize capsules is far from being straight-
forward to directly prepare reproducible capsules based on MOF NPs due to the complexity
of preparation using polar/nonpolar solvents and surfactants as well as stability issues.
Besides these limitations, the synthesis of MOF capsules still suffers from many additional
challenges, such as achieving good chemical and mechanical stability, without any coales-
cence as well as a robust simple and scalable production method of capsules associated
with a controlled superstructure.

The spray-drying method offers many advantages to sort out these issues. This method
allows the production of chemically homogeneous droplets containing pre-formed MOF
NPs with no need for any additional immiscible toxic solvents, surfactants, polymers or
the use of sonication [9]. Herein, we have selected spray-drying as a rapid, low-cost and
scalable green route for the synthesis of MOF capsules of a sub-micrometric size with
controlled hierarchical porosity. The technique has previously been used to produce dry
suspensions, encapsulate biomolecules for pharmaceutical applications [10] and synthesize
MOF NPs [11,12], and it is also suitable to develop a spherical hierarchical pore system
from a suspension of dispersed MOF NPs to produce small-size MOF NPs capsules. Fur-
thermore, spray-drying is a common technique used for the encapsulation of drugs and
bioactive molecules in materials capable of protecting them and increasing their stability,
releasing them in a controlled manner in the body, with the possibility of association with
other drugs [13].

Among all the MOFs nanocarriers reported to date, the mesoporous iron trimesate
MIL-100(Fe) (MIL stands for Materials from Institute Lavoisier) is one of the most promis-
ing MOFs in biomedicine due to its very high porosity, open metal sites as well as its lack of
toxicity due to its bio-friendly composition and biodegradable character [14,15]. Previous
studies indicated that MIL-100(Fe) NPs are stable in aqueous and ethanolic solution but de-
grade progressively in simulated biological media, particularly at pH 7.4 [16,17]. However,
we hypothesize here that aggregating MOF NPs to form a porous capsule by spray-drying
can interfere with the rate of degradation of the nanoparticles, and, thus, the release of
the drugs, while enabling the enzyme to be incorporated within the additional mesopores
from the capsule (interparticular and internal cavities). Moreover, the MIL-100(Fe) micronic
capsules should be ideal candidates for oral or intraperitoneal administration routes but
are not suitable for intravenous administration [18]. The closer system reported in the liter-
ature is a simple composite material made of ~125 nm MIL-100(Fe) submicronic particles,
aggregated with carbohydrates by spray-drying [19].

Herein, we propose the synthesis and processing of MIL-100(Fe) hierarchical sub-
micronic capsules as a dual drug delivery system coupling an efficient anticancer drug with
an enzyme, potentializing the drug efficiency in vivo. The material reported and tested
here is structurally more sophisticated than previously described spray-dried MOFs. The
encapsulated drug and enzyme are localized in different porous cavities of the capsule in
order not to interfere in terms of loading while slowing down their release. Methotrexate
(MTX) is an antimetabolite chemotherapeutic agent specific for growing cell populations,
such as tumor cells; collagenase (COL) is an enzyme that also acts as a protector against
tumor progression and metastasis due to its ability to enhance degradation of the dense ex-
tracellular matrix (ECM) surrounding tumor cells. MTX was encapsulated in the mesopores
of MIL-100(Fe) NPs from an aqueous solution prior to the uptake of collagenase directly
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into the interparticular cavities of MOFs colloids during the formation of the MIL-100
capsules by spray-drying. This resulted in the formation of MTX@COL@MIL-100 capsules
that may have a potential application in the selective treatment of cancer cells.

2. Results

In order to prepare the MIL-100(Fe) capsules, preformed MIL-100(Fe) NPs were syn-
thesized separately at ambient temperature, as previously reported by our group [20]. All
characteristics were, on the whole, in agreement with previous results, including a BET
surface area of 1300 m? g~!. The nanoparticles exhibited a mean diameter of 80 + 30 nm,
as determined by dynamic light scattering (DLS) (Figure S1), 66 = 12 nm, as determined
by transmission electron microscopy (TEM) (Figure 1D) associated with a ¢ potential
(deionized water) of —24 + 0.6 mV, consistent with the literature [16,17]. Furthermore,
the nitrogen physisorption of MIL-100(Fe) NPs exhibited BET surface area and BJH pore
size distribution according to what was previously reported in the literature, as shown in
Figure S2.

2um

100 nm
0.5um

Figure 1. (A) and (B) field emission gun scanning electron microscopy (FEGSEM), (C) transmission
electron microscopy (TEM) images of capsules and (D) MIL-100(Fe) NPs on the capsule surface.

The resulting MIL-100(Fe) capsules preserved the crystallinity of MIL-100, as con-
firmed by PXRD and FTIR studies, in comparison with the pre-formed MIL-100(Fe) NPs
(Figures S3 and S4). Nitrogen physisorption measurements on the capsules indicated
a porosity similar to that of the bare nanoparticles, with a measured surface area of
1613 m? g1, with micropore and mesopore volumes of 0.64 (calculated via t-plot) and
0.85 cm? g’1 (calculated via BET).
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A complete study of the morphology and structure evolution of the MIL-100(Fe)
capsule was performed by electron microscopy. The SEM and TEM images of MIL-100
capsules, shown in Figure 1, confirm the homogeneous non-hollow materials and reveal
the absence of any significant cracks or defects.

Figure 1A,B show the external structure of the spray-dried capsules. SEM shows
that the latter exhibit a spherical shape with an average diameter of 800 nm, as shown
in Figure S5. In addition, the constitutive MIL-100(Fe) NPs exhibit the same size and
morphology as the bare nanoparticles, being ca. 70 nm in diameter, as shown in Figure 1D.

In order to further investigate the microstructure of the capsule, focused Ga* ion
beam (FIB) SEM analysis was carried out. Hence, FIB/SEM is an ideal combination of
high-resolution nanoparticle imaging slices. A slice of the capsule was first produced,
leading to a plane cutting through it, and imaging evidenced the presence of large cavities,
as shown in Figure 2.

