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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 superparamagnetic iron 

oxide (USPIO) nanoparticles, (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.  

 

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.1 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.1 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.1  They were also applied in cancer treatment due to the 

relation observed between the tumor inflammatory microenvironment and cancer carcinogenesis, 

dissemination and metastasis.2 However, only a very limited number of anti-inflammatory 

nanomedicines have succeeded to reach clinical trials.3 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.1, 3 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.4-8 Their unprecedented chemical and structural 

diversity,4-8 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…) 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.9 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. The combination of a wide 

range of metal clusters and organic linkers contributes to their compositional and structural tunability 

and endows them multiple functionalities of interest for therapy, diagnosis and imaging, thereby 

allowing the construction of theranostics nanovector.10-16 The therapeutic efficiency of these 
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nanoMOFs can be further enhanced by integrating another material such as metals, metal oxide NPs, 

(bio)polymers, enzymes, or nucleic acids, either anchored at the surface of nanoMOFs or alternatively 

encapsulated within their internal porosity.17-20 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.23 So far MOF platforms 

were reported mainly for cancer therapy9-16 while their potential has barely been explored for 

inflammatory chronic diseases such as rheumatoid arthritis (RA).24-29 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. 

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 γ-Fe2O3-cit NPs.18 Such 

USPIO NPs were selected due to their superparamagnetic properties and their efficiency as T2 MRI 

contrast agent. Although this MIL/USPIO-cit nanovector was shown to be a promising candidate for 

cancer theranostics, its γ-Fe2O3-citrate did not exceed 10 wt% and its colloidal stability was not optimal 

in physiological conditions.18  

In the present article, we have developed a novel hierarchical superparamagnetic and stimuli-

responsive nano-object (denoted as USPIO@MIL) (Scheme 1) that consists of small MIL-100(Fe) NPs 

(50 nm) in which γ-Fe2O3 NPs are homogeneously distributed in their core and at their surface. Our 

objective was to design one single multifunctional nanostructure integrating the therapeutic functions 

of the MOF (drug delivery properties) with the diagnostic ability of γ-Fe2O3 (T2 contrast agent in MRI). 
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This bimodal nanovector was synthesized through a direct cost-effective room temperature (RT) green 

approach. Two complementary anti-cancer and anti-inflammatory drugs (either doxorubicin (Dox) or 

methotrexate (MTX)) were encapsulated with a high drug loading in this bimodal nanovector to 

synergistically target both malignant cells and tumor inflammatory components. Indeed, Dox, a widely 

used anticancer drug has also shown its capacity to induce apoptosis of inflammatory neutrophils30-31 

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 nanomedicine for the treatment of 

chronic inflammatory disease such as RA. Note that RA is frequently accompanied by other diseases 

such as cancer32 that can affect all body organs with however, to date, no effective available therapy 

targeting simultaneous cancer and RA.30-32 This USPIO@MIL nanovector and drug loaded analogues 

present a low cytotoxicity while their biodegradability was demonstrated through their internalization 

in macrophages and intracellular fate monitored by TEM. Remarkably, the stimuli-responsive drug 

release properties of USPIO@MIL/Dox (and also USPIO@MIL/MTX to a less extent) confer to these 

nanovectors a high anti-tumoral and anti-inflammatory capability. Finally, 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.  
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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.  

  

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 (Fig. S1 and S2, ESI).33 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…).33-35 Firstly, the USPIO NPs were prepared by a coprecipitation method 

according to well-known procedures.36-37 Their characterization by using PXRD, HRTEM, FT-IR, DLS and 

57Fe Mössbauer spectrometry have clearly shown the formation of maghemite (i.e. γ-Fe2O3) NPs with 

a cubic deficient spinel structure (a = 0.836 (1) nm) and a particle diameter close to 7 nm (Fig. S3, ESI). 

