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1. Introduction

A gold nanocluster/MIL-100(Fe) bimodal
nanovector for the therapy of inflammatory
disease through attenuation of Toll-like receptor
signalingt

® Gilles Patriarche,?
*3 and

Heng Zhao,? Sonia Becharef,® Eddy Dumas,® Florent Carn,
Simona Mura, (2 © Florence Gazeau, (2 *® Christian Serre
Nathalie Steunou (&) *&<

A better understanding of the molecular and cellular events involved in the inflammation process has
opened novel perspectives in the treatment of inflammatory diseases, particularly through the develop-
ment of well-designed nanomedicines. Here we describe the design of a novel class of anti-inflammatory
nanomedicine (denoted as Au@MIL) synthesized through a one-pot, cost-effective and green approach
by coupling a benchmark mesoporous iron(i) carboxylate metal organic framework (MOF) (i.e. MIL-100
(Fe)) and glutathionate protected gold nanoclusters (i.e. Au,sSGig NCs). This nano-carrier exhibits low tox-
icity and excellent colloidal stability combined with the high loading capacity of the glucocorticoid dexa-
methasone phosphate (DexP) whose pH-dependent delivery was observed. The drug loaded Au@MIL
nanocarrier shows high anti-inflammatory activity due to its capacity to specifically hinder inflammatory
cell growth, scavenge intracellular reactive oxygen species (ROS) and downregulate pro-inflammatory
cytokine secretion. In addition, this formulation has the capacity to inhibit the Toll-like receptor (TLR) sig-
naling cascade namely the nuclear factor kappa B (NF-kB) and the interferon regulatory factor (IRF) path-
ways. This not only provides a new avenue for the nanotherapy of inflammatory diseases but also
enhances our fundamental knowledge of the role of nanoMOF based nanomedicine in the regulation of
innate immune signaling.

chronic inflammatory diseases such as rheumatoid arthritis
(RA)." As an incurable chronic autoimmune inflammatory

Inflammation is a complex immune response to potentially
harmful stimuli such as pathogens, tissue damage or meta-
bolic stress. It plays a protective role in the host system as a
result of a balanced inflammatory response allowing clearance
of injured tissue and pathogens with minimal damage to host
cells. However, chronic and wuncontrolled inflammatory
responses may become harmful and damaging for the tissues,
thereby leading to the development and pathogenesis of
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disease, 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 also increased mortality.>™* One of
the main clinical pathological features is the infiltration of
inflammatory macrophages in joints leading to synovial hyper-
plasia. Moreover, these are responsible for the release of some
proinflammatory factors such as tumor necrosis factor-oa (TNF-
a), interleukin-1p (IL-1p), and interleukin-6 (IL-6), resulting in
bone erosion and cartilage tissue damage.'® In recent years,
cellular and molecular advances have improved the under-
standing of the inflammatory process, allowing the discovery
of multiple targets for the therapy of inflammatory diseases.
Therefore, in addition to a variety of quite effective anti-inflam-
matory agents already available, such as non-steroidal anti-
inflammatory drugs (NSAIDs), glucocorticoids and disease-
modifying anti-rheumatic drugs (DMARDs), many biological
agents have also been developed including antibodies and
nucleic acids.>™* Although promising progress has been made
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in developing such treatments, the non-specific biodistribution,
short biological half-life and poor bioavailability of these drugs
associated with the widespread distribution of the inflammatory
signaling pathways in multiple cell types and tissues have led to
high and frequent drug administration which often causes
severe side effects."® To overcome these limitations, encapsula-
tion of active ingredients in nanocarriers such as liposomes was
developed to enhance drug absorption and biodistribution in
inflammatory sites as well as to reduce their toxicity."®
However, to date, the clinical translation of these anti-inflam-
matory nanotherapeutics is still hampered by their poor stabi-
lity in biological fluids, low drug loading and uncontrolled drug
delivery as well as hurdles in their large scale and cost-effective
production. More importantly, these treatments are generally
based on single-target drugs while multiple mechanisms and
signaling pathways are involved in inflammatory diseases such
as RA.'® Therefore, there is an urgent need to develop alterna-
tive drug nanomedicines combining different anti-inflamma-
tory modalities to target different signaling pathways and thus
improve the treatment of inflammatory disease.