Figure 2. Focused ion beam scanning electron microscopy (FIB-SEM) of a MIL-100 capsule slice.

After complete characterization of the material, the drug MTX and the collagenase
enzyme were incorporated into the MIL-100 capsule. The crystalline structure of the MOF
remained intact after the loading experiments with little changes in the PXRD patterns in
comparison with the starting nanoparticles (Figure S6A) [14].

The presence of MTX and collagenase in the structure of the capsule was further
confirmed by FTIR spectroscopy (Figure S6B). The spectrum of the MTX@COL@MIL-100
capsule (blue line in Figure S6B) shows bands of the drug, such as the one at 1616 cm !
attributed to the C=0 stretching mode of MTX molecules. In addition, a band at 1504 cm ™1,
attributed to N-H bending of the amidic group, as well as the one of the -C-O stretching of
the carboxylic group of MTX, was displaced from 1268 cm ! for the encapsulated material.
The IR spectrum of the MIL-100 capsules (red line in Figure S6B) was also similar to that
of the MIL-100 capsule with collagenase (blue line in Figure S6B), except for the latter
additional band characteristics of the enzyme, i.e., amide I at 1651 cm ™! (mainly from C=0
stretching), amide II at 1547 cm ! and amide III at 1238 cm ™. This confirmed the presence
of collagenase in the MOF capsule, even after the washing steps.

The porosity of the capsule was also analyzed by N; porosimetry and compared with
bare MIL-100(Fe) nanoparticle and also before and after the encapsulation, as shown in
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Figure 3. Figure 3B compares the pore size distribution (PSD) of the MIL-100(Fe) capsules
and the different loaded samples prepared. The two peaks correspond to the pore diameter
of MIL-100(Fe) meso- and micro-sized internal cavities (/2.4 and 1.58 nm).
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Figure 3. Nitrogen sorption isotherms (A) and pore size distribution curves (B) at 77K (Po = 1 bar) of
MIL-100 capsules (black), MTX@MIL-100 capsules (blue) and MTX@COL@MIL-100 capsules (red).

The SEM and TEM micrographs of the MTX@COL@MIL-100 capsule are shown
in Figure 4. The MIL-100 capsules showed well-defined particles with a homogenous
density, while moderately electron-dense spots could be seen through the MTX@COL@MIL-
100 capsule (Figure 4B), possibly associated with the presence of collagenase (or MTX
agglomerates) inside the MOF capsules.

Figure 4. (A) field emission gun scanning electron microscopy (FEGSEM) and (B) transmission
electron microscopy (TEM) images of MTX@COL@MIL-100 capsule.

The MTX entrapment efficiency (EE%) in MIL-100 NPs was 50.3%. The structural
integrity of the MOF was kept after encapsulation of MTX, while the residual porosity was
low due to the drug loading (see characterizations in the Supplementary section).
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In a second iteration, MTX@MIL-100(Fe) NPs were added to a collagenase ethanolic
suspension and the mixture was pumped into a spray dryer. The liquid fed into the spray
dryer produced fine atomized droplets. These droplets were injected into a drying gas
chamber, where vaporization occurred with outlet air temperature of 45 °C. Considering
that the residence time in the drying chamber is between two and three seconds (estimated
from the dry air flow rate and the volume of the drying chamber), the drying process
has a small impact and should not significantly denature the collagenase [21], which
was confirmed by the enzymatic activity experiment. After drying, MTX@COL@MIL-100
capsules were formed. The EE% of collagenase in the MIL-100 capsules was 91.74%, which
demonstrates the high encapsulation yield of this process. We, therefore, demonstrated the
ability of these MOFs capsules to be a high loading dual delivery system for active drugs
and enzymes, collagenase and MTX in this case. During this step of the experiment, we
carefully prepared capsules by spray-drying in a maximum period of 30 min, considering
that MTX would almost not be released during this process, as shown in the MTX release
curve in Figure 5.

A B
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Figure 5. Release profiles of MTX at 37 °C from MIL-100(Fe) NPs and MIL-100 capsules in PBS at
pH 7.4 (A)and pH5 (B).

At pH 7.4 (Figure 5A), the drug release from MTX-loaded capsules exhibits a lower
degree of initial burst release when compared to the bare nanoparticles and, furthermore,
the drug continues to be released from the capsule after this period. In addition, the
cumulative drug release within 48 h reaches approximately 93% for the MIL-100 NPs,
against ca 50% for MIL-100 capsules. Nanoparticles have very large surface area to volume
ratios compared to the capsules, and, therefore, the hierarchical packing of MIL-100(Fe)
colloids into capsules can slow down the MIL-100(Fe) degradation from the phosphate
anions present in the medium associated with the drug release, ultimately resulting in
slower MTX release. At pH 5.0 in the first 4 h, only 12% and 21% of the drug were released
from the MIL-100 capsules and the bare nanoparticles, respectively, while the maximum
amounts of MTX released from the MIL-100 capsules and bare nanoparticles after 48 h were
only about 24% and 34%, respectively.

The collagenase release profiles from collagenase-loaded MIL-100 capsules (pre-loaded
with MTX) at pH 7.4 and pH 5 are shown in Figure 6.
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Figure 6. Collagenase release profiles from free enzyme and collagenase-loaded MIL-100 capsules at
pH 7.4 (A) and pH 5 (B).

In detail, one can observe a tiny burst release at the early stage of the delivery, with
about 15.4% of the collagenase released from the MIL-100 capsules within the first 8 h.
Between 8 and 12 h, the release profile was stabilized, and, after 12 h until the end of the
assay (72 h), an 18% increase in the enzyme release was observed. At pH 5.0, the initial
burst release was decreased to only 3.8%, while, after 24 h, the maximum amount released
was only 26.9%, which is 8% less than the value obtained at pH 7.4. The tumor tissue
environment is moderately acidic compared to healthy cells; therefore, a pH-responsive
drug delivery system may reduce the undesirable effects related to drug transport in blood
circulation and improve anticancer drug delivery to the tumor tissue.