Then, the USPIO@MIL nano-objects were then synthesized following an in situ approach, where the 
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nanoMOF was formed at RT in the presence of γ-Fe2O3 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 ESI for details).33 First, the USPIO@MIL nano-objects were prepared with a 

content of γ-Fe2O3 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, Fig. S4, ESI). The nano-objects have been fully characterized by combining PXRD, DLS, TEM, 

HAADF-STEM, N2 porosimetry and FTIR (Fig. 1, 2 and S5-S7, ESI). PXRD pattern of USPIO(20)@MIL 

superimposes well with those of both MIL-100(Fe) and γ-Fe2O3, according to the  structureless 

refinement performed for maghemite and the profile matching for the MOF (Fig. 1a). Accordingly, the 

TEM and HAADF-STEM (Fig. 1 and S7, ESI) images show that USPIO(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) (Fig. S2, ESI). 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.18, 38-39 The TEM and HAADF-STEM images show that the 

outer surface of USPIO@MIL NP is partially decorated by small aggregates of γ-Fe2O3 NPs while a minor 

amount of individual γ-Fe2O3 NPs is observed (Fig. 1) on the TEM images. Electron tomography 

experiments were performed to further analyze the 3D architecture of USPIO(20)@MIL 

nanostructures and elucidate the location of the γ-Fe2O3 NPs. Degradation of the nanoMOF is 

observed upon exposure to the electron beam but it does not affect the observation of the embedded 

γ-Fe2O3 NPs. According to the 3D reconstruction of the USPIO(20)@MIL nano-objects, the γ-Fe2O3 NPs 

are concomitantly located at the outer surface of the MIL-100(Fe) NPs and also embedded in their 

core (Fig. 2). This suggests that these entrapped γ-Fe2O3 NPs may act as anchors for the initial 

formation of MIL-100(Fe) seeds, followed by their further outward growth, gradually forming the 

hierarchical porous USPIO(20)@MIL NPs, with the remaining USPIO being attached at the external 

surface of the composite. The spatial distribution and organization of γ-Fe2O3 NPs is different whether 

they are located at the surface or in the core of MIL-100(Fe). While a large number of γ-Fe2O3 NPs are 



 8 

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" γ-Fe2O3 NPs within USPIO(20)@MIL although this quantification could only 

been performed on a limited number of nano-objects. The stoichiometry of iron oxides in 

USPIO(20)@MIL was finally assessed by 57Fe Mössbauer spectrometry (300 and 77 K) in order to 

exclude a possible reduction of γ-Fe2O3 to Fe3O4 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 57Fe Mössbauer spectrum 

of USPIO(20)@MIL recorded at 77 K (see ESI for details and Fig. S14) shows a broadened lines sextet 

that can be assigned to γ-Fe2O3 NPs while the central asymmetrical quadrupolar doublet results from 

both MIL-100(Fe) and small non-interacting γ-Fe2O3 NPs. The acquisition of 57Fe Mössbauer spectra at 

both 300 K and 77 K allows thus to identify the presence of interacting and non-interacting γ-Fe2O3 

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 γ-Fe2O3 estimated from the 

respective absorption areas (69% and 31%) is fully consistent with the quantification given by ICP-MS 

and HPLC (see above).  
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Fig. 1 Characterizations of USPIO(20)@MIL. a) Refinement of USPIO(20)@MIL PXRD pattern (Rietveld refinement 
was performed for maghemite whereas a profile pattern matching was undertaken for the MIL-100(Fe) 

contribution) (Cu ≈ 1.5418 Å) The red points correspond to the observed data and the black linee to the 

difference curve. Calculated contributions of the MIL-100(Fe) (1) and γ-Fe2O3 (2)  are represented in blue; b) 

Hydrodynamic diameters of USPIO(20)@MIL at a concentration of 200 g.mL-1 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. 
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Fig. 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); c) The 3D model of the two 
aggregated USPIO(20)@MIL nano-objects with γ-Fe2O3 NPs in red and MIL-100(Fe) NPs in green and three 
corresponding slices through the reconstruction parallel to either (xz) or (xy) planes.  