In the present article, we describe the design of a novel
anti-inflammatory nanocarrier (denoted as Au@MIL) based on
atomically precise glutathionate protected Au,s(1) nanoclusters
(Au,5SG1g NCs) assembled with a mesoporous Fe(m) tricarboxy-
late nanoMOF (i.e. MIL-100(Fe)). MOFs are crystalline porous
materials constructed by assembling diverse inorganic build-
ing units (metal ions, clusters and chains) with polydentate
organic ligands. Their large surface area, amphiphilic internal
microenvironment and their possible functionalization make
these materials suitable to host a large variety of drugs with
excellent loading capacities.”** Their high chemical and struc-
tural diversity can confer to these nanocarriers valuable fea-
tures such as progressive and eventually stimuli-responsive
drug release properties as well as complementary functional-
ities of interest for diagnosis and imaging.’>' Note that
MOFs have been mainly explored to date for cancer therapy
and their performance in therapies of inflammatory diseases
such as RA has only recently been reported.>*°

In this study, MIL-100(Fe) nanoparticles (NPs) were com-
bined with Au,5; NCs due to their excellent biocompatibility,
high colloidal and chemical stability and anti-inflammatory
capability. It is noteworthy that Au NPs and NCs have been pre-
viously shown to inhibit the activation of the NF-xB pathway,
reducing the production of ROS and the secretion of pro-
inflammatory cytokines, thereby limiting the inflammation-
induced bone and cartilage destruction.””*®* Moreover,
MIL-100(Fe) was recently shown to exhibit good anti-inflamma-
tory capacity which might be imparted by their fast internaliz-
ation in macrophages and the high Fe®" intracellular concen-
tration.>® Its assembly with Au,s;SG;s NCs together with the
loading of glucocorticoid dexamethasone phosphate (that is
Au@MIL/Dex-P) has led to a nanomedicine with a high anti-
inflammatory efficacy as a result of its activity on different
therapeutic targets. The use of an anti-inflammatory screening
cell model (i.e. THP1-Dual™ derived macrophages) allowed us
to demonstrate the inhibition of Toll-like receptor (TLR) sig-
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naling such as the nuclear factor kappa B (NF-kB) and inter-
feron regulatory factor (IRF) pathways.

2. Results and discussion

2.1 Synthesis and characterization of Au,;@MIL nano-
objects

The hybrid gold nanocluster - MIL-100(Fe) nano-object
(denoted as Au,s@MIL) was prepared through an in situ room
temperature (RT) green synthesis of MIL-100(Fe) by mixing the
pre-synthesized Au,;SG;g NCs with the precursors of MIL-100
(Fe), namely Fe(NO;); and trimesic acid (BTC) in water
(Scheme 1 and the ESI} for experimental details). We have
selected this strategy rather than the possible direct mixing of
preformed MIL-100(Fe) NPs with Au,5SG;3 NCs. Indeed, the
in situ strategy is expected to entrap the Au,5SG;s NCs in the
3D assembly of MOF nanocrystals and this might lead to a
high stabilization and spatial distribution of gold nanoclusters
within MOF NPs, as previously shown for numerous MOF
based composites.>® The RT synthesis of MIL-100(Fe) was pre-
viously reported by some of us.>*?°?" Au,5SG,3 NCs were syn-
thesized by a glutathione (GSH) etching method as previously
reported.>*** The diameter of these Au,;SG;s NCs is 1.6 +
0.3 nm as shown by transmission electron microscopy (TEM)
(Fig. S11). Results of their characterization by ultraviolet-
visible (UV-Vis) and fluorescence (FL) emission spectra
(Fig. S11) are fully consistent with that previously reported.****
Auy5(X)@MIL nano-objects were prepared with different
Au,;5SGyg contents (from X = 3 to 25 wt%) by tuning the initial
amount of Au,sSG;g NCs used in the synthesis. This Au,5SGqs
content was determined by inductively coupled plasma mass
spectrometry (ICP-MS) (Table S17). Au,s5(X)@MIL NPs were
further characterized by powder X-ray diffraction (PXRD),
thermogravimetric analysis (TGA), nitrogen porosimetry at
77 K, TEM, high angle annular dark field mapping in scanning
transmission electron microscopy (STEM-HAADF) and energy
dispersive X-ray spectroscopy (EDS) mapping (Fig. 1 and 2). We
have shown that the loading rate of Au,5SG;3 NCs could not
exceed 13 wt%, beyond which a decrease in the crystallinity
and porosity of the MOF was observed. We thus characterized
more deeply Au,s(X)@MIL with two different Au,5SG;53 NCs
loadings (X = 3 and 13 wt%). The PXRD patterns of Au,s(3)
@MIL and Au,5(13)@MIL nano-objects display the character-
istic Bragg peaks of MIL-100(Fe) with the absence of any
decrease of crystallinity upon embedding Au,5SG;3 NCs into
MIL-100(Fe) (Fig. 1a). Due to the ultrasmall diameters of
Au,5SG;5 NCs, no PXRD peak of Au NCs was observed in the
pattern. In Fig. S2 and S3,T the FT-IR spectra and TGA profiles
of Au,s(X)@MIL are comparable to that of bare MIL-100(Fe)
due to the large amount of the MOF in those nano-objects.
According to N, porosimetry results, Au,;(3)@MIL and
Auys(13)@MIL present a high porosity as shown by their
Brunauer-Emmett-Teller (BET) area of 1650 + 6 m*> g~' and
1427 + 6 m* g~" respectively. The BET area of Au,s5(13)@MIL is
as expected lower than that of Au,5(3)@MIL and bare MIL-100