The kinetic MTX and COL release profiles were further fitted using the following
mathematical models, using the Sigma Plot10.0 software (Systat Software, San Jose, CA,
USA): Korsmeyer-Peppas, Higuchi, Hixson-Crowell, first order and Weibull. The kinetic
release values are shown in Tables S3-55. The MTX and COL release from the MIL-
100 NPs and MIL-100 capsules at both pH values showed a strong correlation with the
Korsmeyer-Peppas model. Values of n between 0.45 and 0.89 represent cases of anomalous
or non-Fickian transport.

In vitro activity experiments were carried out to verify the properties of the dual
MOF capsule carrier system. The enzymatic activity of collagenase released from the
MTX@COL@MIL-100 capsule on gelatin degradation was first measured, as shown in
Figure 7. It was found that pure gelatin solidifies back to a hydrogel at 4 °C (group 1).
In addition, gelatin could still form a steady hydrogel at low temperature even after co-
incubation with empty MIL-100 capsules (group 2), free MTX (group 5) and MTX@MIL-100
capsules (group 6) for 24 h, indicating that these samples could not degrade gelatin. How-
ever, gelatin co-incubated with free collagenase (group 4) remained in a liquid state after 3 h,
while the one co-incubated with COL@MIL-100 capsule (group 3) or MTX@COL@MIL-100
capsule (group 7) maintained a liquid state for between 12 and 24 h from the beginning of
the assay.
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24h

Figure 7. Gelatin solution cocultured with each sample at 37 °C and then stored at 4 °C for 3, 12
or 24 h; (1) pure gelatin; (2) MIL-100 capsule; (3) COL@MIL-100 capsule; (4) collagenase; (5) MTX;
(6) MTX@MIL-100 capsule and (7) MTX@COL@MIL-100 capsule.

To confirm the possibility of using this system for drug delivery, cytotoxicity tests
were performed using the resazurin assay, which estimates the metabolic activity of living
cells by the quantitative conversion of the reagent into a fluorescent indicator. These tests
were carried out between concentrations of 0.586 ug/mL and 150 ug/mL, and the ICs5y and
selectivity index (SI) values obtained in this study are shown in Table 1.

Table 1. Results of the IC5) (1g/mL) and selectivity index (SI).

I1C50 SI
Sample

A-375 HaCaT HaCaT/A-375
MTX 10.37 £ 5.1 >150.00 £ 0.0 >14.46
MIL-100 capsule 69.33 £55 >150.00 & 0.0 >2.16
MTX@MIL-100 capsule 16.29 + 2.0 >150.00 £ 0.0 >9.21
MTX@COL@MIL-100 capsule 13.06 £ 7.9 >150.00 £ 0.0 >11.48
COL@MIL-100 capsule 18.99 + 14.7 >150.00 £ 0.0 >7.90
Collagenase >150.00 & 0.0 >150.00 £ 0.0 1
DMSO >150.00 & 0.0 >150.00 £ 0.0 1

All the samples revealed toxicity (ICsq values) in the A-375 cell line; however, for the
normal cell line, HaCaT, no toxicity was observed, even at the highest concentration tested,
confirming its safety. The hollow MIL-100 capsule showed an ICs, value of approximately
70 ug/mL for the A-375 cell line, and, after encapsulation of MTX or collagenase, the ICs
decreased, as expected, to 16 and 19 ug/mL, respectively. Furthermore, the IC5 value for
the capsule with the dual encapsulation of collagenase and MTX was 13 pg/mL for the
tumor cell line, in agreement with a synergetic effect of both MTX and collagenase.
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3. Discussion

The synthesis of the MOF capsule was possible due to some intrinsic properties of
MIL-100(Fe) NPs. Therefore, the negative surface charge, attributed to the free carboxylate
groups from the trimesic acid linkers exposed on the outer surface of the MOF NPs,
suggests that electrostatic repulsion forces helped to avoid rapid aggregation on the capsule
formation process during the spray-drying.

The spray-drying method enabled the formation of hot water droplets containing
the MIL-100(Fe) NPs and the drugs loaded. The process starts with the atomization of
the precursor solution to form micron- and submicron-size droplets using a two-fluid
nozzle (mixing fluid and air). Precursor droplets came into contact with a turbulent
hot gas stream with outlet air in 45 °C, promoting a rapid solvent evaporation. In each
droplet, all the constituents move both by diffusion and convection, while the droplet
diameter decreases with evaporation, resulting in the rapid formation of capsules made of
MIL-100(Fe) NPs stacked concentrically with each other. To benchmark our spray-drying
technique with results previously reported by some of us [11], we initially focused on
the most important input parameters, such as the solid concentration (1 mg-mL~1), the
drying gas inlet temperature (80 °C), the solvent type (ethanol) and the drying gas flow rate
(0.05 mL-min~!), aiming to form nano-micrometric and spherical capsules. The adjustment
in the gas inlet temperature influences the evaporation rate, thus transfer of suspended
constituents from the surface to the deepest area inside the drop, and this can create hollow
spaces in the particle. In this study, the temperature used, outlet temperature of 45 °C, was
judiciously low, high enough to evaporate the aqueous suspension and low enough for
limiting the degradation of the enzyme [22].

The TEM and SEM images, as shown Figures 1 and 4, confirm that the selected
low-temperature spray-drying conditions enabled the gentle aggregation of pre-formed
MIL-100(Fe) NPs without using emulsion, most commonly used in the literature [12,23].

We highlight here that this processing procedure produces non-hollow particles, which
allows adjusting the final particle size simply by adjusting the concentration of the MIL-100
nanoparticle suspension. This point is of crucial importance for it allows easily tuning the
aerodynamic diameter of the particles if optimized lung delivery is targeted, which is not
the case in the article previously reported, in which dextran and alpha cyclodextrine/MIL-
100 spray-dried particles, as reported previously, are hollow and, thus, for which the density
is not a priori predictable and changes with the particle diameter [19]. In addition, nitrogen
physisorption measurements, shown in Figure 3 and S2, confirmed that the spray-drying
process does not affect the textural quality of the previously synthesized MOFs. The N,
sorption isotherm of the MIL-100 capsules is associated with a combination of the intrinsic
micro/mesoporosity of the bare nanoparticles and the additional interparticular porosity
of the voids between the nanoparticles aggregates delimiting the capsules. The FIB/SEM
of the capsule slice also showed large cavities (Figure 2), which are of a strong interest for
carrying large active biomolecules, such as collagenase.