 

Similar USPIO(10)@MIL nanostructures with a lower γ-Fe2O3  content of 10 wt% could also be 

synthesized at RT by the in situ approach as shown by PXRD, N2 porosimetry, TGA and TEM (Fig. 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 a negligible 

amount of USPIO was physically separated from MIL-100(Fe) NPs (Fig. 1, S7 and S8, ESI), 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 γ-Fe2O3 aggregates are simultaneously formed.18
 This clearly shows that the in situ approach 

can produce homogeneous USPIO@MIL nano-objects with a maghemite rate as high as 20 wt%.  
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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 (Fig. 1b and S9, ESI). Interestingly, as previously reported for MIL/USPIO-cit,18 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 (Fig. S10 and 

S11, ESI). This may result from a possible adsorption of BSA at the surface of NPs as reported before.18, 

40 It is worth noting that USPIO(20)@MIL NPs exhibit a superior colloidal stability in comparison to 

that of MIL/USPIO-cit NPs18 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 (Fig. S12 and S13, 

ESI), 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 7.4.39  

 

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 
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experiments, the fluorescent dye Rhodamine B (RhB) was encapsulated in the mesopores of 

USPIO(20)@MIL (see ESI 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 (Fig. 

S16, ESI). 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.  

 

 
Fig. 3 2D TEM slices images of RAW 264.7 cells exposed to USPIO(20)@MIL (50 µg·mL-1) in 2% FBS/DMEM 
medium for different incubation times (30 min, 4 hours, 8 hours, 12 hours and 24 hours).  
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As shown in Fig. 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 γ-Fe2O3 and MIL-100(Fe) NPs). From 4 to 8 h (Fig. 3d-i), a large amount of 

USPIO(20)@MIL NPs is accumulated in endosomes. After 12 h of incubation (Fig. 3j-l), they start 

partially to degrade as revealed by the presence of individual γ-Fe2O3 NPs until their complete 

dissociation after an incubation time of 24 h (Fig. 3m-o). This is in agreement with the degradation of 

the outer MIL-100(Fe) shell of Fe3O4@C@MIL-100(Fe) in Hela cells as previously reported.41 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 (Fig. S17, ESI), γ-Fe2O3 NPs are more 

concentrated in lysosomes and the density of γ-Fe2O3 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.42 Overall, this two-stage degradation profile of USPIO(20)@MIL 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 (Fig. S18, ESI). In agreement with CLSM experiments, a progressive increase of the Fe3+ 

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 m2.g-1 for USPIO(20)@MIL, in comparison to that of pure MIL-100(Fe) NPs (1720 ± 6 

m2.g-1),  due to the presence of the dense non-porous USPIO (see Fig. 4b and S1, ESI). 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 (Fig. 4a).1, 30-31, 43 Our objective 

was to develop a novel type of nanomedicine able to treat diseases with an inflammatory background 

such as cancer and auto-immune diseases. MTX was selected as this drug is not only the first-line 

conventional drug for RA but also one of the first generation anticancer drugs prescribed for human 

cancers.1 Although clinical uses of MTX in cancer are well documented, its clinical efficacy can be 

limited due to its very short plasma half-life, poor pharmacokinetics, patient drug resistance, and 

eventually high dosages required for chemotherapy.1, 24,44-45 Because of its broad-spectrum antitumor 

effect and low price, Dox is considered as one of the most effective chemotherapeutic agents, used as 

a first-line drug in numerous types of cancers.46 However, Dox resistance often occurs in advanced 

tumors and this drug exhibits serious adverse effects, such as lethal cardiotoxicity.46 If the 

vectorization of MTX and DOX has already been considered using a wide range of chemically different 

nanocarriers (liposomes, polymers, inorganic particles…),45-46 these nanocarriers still suffered from 

many limitations in terms of large loadings and/or controlled release. In this work, the non toxic 