These cavities, combined with the intrinsic micro/mesopores from the MIL-100 consti-
tutive particles, comprise a promising hierarchical pores carrier for the controlled delivery
of a large variety of drugs and biomolecules to treat cancer. As a proof of concept, we first
selected MTX, a folate antimetabolite and potent anticancer molecule that interacts with
the reduced folate carrier and the folate receptor, which is overexpressed on the surface of
several types of cancer cells [24,25]. Furthermore, to take advantage of the large voids from
the capsule, we also selected the COL, which is part of a group of enzymes called proteases
that have the ability to hydrolyze peptide bonds. These enzymes are used in cancer thera-
pies to degrade extracellular proteins and tumor cell growth factors, thereby preventing
tumor progression and metastasis [26]. Therefore, this MOF-based capsule system with a
multi-modal porosity represents a promising strategy to associate two bioactive molecules
into a single material, known as a dual delivery system [27,28].

The MTX encapsulation was higher than what has been previously reported in the
literature by other nanocarriers. For example, Trotta et al. reported an EE% in liposomes
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of 39.6%, while another group showed an EE% of only 10.2% for silver nanoparticles
coated with PEG [29]. These results confirm the excellent capacity of MIL-100 NPs to
incorporate a large amount of this drug. The structural integrity of the MOF was maintained
after encapsulation of MTX, while the residual porosity was low due to the drug loading
(Figure S6 and Table S2). Besides that, the high encapsulation of collagenase in the MIL-100
capsules demonstrates the ability of these MOFs capsules to be a high loading dual delivery
system for active drugs and enzymes, collagenase and MTX in this case.

The porosity of the capsule analyzed by N, porosimetry properties (please see Table S2)
showed a decrease in the specific surface area of the capsule, which can be justified by the
incorporation of a large amount of MTX and collagenase. Besides that, the incorporation of
the drug and collagenase led to an even stronger decrease in pore volume, as expected.

The SEM and TEM micrographs of the MTX@COL@MIL-100 capsule, presented in
Figure 4, show that the spherical morphologies of the capsules were maintained after drug
and enzyme encapsulation.

In drug release experiments, whose results are shown in Figures 5 and 6, the higher
release in MIL-100 NPs is justified by large surface area to volume ratios compared to the
capsules, and, therefore, the hierarchical packing of MIL-100(Fe) colloids into capsules can
slow down the MIL-100(Fe) degradation from the phosphate anions present in the medium
associated with the drug release, ultimately resulting in slower MTX release. At pH 5.0,
an even slower and lower MTX release rate is observed in comparison with the profile at
pH 7.4, as expected from these iron MOFs that are more stable under acidic conditions.
Briefly, the amount of drug released in a more acidic environment was approximately
half the amount of drug released at pH 7.4. This is mainly due to the greater stability of
MIL-100 in an acidic medium, which is in line with previous studies that showed that MOF
NPs progressively release their ligand in neutral PBS, whereas, in acidic conditions, the
degradation kinetics was much lower [16,17]. Therefore, these results highlight that MTX is
released slowly from the MIL-100 capsules in a simulated physiological medium, in favor
of their use as advanced controlled release systems.

Noteworthily, in both cases, at pH 7.4 and 5, the release profiles are, on the whole,
in agreement with a very slow release of collagenase. Further, the collagenase is in the
interparticle space MIL-100(NPs), suggesting that it may be located more superficially
or deeper in the capsule. The initial release can tentatively be attributed to the presence
of the enzyme in cavities close to the outer surface of the capsule. The release profile
stabilizing between 8 and 12 h of the experiment is due to the enzyme located within
the internal cavities of the capsules. After 12 h, the increase in the enzyme release is in
agreement with the slow diffusion of the enzyme through the cavities of the capsule. At
pH 5.0, the kinetics of release was overall slower than the one observed at pH 7.4. Such
a difference in release profiles could be due to the greater stability of the constitutive
MOF (and, thus, MOF capsule) in the acidic medium, releasing only a small amount of
collagenase present inside the MIL-100 capsule and more pronounced degradation in a
neutral PBS, which, consequently, led to a higher collagenase release [17]. This longer
sustained release of the enzyme, which fits well with the one of MTX under the same
conditions, can be explained by its localization within the core of the capsule. It is known
that collagenase, as a large biomolecule 11.5 nm in diameter [30], cannot diffuse through
the MIL-100(Fe) microporous windows; therefore, to be released, it must diffuse through
the routes of inter-particular spaces.

The quantitative interpretation of the in vitro release values obtained is facilitated
by using equations that mathematically translate the release profile according to some
parameters, as shown in Tables S3-S5. Mathematical modelling has been an important
tool regarding the physical-chemical processes involved during the drug release process
in the studied matrix. The MTX and COL release from the MIL-100 NPs and MIL-100
capsules showed a correlation with the Korsmeyer—Peppas model and with anomalous
or non-Fickian transport. The non-Fickian diffusion includes more than one physical-
chemical process in release mechanisms simultaneously, such as swelling, diffusion and
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system dissolution [31]. Thus, the release of MTX must occur by diffusion and erosion as
the MIL-100 NPs degrade in the medium, likely to be associated with a change in their
surface chemistry with the attack of the phosphate present in the medium [17].

Finally, in vitro collagenase activity experiments, whose photos are presented in
Figure 7, showed that the MOF capsule carrier system with COL, as it was co-incubated with
gelatin, maintained a liquid state, indicating that the gelatin was degraded, which demon-
strated that the collagenase maintained an appropriate level of enzymatic activity after
encapsulation to be used in association with the MTX to be used in antitumor application.

The cytotoxicity test results, shown in Table 1, highlight the strong selectivity of our
system for the tumor cell line used in the experiment. The hollow MIL-100 capsule already
showed tumor selectivity; however, it increased by nine times after MTX encapsulation
and seven times after collagenase encapsulation. In addition, the SI assay showed that the
multidrug incorporation of MTX and collagenase led to an even higher selectivity (x11),
suggesting that the MTX@COL@MIL-100 capsule may have a potential role in the selective
treatment of cancer cells. Therefore, such dual drug delivery systems developed based on
MIL-100 capsules are promising candidates for multimodal antitumor treatment.

4. Materials and Methods
4.1. Production of MIL-100(Fe) Capsules by Spray-Drying

The spray-drying procedure was conducted on a laboratory scale (Mini Spray Dryer
B290) with two concentric fluid nozzles (fluid and air). The key parameters controlling the
final particle size are the spray mesh size, concentration of solids, pump flow and aspirator
and inlet temperature [13]. The pre-formed MIL-100(Fe) NP suspension was injected
simultaneously with hot air in the spray-drying apparatus with a nozzle orifice diameter of
0.5 mm. After a comprehensive investigation and studies previously carried out by some
of us, the parameter settings were established, specifically a suspension concentration of
1 mg~mL_1, inlet air temperature of 80 °C, outlet air temperature 45 °C, dry air pressure of
50 bar and pump flow rate 0.05 mL-min~!.

4.2. Characterization

Powder X-ray diffraction patterns (PXRD) were obtained by a Bruker D8 Advance
diffractometer (0-26) using Cu K« radiation (A = 1.5418 A). Transmission IR spectra were
recorded in the range of 400-4000 cm ! on a Nicolet iS5 iD7 ATR spectrometer. N sorption
isotherms were obtained at 77 K using an ASAP porosimeter (accelerated surface area
and porosimetry system, model 2013; Micromeritic) connected to a computer. Prior to the
analysis, samples were evacuated at 120 °C under primary vacuum. Brunauer-Emmett—
Teller (BET) surface area and pore volume were estimated at a relative pressure ranging from
0.05 and 0.25. Field emission gun scanning electron microscopy (FEGSEM) observations
were obtained by using a TopconSM-300 microscope with a secondary electron detector
and an electron acceleration voltage of 10 kV. Dual beam focused ion beam scanning
electron microscope (FIB/SEM) images were obtained by using an FEI microscope (HELIOS
NANOLAB 600i) with a gallium ion column. HRTEM images were recorded on a FEI Tecnai
G? F20 transmission electron microscope (TEM) operating at 200 kV, equipped with an
electron scattering transmission emission. Samples were prepared by the deposition of one
droplet of colloidal suspension onto a carbon-coated copper grid, which was left to air dry.

4.3. Methotrexate Encapsulation and Release

Methotrexate was loaded by soaking 60 mg of MIL-100 NPs in 40 mL of an aqueous
solution of MTX (1 mg-mL~!) under constant stirring at 37 °C overnight. The suspension
was then centrifuged (14,000 rpm, 10 min) and the supernatant was removed. The solid
was washed two times with water, recovered by centrifugation (14,000 rpm, 10 min) and
dried under vacuum overnight. The drug in the supernatant was measured in triplicate
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by UV-Vis spectroscopy (Cary 60 Spectrophotometer; Agilent, Australia) at 306 nm. The
entrapment efficiency (EE%) was calculated according to Equation (1).

- 5 weight of drug in MIL — 100 nanoparticles
Httraproientetficenay (R = ’ weighft; of drug fed initiall)?

x 100 (1)

The MTX release profiles were obtained by using simulated physiological media
(phosphate buffered saline (PBS) solution 0.1 M) at pH 5.0 and pH 7.4, representing the
cancer environment and the physiological pH, respectively. MTX@MIL-100(Fe) NPs and
MTX@MIL-100 capsules (10 mg) were suspended in PBS solution (10 mL) and incubated at
37 °C under constant stirring, prepared in triplicate. Samples were removed after 0.5, 1, 2,
3,4,6,7,8,12,24 and 48 h, and an identical volume of fresh PBS was immediately replaced,
keeping up the MTX concentration far from saturation.

The release of MTX was quantified in triplicate by UV-Vis spectroscopy (Cary 60 Spec-
trophotometer; Agilent, Sidney, Australia) at 306 nm.

4.4. Collagenase Encapsulation and Release

Collagenase was loaded into the capsule through a spray-drying technique. Colla-
genase (10 mg) was added into 50 mL of an MTX@MIL-100 capsule ethanolic suspension
(1 mg-mL~'). The mixture was quickly subjected to spray-drying using the parameters
described in Section 4.1. Low-temperature dry air was used for limiting enzyme denatura-
tion. After obtaining the MTX@col@MIL-100 capsules by spray-drying, the material was
washed three times with water to remove any free collagenase present at the outer surface
of the capsules. The presence of collagenase in the supernatant was determined in triplicate
through UV-Vis spectroscopy (Cary 60 Spectrophotometer; Agilent, Australia) at 258 nm.

The release of collagenase was studied by suspending 10 mg of the drug-loaded MOF
capsule powder in 30 mL of PBS (pH 7.4 and pH 5). This suspension (in triplicate) was kept
under constant stirring for 48 h at 37 °C. At each time point, a 0.5-mL aliquot of supernatant
was recovered following centrifugation (14,000 rpm, 10 min) and replaced with the same
volume of fresh PBS, keeping up the total volume of solution. The release of collagenase
was quantified in triplicate by UV-Vis spectroscopy (Cary 60 Spectrophotometer; Agilent,
Australia) at 258 nm.

The in vitro release data were analyzed according to various kinetic models, including
zero order, first order, Korsmeywer-Peppas and Huguchi models, to determine the most ap-
propriate release models that described the release patterns of the drug and enzyme. Model
selection was based on the highest correlation coefficient (r) of the assessed parameters, as
suggested by Burnham and Anderson (Table S1) [32].