USPIO@MIL nano-objects have thus been considered as alternative nanocarriers of both MTX and Dox 

since the selective delivery of those drugs may achieve upregulated efficacy and safety. Note that 

different drug administration routes such as, oral, local, or intravenous delivery can be employed for 

anti-inflammatory nanomedicines.1 While intravenous route enables a direct access to the whole body, 
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the local delivery of drug proved to be efficient, allowing to directly concentrate the drug into the 

inflamed tissue. If the choice of administration route depends on the location of the inflammation site, 

it relies also strongly on the nature of nanomedicine and its drug delivery properties. We have thus 

investigated the Dox and MTX loading capacity of USPIO(20)@MIL nano-object and its drug release 

properties in PBS. 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 (Fig. S19 & S20, Table S2, ESI). This capacity is higher 

to that of MOFs previously reported.47-50 Dox was encapsulated in MIL-100(Fe) and USPIO(20)@MIL 

with a loading of ~56 wt% and 50 wt% respectively (Fig. S22 and S23, Table S3, ESI), which exceeded 

most previously reported studies using either ZIF-8(Zn) (~4.9%) or MIL-101(Fe) (~13.4%) or Gd MOFs 

(~13.6%), except the mesoporous NU-1000(Zr) (~53.8%).9, 51-54 Remarkably, this Dox loading capacity 

is significantly higher than the value of 14% reported for larger MIL-100(Fe) NPs (130 nm in diameter) 

previously synthesized by microwave assisted hydrothermal treatment.18 The N2 

adsorption/desorption isotherms and the pore size distribution are fully consistent with the 

encapsulation of both drugs in USPIO(20)@MIL (see Fig. 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 Fig. 

S20, ESI).  

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).55-56 Moreover, the 

affected joints of RA feature hypoxic microenvironment and increased level of glutathione (GSH, L-γ-

glutamyl-L-cysteinylglycine), resulting from synovial proliferation, lymphocyte infiltration, and  
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Fig. 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. The experimental data were determined in triplicate. 
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neovascularization.57-59 GSH is one of the important antioxidants present in the human body which 

protects cellular components from damage by free radicals.57-60 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 Fig. 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) (Fig. 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. The fast release of MTX at pH 7.4 precludes the 

intravenous administration of USPIO(20)@MIL since MTX will be released in blood before 

USPIO(20)@MIL can reach the inflammatory cells. However, the local direct injection of 

USPIO(20)@MIL/MTX at the inflamed joint can be performed. In contrast, a minimal delivery of Dox 

from USPIO(20)@MIL was observed at pH 7.4 over 3 days (Fig. 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. Since the internalization of USPIO(20)@MIL in RAW 264.7 cells occurs within the first 8h (Fig. 

3), it means that the complete encapsulated Dox cargo can be administrated in the cells. This indicates 

that USPIO(20)@MIL/Dox could be administered either intravenously or locally at the inflamed joint.  

To gain more insight in the release kinetics of MTX and Dox from USPIO(20)@MIL, we investigated the 

degradation kinetics of the MOF during the drug delivery process. The comparison between kinetics 

of Dox and MTX drug release and the degradation profiles of USPIO(20)@MIL (see Fig. 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 PBS39, that occurs 
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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 (Fig. 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 coordination bonds between hydroxy groups of Dox and coordinatively unsaturated 

Fe(III) sites of MIL-100(Fe) as previously demonstrated61-62 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.57-60, 63 Note that such high GSH levels 

are typically encountered in inflammatory diseases64 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.  

 

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 µg·mL-1, was 

close to 92% and 91% after 12 h respectively and evolved slightly to 86% after 24 h (Fig. S25, ESI). 

Similar results were obtained with the bare MIL-100(Fe) NPs as previously shown.18 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 µg·mL-1 for 24 h is close to 80% (Fig. S26, ESI). 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 
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h. The concentration of MTX (23 g·mL-1) 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 g·mL-1 for 24 h (see Fig. 5b). In comparison, free MTX shows a high cytotoxic 

activity for normal macrophages decreasing cell viability to 34% at MTX concentration of 23 g·mL-1 

which may be due to its robust dihydrofolate reductase inhibition activity to induce cell death as 

previously reported.24 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 g·mL-1), the RAW 264.7 viability is close to 100 % when incubated with USPIO(20)@MIL/Dox at 

the concentration of 5 to 50 µg·mL-1 (see Fig. 5b and S27, ESI). 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 (Fig. S28, ESI).    