4.5. Enzymatic Activity

The enzymatic activity of collagenase after encapsulation within the MOF capsules
was investigated according to the procedure previously described by Wang et al. (2018) [33].
First, 30 mg/mL of an aqueous solution of gelatin type B (from bovine Sigma-Aldrich
G9391) was prepared at 37 °C. The gelatin solution was divided into seven groups: pure
gelatin, MIL-100 capsules, free collagenase, free MTX, MTX@MIL-100 capsules, col@MIL-
100 capsules and MTX@col@MIL-100 capsules. The collagenase concentration was equal in
all samples, based on the amount encapsulated in the MOF capsules. For each time interval
(3, 12 and 24 h), the sample was stored at 4 °C for 30 min before an image was obtained
using a digital camera.

4.6. In Vitro Toxicity Assay

The cell viability of HaCaT (human keratinocytes) and A-375 (human melanoma) cell
lines was determined by resazurin redox assay according to the procedure described by
Pagé and coauthors [22] and adapted by Pavan and collaborators [34]. Cells were cultured
in DMEM-HG supplemented with 10% FBS (Gibco) and 1% antibiotic gentamicin sulfate
(50 mg/L) and antimycotic solution, amphotericin B (2 mg/L), at 37 °C, with 5% CO, and
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95% humidity. Cells were seeded into 96-well microplates (TPP) to achieve a concentra-
tion of 1 x 10° cells/well, then incubated under standard culture conditions for 24 h to
allow cell adhesion. The free MTX, MIL-100 capsule, MTX@MIL-100 capsule, collagenase,
collagenase@MIL-100 capsule and MTX@collagenase@MIL-100 capsule treatments were
prepared and incubated in serial dilutions starting at a concentration of 150 pug/mL. The
positive control consisted of wells containing cells and the negative control consisted of
only culture medium. The microplates were again incubated for 24 h. After this period,
the culture medium was removed and 50 uL of 0.01% resazurin was added. The plates
were again incubated for 2 h, then the fluorescence was read in a Synergy H1 microplate
reader (excitation at 530 nm and emission at 590 nm). The resulting fluorescence signals
were normalized to the fluorescence signal of the negative control. The IC5) was defined
as the highest concentration that allowed 50% cell viability. All experimental points were
assessed in duplicate, and bars represented the standard error of the mean.

5. Conclusions

Spherical metal-organic capsules, based on MOF MIL-100(Fe) capsules, were suc-
cessfully synthesized through a gentle green and scalable low-temperature spray-drying
process, starting from pre-formed small-size nanoparticles (<100 nm). The sub-micron-size
(800 nm) capsules revealed good stability and large internal voids (30 nm), which combined
to the intrinsic porous character of the MOF NPs, making them promising as a dual drug
carrier system. The capsules could successfully concomitantly encapsulate a high loading
of the anticancer drug MTX and collagenase associated with a controlled release in PBS
over a few days, slower than what was achieved for the bare nanoparticles. The loaded
MIL-100 capsule was found to be safe when applied to normal cells, while the drug loaded
capsules showed a synergetic effect between MTX and collagenase, known to enhance the
degradation of the dense extracellular matrix (ECM) around tumor cells through in vitro
activity tests. This confirms the high potential of such porous MOF capsules as multimodal
antitumor therapies.
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L'objectif de cette these est de développer de nouveaux maté&iaux hi&archisés associant des
nanoparticules/nanoclusters inorganiques et des MOFs (metal-organic frameworks), pour des
applications en thé&anostique dans le traitement de certaines maladies inflammatoires et de cancers.
Les solides poreux tels que les MOFs ont ré&cemment fait I'objet d'une attention considé&able pour la
libéation contrdé& de mélicaments et sont actuellement développé& en thé&anostique ades fins de
meédecine personnalisée. En terme de construction de MOFs thé&anostiques, lI'une des principales
straté&ies consiste & encapsuler directement des nanoparticules inorganiques dans des MOFs.
Cependant, la majoritédes travaux reposent sur des syntheéses complexes dans des conditions "dures”,
en pré&ence de réctifs parfois toxiques, ce qui repré&ente un frein évident pour des applications
pratiques notamment en biomedecine. Pour surmonter ce défi, nous avons synthé&iséune sé&ie de
NPs@MOF via une straté&yie de synthése in situ atempé&ature ambiante. En choisissant le MOF MIL-
100(Fe), carboxylate de fer méoporeux peu toxique, comme exemple repréentatif, nous avons obtenu
pour la premiee fois des nanocomposites maghemite@MIL-100(Fe) et nanoclusters d'or@MIL-
100(Fe). Ces nanocomposites ont montréune capacitéd'encapsulation de principes actifs éevee, une
lib&ation contrdé& de ces principes actifs, sensible aux stimuli, et d'excellents effets anti-
inflammatoires. En outre, ces nanocomposites sont prometteurs pour des applications en imagerie
telles que I'imagerie par ré&onance magnéique (IRM) et lI'imagerie de fluorescence dans la seconde
fené@re proche infrarouge (NIR I1). De plus, outre le MIL-100(Fe), les nanoclusters d'or (Au NCs)
stabilisé&/fonctionnalisé& par la cysténe, et pré&entant des propriéé& optiques potentiellement
am@iorees, pourraient également &re encapsulé dans des MOF abase de zinc (ZIF-8) et des MOF a
base de zirconium (UiO-66) ; les propriéé& des nanocoomposites ainsi obtenus n'ont pas &é

entiéement éudiées en raison de contraintes de temps.

Dans le dé&ail, cette thése est diviseée en cing chapitres, ré&umés ci-dessous :

1. Introduction : Nanoparticules pour des traitements anti-inflammatoires et MOFs fonctionnels pour
des applications en thé&anostique

2. Nanovecteurs MOFs superparamagnéiques hiéarchisé& pour des applications en nanomeélecine
anti-inflammatoire thé&anostique

3. Nanoclusters d'or - MIL-100(Fe) pour I'administration de dexaméhasone et la thé&apie synergique
des maladies inflammatoires