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.1, 24, 44, 65-66 

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 (Fig. S29, 

ESI). As reported previously, the magnitude of the inflammatory perturbation depends on the LPS 

concentration, that is known to increase the intracellular ROS level.67 Once exposed to 

USPIO(20)@MIL and MIL-100(Fe) at 50 g·mL-1, the viability of activated RAW 264.7 cells decreases to 

a value of ~36% and ~38% after 24h of incubation (Fig. 5b, ESI). 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 Fe3+ intracellular concentration (Fig. S18, ESI). 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.68 The high amount of 
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lysosomal iron induces a pyroptosis cell death mechanism which is an inflammatory form of 

programmed cell death.69 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) 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.68, 70 

Activated RAW 264.7 macrophages were further exposed to drug loaded nanovectors namely 

USPIO(20)@MIL/MTX and USPIO(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 g·mL-1 for 24 h (Fig. 5b). 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 g·mL-1 for 24 h (Fig. 5b). 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 exposed to USPIO(20)@MIL reached ~36% in the same 

conditions (50 g·mL-1 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 µg·mL-1 concentrations (Fig. S30, 

ESI) in DMEM medium (see Experimental section for details). They were also incubated with free Dox 

at 2.5, 10, 25 µg·mL-1 concentrations, which correspond to the amount of drug released from the nano-

objects (at 5, 20, 50 µg·mL-1) respectively according to the release kinetics in PBS at 24 h (see above). 

When incubated with USPIO(20)@MIL/Dox at 5, 20, 50 µg·mL-1, 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 USPIO(20)@MIL NPs for the same concentrations (i.e. 
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cell viability of 88%, 57%, and 36% at 5, 20, 50 µg·mL-1) thereby showing the superior cytotoxic 

capability of USPIO(20)@MIL/Dox on activated macrophages (Fig. S30, ESI). 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 µg·mL-1) but the free drug presents also a high cytotoxicity to normal 

macrophages even at very low concentration (2.5 g·mL-1) (Fig. 5b and S27, ESI). 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 Fig. 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 (Fig. 4g). 

To further confirm the anti-inflammatory capacity of the nanoformulations mentioned above, 

enzyme-linked immunosorbent assays (ELISA) 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-α, IL-1β, and IL-6 are crucial indicators for the pathological processes of RA.65-66, 71 TNF-

α is involved in the proliferation of synovial fibroblasts, activation of osteoblasts, and destruction of 

cartilage and bone. IL-1β 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 erosion.65-66, 

71 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 Fig. 5c,d and Fig. 

S31 of ESI, the concentrations of the three pro-inflammatory cytokines, TNF-α, IL-1β, 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. 
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Fig. 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-1, 48 h) activated RAW 264.7 
macrophages incubated with different drug formulations ([MIL-100(Fe)] = 40 μg·mL-1, 
[USPIO(20)@MIL] = 50 μg·mL-1, [Dox] = 25 μg·mL-1, [USPIO(20)@MIL/Dox] = 50 μg·mL-1, [MTX] = 23 
μg·mL-1, [USPIO(20)@MIL/MTX] = 50 μg·mL-1) for 24 h. For the representative images of (a), activated 
RAW 264.7 macrophages were stained with calcein-AM/PI for discriminating living (green) and dead 
(red) cells (scale bar = 50 μm). b) Cell viability assay by using CCK-8 staining of normal RAW 264.7 
macrophages and LPS activated RAW 264.7 macrophages incubated with aforementioned drug 
formulations. c-d) The concentrations of the inflammatory cytokines (c) TNF-α and (d) IL-1β in cell 
culture media after the treatment of different formulations ([MIL-100(Fe)] = 4 μg·mL-1, 
[USPIO(20)@MIL] = 5 μg·mL-1, [Dox] = 0.25 μg·mL-1, [USPIO(20)@MIL/Dox] = 5 μg·mL-1, [MTX] = 2.3 
μg·mL-1, [USPIO(20)@MIL/MTX] = 5 μg·mL-1) 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, n = 3. *P < 0.05, **P < 0.01, ***P <0.001. The experimental data were performed in 
triplicate. 
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In all cases a strong inhibition of IL-1β and TNF-α secretion was observed while the expression of IL-6 

was moderately decreased. In contrast, USPIO(20)@MIL/MTX was mainly efficient to reduce the 

serum concentration of TNF-α. 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 

(Fig. S32, ESI) was achieved in the first 8h of incubation. In the presence of USPIO(20)@MIL/Dox at 50 

g·mL-1, the viability of cancer Hela cells decreases to 8% (Fig. 6b). When compared to the viability of 

Hela cells exposed to free Dox (25% at 25 µg·mL-1), the USPIO(20)@MIL/Dox nano-object exhibited a 

higher anti-cancer efficiency as previously shown for surface decorated MIL/USPIO-cit nano-object 

(Fig. 6).18 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.72  
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Fig. 6 a) AM/PI staining and (b) 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 μg·mL-1, 
respectively. Scale bar = 50 µm for (a). The experimental data were performed in triplicate. 

 

Relaxometric properties of nano-objects, in vivo MRI experiments  

In the final step, we have evaluated the performance of USPIO(20)@MIL as T2 MRI contrast agent due 

to the presence of γ-Fe2O3 NPs. As shown in Fig. 7a, 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 USPIO(20)@MIL was assessed in PBS/BSA medium by 

measuring the T2 (transverse) relaxation times of proton spins for different iron concentrations at 4.7 

T (Fig. 7b). As expected, pure maghemite nanoparticles exhibit the highest value of r2 (171 mM-1·s-1) 

in the same range of magnitude as commercial iron oxide contrast agents such as Endorem® or 

Sinerem®.73-74 Noteworthy, by combining MIL-100(Fe) NPs with 20 wt% of USPIO, the r2 value of ~93 

mM-1·s-1 is about 30 times higher than that of MIL-100(Fe) and comparable to the commercial 
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Endorem® and Sinerem® (Table S4). Notably, the r2 value of USPIO(10)@MIL (i.e. 38 mM-1·s-1) is lower, 

due to the smaller amount of -Fe2O3 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 Fe3O4-ZIF-8,75 Fe3O4@C@MIL-100(Fe)41 and MIL-101(Fe)-NH2/USPIO,76 

the r2 value is higher to the previously reported magnetic based MOF NPs or comparable to the surface 

decorated MIL/USPIO-cit(10).18 Note also that Fe3O4@C@MIL-100(Fe) NPs exhibit a poor crystallinity 

and low porosity (SBET = 109 m2·g-1), 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 Fe3O4-ZIF-8 due to detrimental Zn2+ 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 T2-MRI contrast agent is proportional to the square 

of the saturation magnetization (Msat). As shown by vibrating sample magnetometry (VSM) (see ESI 

for experimental details and Fig. S33, ESI), 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. Note that some of us have previously fully characterized the magnetic properties of bare γ-Fe2O3 

NPs used in this study.18 Noteworthy, as shown in Table S5, the values of saturation magnetization of 

USPIO(20)@MIL and USPIO(10)@MIL (i.e. 68 and 71 Am2·kg-1 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, T2-weighted MRI of USPIO(20)@MIL was further evaluated in vivo. 

90 µL of USPIO(20)@MIL at 10 mg·mL-1 in PBS/BSA (5.4% w/v) medium corresponding to a 

concentration of ~250 µmol Fe/kg, was injected in the mouse tail vein and MR images were recorded 

before and just after USPIO(20)@MIL injection. In Fig. 7c, 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 
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(ΔSNR = SNRbefore – SNRafter = 19.4 – 8.5 = 10.9) due to the high T2* effect. These results demonstrate 

that USPIO(20)@MIL can be used as a highly performing T2 MRI contrast agent. 