4. Nouveaux hybrides nanoclusters d'or@MOFs

5. Discussion générale et perspectives
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Le chapitre 1 est diviséen deux parties, asavoir «des nanoparticules pour I'anti-inflammation>et «des
MOF fonctionnels pour des applications en thé&anostique>» La premiée partie est consacrés al'éat de
I'art sur les nanoparticules utilisés pour des traitements anti-inflammatoires. Ces nanoparticules sont
utilisées soit comme vecteurs pour la libé&ation de mélicaments anti-inflammatoires soit directement
en tant qu'agents anti-inflammatoires. Concernant leur utilisation comme vecteur de principe actif, les
nanoparticules abase de polymeres et les nanoparticules abase de lipides ont &&largement utilisés
pour I'administration de mé&licaments anti-inflammatoires et elles sont prometteuses pour le transfert
clinique. Dans le méne temps, il a &alement &é& démontré que les nanoparticules de silice
meésoporeuses, en tant que maté&iaux poreux, permettent une lib&ation contrdé des mé&licaments
anti-inflammatoires. D'autres nanoparticules inorganiques telles que les nanoparticules d'or, d'argent,
de zinc ou d'oxyde de c&ium posseédent des propriéés anti-inflammatoires intrinsegues en diminuant
I'expression des cytokines pro-inflammatoires, en inhibant I'activation de la voie inflammatoire ou en
diminuant la production de d&ivé réactifs de I'oxygéne (ROS) par des activité&s enzyme-mimeéique.
Au dela des nanoparticules préeélentes, les nanoparticules biomiméiques, en camouflant les
nanoparticules avec la membrane cellulaire, ont permis de ré&luire la capture et I'@imination par le
systame immunitaire, facilitant une lib&ation ciblé du principe actif. Ces 15 derniées anné&es, les
MOF se sont avé& & @re tres prometteurs comme vecteurs pour la libéation contrdé& de mélicaments
en raison de leur porositééeve et de leur grande diversitéchimique et structurale. Plus ré&eemment,
ils ont &éutilisés comme vecteurs de principes actifs pour le traitement de maladies inflammatoires.
La thé&anostique est un concept combinant thé&apie et diagnostic, et dans la seconde partie de ce
chapitre, un chapitre de livre publiéen 2020 (Metal-Organic Frameworks for biomedical applications,
Elsevier, 2020, 397-423) ré&sume I'é&at de I'art sur les MOFs fonctionnels pour des applications en
thé&anostique. Compte tenu du développement rapide et régent dans le domaine au cours des deux a
trois derniées annés, le chapitre de livre a @€émis ajour avec les articles ré&emment publié. En
résume sont principalement pré&entés les MOFs al'é&helle nanomérique utilisé&s en thé&anostique
pour le traitement de cancers et autres maladies théanostiques, au cours des dix derniéres années, ainsi
que des sé&ies de MOF pour des applications en thé&anostique tels que des nanoMOF magné&iques, des
nanoMOF incorporant des nanoparticules de méaux nobles, des nanoMOF enrobés de polyméres, des
nanoMOF fluorescents, des nanoMOFs pour laphotothé&apie, des nanoMOFs pour I'imagerie mé&licale
ainsi que des nanoMOFs sensibles ades stimuli. Notablement, les MOF hi&archisé& ouvrent une

nouvelle voie pour concevoir des systames avancé d'imagerie multimodale et de thé&apie synergique.

Dans le chapitre 2, un nanoobjet hi&archiséporeux (noteUSPIO@MIL) a &&obtenu par une strategie

de synthése in situ atempé&ature ambiante, combinant un nanoMOF de ré&é&ence (nanoparticules de
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MIL-100(Fe)) et des particules d'oxyde de fer superparamagnéique (USPIO, ultrasmall
superparamagnetic iron oxide, ou maghénite). Brievement, pour obtenir des hé&é&ostructures
USPIO@MIL, des USPIO préormees ont @eémdangees avec des preeurseurs de MIL-100(Fe) dans
I'eau atempéature ambiante. La méhode de syntheése est facile, peu onéeuse, respectueuse de
I'environnement et peut ais@ment &re mise al'é&helle. Le couplage synergique des propri&eés physico-
chimiques et fonctionnelles des nanoparticules USPIO et MIL-100(Fe) confé&e aces nano-objets des
caractéistiques intéessantes telles qu'une stabilitécollodale &eveée, une biodégradabilit€ une faible
toxicité une capacitééevee d'encapsulation et une lib&ation contrdé de mélicaments ainsi que des
propriéé superparamagnéiques. Notablement, en plus des techniques courantes de marquage par
fluorescence, anotre connaissance, I'ensemble du processus d'internalisation et de dégradation
cellulaire de nanoparticules hi&archisées USPIO@MIL a &évisualisépour la premiee fois par Bio-
TEM. Apreés plus d'une semaine de suivi, leur biodé&yradabilité a &é largement confirmée. Ce
nanoporteur bimodal USPIO@MIL possélait une grande capacitéd'encapsulation de mé&licaments
anti-tumoraux ou anti-inflammatoires (doxorubicine ou méhotrexate), et éonnamment,
I'encapsulation de doxorubicine s'est avéee quatre fois plus éeveé par rapport au MIL-100(Fe) reporté
pr&&lemment, sans doute en raison de défauts dans la structure du MOF. La libé&ation contrdee par
des stimuli de doxorubicine encapsulédans les USPIO@MIL a permis de mettre en ésidence des
activités anti-inflammatoires et anti-tumorales éevés. De plus, les nanoobjets USPIO@MIL ont
pré&enté d'excellentes propriéé& relaxomériques et leur utilisation en tant qu'agent de contraste
efficace pour I'imagerie par résonance magnéique a é&dénontré&. Ce chapitre met en &/idence le
fort potentiel des maghemite@MOF, inté&rant des fonctions d'imagerie et de thé&apie, pour des
applications en thé&anostique anti-inflammatoire. Ce travail a &&soumis sous forme de publication.