 
Fig. 7. a) photograph showing the separation of USPIO(20)@MIL from aqueous solution under an 
external magnetic field; b) Transverse relaxation rates (1/T2, s-1) as a function of iron concentration for 

-Fe2O3, MIL-100(Fe) and USPIO(X)@MIL (X=10 & 20) prepared in PBS/BSA solution at pH 7.5; c) T2*-
weighted gradient echo images of the mouse abdomen before and after injection of contrast agent 
USPIO(20)@MIL. 

 

CONCLUSIONS 

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 
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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 

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 T2 

MRI contrast agents for theranostics. This work has numerous perspectives depending on the choice 

of the MOF and magnetic nanoparticles. In particular, the use of magnetic iron based particles with 

other chemical composition and particle diameter can pave the way towards the design of hierarchical 

nano-objects combining multimodal imaging and therapeutics (magnetic targeting, magnetic fluid 

hyperthermia). 

 

EXPERIMENTAL 

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 2×105 cells per well in 2 mL of complete medium, and cultured in a 5% CO2 

atmosphere at 37 °C overnight. The culture medium was then replaced with 2 mL of complete medium 
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containing USPIO(20)@MIL at a concentration of 50 μg·mL−1 for 30 min, 4 h, 8 h, 12 h and 24 h and 

after washing with PBS were maintained in 2% FBS supplemented DMEM medium for 1, 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 80 kV (Elexience – France), and images were acquired with 

a charge-coupled device camera (AMT). 

 

In vitro cytotoxicity assay of USPIO(20)@MIL and MIL-100(Fe) against Hela cells and normal RAW 

264.7 cells 

Hela cells in logarithmic phase were rinsed twice in PBS and then treated with 1 mL Trypsin to form 

105/mL cells suspension. 100 µL Hela cells suspension were seeded in 96-well plates (104/well) and 

incubated overnight. Then, MIL-100(Fe) or USPIO(20)@MIL in DMEM/FBS at different concentrations 

(10, 20, 50, 100 and 200 µg·mL-1) was added to each well, incubated for 12 or 24 hours at 37 °C and 

under 5% of CO2. 10 µL 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 three times, 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% 
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In vitro cytotoxicity assay of USPIO(20)@MIL/MTX and USPIO(20)@MIL/Dox against normal RAW 

264.7 cells 

RAW 264.7 cells were seeded into a 96-well plate at a density of 1 × 104 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 μg·mL-1), USPIO(20)@MIL (50 μg·mL-1), USPIO(20)@MIL/MTX with equivalent free MTX at 

23 μg·mL-1 and USPIO(20)@MIL/Dox with equivalent free Dox at 25 μg·mL-1 was evaluated in triplicate 

as previously described. Meanwhile, different concentrations of USPIO(20)@MIL/Dox (5, 10, 20, 50 

and 100 μg·mL-1) and equivalent free Dox (2.5, 5, 10, 25 and 50 μg·mL-1) 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 PI 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 × 104 cells per dish and after the treatment of different formula ([MIL-100(Fe)] 

= 40 μg·mL-1, [USPIO(20)@MIL] = 50 μg·mL-1, [Dox] = 25 μg·mL-1, [USPIO(20)@MIL/Dox] = 50 μg·mL-1, 

[MTX] = 23 μg·mL-1 and [USPIO(20)@MIL/MTX] = 50 μg·mL-1). 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(20)@MIL/MTX and USPIO(20)@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 reactive oxygen species (ROS) production was detected by dichlorofluorescein 

diacetate (DCF-DA) probe. DCF-DA could be oxidized to green fluorescent-dichlorofluorescein by 

intracellular ROS. Thus, the fluorescence intensity could indicate the levels of ROS in the cells. RAW 
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264.7 cells were seeded at a density of 1 × 105 cells/mL into a confocal dish and incubated at 37 °C 

under 5% CO2 overnight. Then, the cells were incubated with LPS at a concentration of 100 ng·mL-1 for 