Dans le chapitre 3, suivant la stratégie déerite dans le chapitre 2, des nanoparticules de nanoclusters
dor@MIL (Au NCs@MIL) ont é&é synthé&is&s en encapsulant des nanoclusters d'or
stabilisé&/fonctionnalisés par le glutathion (Au2sSGis NCs) dans le MOF MIL-100(Fe). Le phosphate
de dexaméhasone (DexP) est un anti-inflammatoire glucocortico'de, dont les dimensions permettent
d'envisager son encapsulation dans les mé&opores du MIL-100(Fe). Par ailleurs,la coordination des
groupements phosphate du DexP sur les sites acides de Lewis du MIL-100(Fe) peut aussi é&re
envisagee. Comme attendu, les nanoparticules Au NCs@MIL hi&archisés ont montréune capacité
d'encapsulation du DexP (Au NCs@MIL/DexP) deveér et une libé&ation contrdée du DexP, sensible
aux stimuli. Les ré&ultats sont comparables aceux déerits dans le chapitre 2 pour les USPIO@MIL
encapsulant du méhotrexate. De plus, le copolymere acide hyaluronique-polydopamine (HA-PDA) a
pu &re utilisépour recouvrir le nanoMOF et ralentir la lib&ation de DexP par les nanoparticules Au
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NCs@MIL/DexP dans un environnement physiologique neutre. Outre le DexP, les nanoclusters d'or
pourraient &alement agir comme agents thé&apeutiques anti-inflammatoires tout en préentant un
potentiel en imagerie mélicale. En termes d'anti-inflammation in vitro, les nanoparticules Au
NCs@MIL/DexP ont spe&ifiquement inhibé& la croissance des cellules inflammatoires, pigé les
dé&ives réctifs de l'oxygeéne intracellulaire (ROS) et abaissé la sé&ré&ion de cytokines pro-
inflammatoires. 1ls pourraient par ailleurs bloquer efficacement certaines voies inflammatoires telles
que la voie du facteur nuclé&ire kappa B (NF-«xB) et la voie du facteur régulateur de l'interféron (IRF).
Au total, la co-lib&ation de principes actifs et de nanoclusters méalliques par les MOF permet de
proposer une nouvelle approche pour le traitement et le diagnostic des maladies inflammatoires. La

ré&laction d'un article sur ce travail est en cours.

Le chapitre 4 est consacréau développement de nouveaux hybrides Au NCs@MOFs aux propri&és
optiques am@iorees. Les propriéé de fluorescence dans la seconde fenére de I'infrarouge (NIR-11)
des nanoclusters AuxsSGig sont quencheées en présence de MIL-100(Fe). Dans ce chapitre 4, des
nanoclusters d'or Auzs ont ééstabilisé par la cysténe (AuzsCysis NCs) et diffé&ents MOF ont &é
utilisés afin de limiter/supprimer ce quenching de fluorescence. En utilisant I'approche deéerite au
chapitre 3, synthése in situ tempé&ature ambiante, une variéé&de nanoobjets Au NCs@MOF ont éé
synthéises et caract&isés : AuxsCysig NCs ont éeutilisés ainsi que difféents MOF (MIL-100(Fe),
ZIF-8 (Zn) et UiO-66 (Zr)). Il n'a pas é&épossible de finaliser I'ensemble des caract&isations de ces
nanocomposites pour des raisons de temps. Leurs applications possibles en bio-imagerie, pour
I'administration de mé&licaments, le traitement antimicrobien ou mé&ne en catalyse sont finalement

discutées en perspectives.

Dans le dernier chapitre, une conclusion géné&ale est proposee ainsi que des perspectives telles que
des applications antiinflammatoires et antibacté&iennes in vivo, par thé&apie combiné chimio- et
photodynamique, I'imagerie de fluorescence dans la seconde fenére infrarouge et en catalyse. Par

ailleurs, des travaux et articles dans lesquels je suis co-auteur sont pré&enteés en annexe.
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RESUME

Les MOFs (Metal-Organic Frameworks) présentent un intérét particulier pour la libération
contrélée de principes actifs en raison de leur porosité importante et de leur grande
versatilité. Ces derniéres années, en lien avec le principe de la théranostique, un nombre
croissant de MOFs nanométriques (nanoMOFs) ont été développés pour le traitement de
tumeurs. Concernant le traitement de maladies inflammatoires, I'utilisation de nanoMOFs
reste peu développée. Dans cette thése, des nanoparticules de maghémite et des
nanoparticules d'or ont été associées a des nanoparticules de MIL-100(Fe) en utilisant une
stratégie de synthese in situ, "verte" et a température ambiante. Les hétérostructures ainsi
obtenues ont été étudiées pour des applications de libération de médicaments. Ces MOFs
hiérarchisés biodégradables montrent de remarquables capacités d'encapsulation de
médicaments, une libération contrdlée de ces principes actifs, d'excellents effets anti-
inflammatoires et sont prometteurs pour des applications en imagerie de résonance
magnétique (MRI). Par ailleurs, des nanoclusters Auzs ont été associés a difféerents
nanoMOFs biocompatibles a base de zinc ou de zirconium, ouvrant des perspectives
prometteuses pour le suivi de traitements par imagerie de fluorescence dans la seconde
fenétre du proche infrarouge.

MOTS CLES

Metal-organic frameworks (MOFs), nanoparticules, maghémite, clusters d'or, synthése in
situ, anti-inflammatoire, théranostique

ABSTRACT

Metal-Organic Frameworks (MOFs) are of strong interest in drug delivery due to their
porosity and versatility. Encouraged by the concept of “theranostics”, an increasing number
of theranostic nanoscale MOFs (nanoMOFs) have been widely developed for tumor
treatment in recent years. However, concerning inflammatory disease therapy, nanoMOFs
are still in their infancy. Via an in situ room temperature green synthesis strategy,
maghemite nanoparticles and gold nanoclusters (Auzs NCs) have been successfully
integrated into MIL-100(Fe) nanoparticles in this thesis. The obtained heterostructures
were further investigated for drug delivery applications. These biodegradable hierarchical
MOFs showed extremely high drug loading capacity, stimuli-responsive release and ideal
anti-inflammatory effects including promises for magnetic resonance imaging (MRI). As a
perspective study, fluorescent cysteine capped Auzs NCs could also be assembled into
different biocompatible zinc or zirconium based nanoMOFs, which paves the way for near
infrared 1l window fluorescence imaging guided therapy.

KEYWORDS

Metal-organic frameworks (MOFs), nanoparticles, maghemite, gold clusters, in situ
synthesis, anti-inflammatory, theranostics
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