48 h. The media was replaced with 2 mL serum-free medium containing DCF-DA (10 μM) 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 μg·mL-1, 

respectively. For comparison, activated RAW 264.7 cells were exposed to free MTX at a concentration 

of 23 μg·mL-1. After 24 h incubation, 10 μL 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 μg·mL-

1. For comparison, activated RAW 264.7 cells were exposed to free Dox at a concentration of 25 μg·mL-

1. 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. The anti-inflammatory capacity of 

each group was evaluated in triplicate. 

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 × 105 cells/mL and after the step of LPS activation, cells were further treated with 

different formulations ([MIL-100(Fe)] = 4 μg·mL-1, [USPIO(20)@MIL] = 5 μg·mL-1, [Dox] = 0.25 μg·mL-1 

(100 times lower), [USPIO(20)@MIL/Dox] = 5 μg·mL-1, [MTX] = 2.3 μg·mL-1, [USPIO(20)@MIL/MTX] = 5 

μg·mL-1) for 24 h, and each group was prepared in triplicate. Then, the supernatant was collected and 
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centrifuged to remove cells pellets and materials for next step detection. Briefly, mouse tumor 

necrosis factor alpha (TNF-α) DY410 DuoSet® ELISA, R&D Systems; mouse Interleukin 1 beta (IL-1β) 

DY401 DuoSet® ELISA, R&D Systems; mouse interleukin 6 (IL-6) DY406 DuoSet ELISA, R&D Systems 

were used to access TNF-α, IL-1β, 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.  

 

Cytotoxicity of USPIO(20)@MIL/Dox against Hela cells 

First, the cellular uptake of the USPIO(20)@MIL/Dox was evaluated by CLSM on Hela cells. Cells were 

seeded into confocal dishes (2  105 cells per dish) and maintained overnight. The medium was then 

replaced with 2 mL of complete medium containing USPIO(20)@MIL/Dox (50 g/mL), followed by an 

incubation at 37oC for 1 h, 2 h, 4 h, 6 h and 8 h. Then cells were washed with PBS for three times to 

remove the residual media and stained by Hoechst (dilution ×5000) 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 × 104 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 μg·mL-1), USPIO(20)@MIL (50 μg·mL-1) and 

equivalent free Dox (25 μg·mL-1) as well as experimental groups USPIO(20)@MIL/Dox at a 

concentration of 50 μg·mL-1. After 24 h, 10 μL 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 USPIO(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 × 104 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 
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imaging. The laser excitation wavelength of AM and PI was 488 nm and 543 nm, respectively. The cyto-

toxicity of each group against Hela cells was evaluated in triplicate. 

 

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-μs 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 × 25 mm2) was used for signal reception. Balb/C mice (23-25 g) 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 μL of the sample was injected in the mouse tail vein while inside the magnet after 

the acquisition of pre-contrast T2*-weighted and T1-weighted acquisitions. The sample consists of 

USPIO(20)@MIL at 12 mg·mL-1 in PBS-BSA media (PBS 0.01 mol/L + BSA 5.4% w/v). This corresponds 

to a concentration of ~250 µmol Fe/kg which is typically used for in vivo MRI by using USPIO contrast 

agents. A 3D gradient echo T2*-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 × 128 × 64; spatial resolution: 273 × 195 × 343 μm. 

Number of excitations: 2; total acquisition time: 3 min 16 sec. A 3D T1-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 × 35 × 35 mm; Matrix: 128 × 128 × 

128; spatial resolution: 273 × 273 × 273 μm; number of spokes: 51360; total acquisition time: 4 min 

16 sec. 
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We report a novel superparamagnetic stimuli-responsive nano-object coupling MIL-100(Fe) 

and maghemite, which, once combined with two complementary drugs (MTX, Dox), leads to 

a multifunctional theranostic platform to treat inflammatory diseases. 

 