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic illustration of (a) the synthesis of Au,s@MIL-100(Fe) nano-objects and (b) their use as a platform for the therapy of inflamma-
tory diseases. LPS: lipopolysaccharide; TLR: Toll-like receptor; ROS: reactive oxygen species; DexP: dexamethasone phosphate; IRF: interferon regu-
latory factor pathway; NF-kB: nuclear factor kappa B pathway; SEAP: secreted embryonic alkaline phosphatase.

(Fe) NPs (1720 + 6 m”> g7), due to the presence of a larger
amount of Au,5SG NCs (Fig. 1b). As shown in Fig. 1c, the pore
size distribution of Au,s(3)@MIL and Au,s(13)@MIL is similar
to that of bare MIL-100(Fe) (two types of mesoporous cages of
free apertures of ca. 25 A and 29 A)** (Fig. 1c), indicating the
successful formation of MIL-100(Fe) in the presence of
Au,5SG;g3 NCs. Moreover, the two mesoporous cages of
MIL-100(Fe) in the Au,5(X)@MIL nano-objects are still accessi-
ble to N, and are thus presumably not occupied by Au,5SG;g
NCs. Such nano-objects are thus prone to encapsulating drugs
with a high loading capacity. According to TEM, STEM-HAADF
and EDS mapping (Fig. 2 and S4-S7 of ESI}), the Au,5(3)@MIL
and Au,5(13)@MIL nano-objects consist of MIL-100(Fe) NPs
with a diameter of about 40 nm whose surface is decorated by
Au,5SGg NCs, and very small Au NPs, with diameters up to
2 nm (Fig. 2 and S4, S5%). The microstructure of such nano-
objects presumably results from coordination bonds between
surface Fe(m) of MIL-100(Fe) and pendant carboxyl and amino
functions of Au,5SG;s NCs as previously shown for an Fe*
photoluminescence sensor based on GSH-Au NCs.>**° One
cannot also exclude that some Au NCs and NPs are also
embedded into the MOF nanocrystals. The TEM images clearly
indicated that Au,5SG;s NCs and/or Au NPs with a high crystal-
linity were homogeneously distributed at the surface of
MIL-100(Fe) NPs (Fig. 2a—c & S57).

For the following steps, Au,s(13)@MIL with the highest Au
content was selected to investigate the combined effect of
MIL-100(Fe) and Au,5SG;3 NCs on the anti-inflammatory
activity.

The colloidal stability of Au,s(13)@MIL was firstly investi-
gated by dynamic light scattering (DLS) in aqueous solutions

This journal is © The Royal Society of Chemistry 2024

at different pH (Fig. S81). Good colloidal stability of Au,5(13)
@MIL was observed at pH ranging between 4 and 6 as a result
of its small mean diameter (~150 nm at pH 5-6). In contrast, a
partial and strong aggregation of this nano-object was respect-
ively observed at pH 7 and 3, in agreement with a decrease of
its surface charge as previously reported for pure MIL-100
(Fe)*” (Fig. S8bf). Furthermore, the colloidal stability of
Au,5(13)@MIL was studied under different simulated physio-
logical media conditions, including Milli Q water (MQ H,0),
neutral phosphate buffered saline (PBS), NaCl solution (0.9%
NaCl), Dulbecco’s modified Eagle’s medium (DMEM) cell
culture medium, and DMEM supplemented with fetal bovine
serum (FBS) (90/10% v/v) medium (DMEM + FBS). In contrast
to very fast aggregation observed in DMEM and 0.9% Nacl, the
aggregation process of Au,s5(13)@MIL is observed after 4 hours
in neutral PBS. However, Au,s(13)@MIL nano-objects showed
an excellent colloidal stability in MQ H,O and DMEM + FBS
since their hydrodynamic diameter of ~150 nm remained con-
stant for 24 h (Fig. S91). This enhanced colloidal stability of
Au,s5(13)@MIL may result from the adsorption of bovine
serum albumin at the surface of these nano-objects as pre-
viously observed for MIL-100(Fe) and vyFe,O3;/MIL-100(Fe)
nanocarrier.*®?”-8

2.2 Surface modification of Au,;(13)@MIL: impact on their
pH- and GSH responsive release properties

To design a drug delivery system, a high drug loading capacity
combined with sustained stimuli-triggered drug release prop-
erty is desirable to better control the biodistribution and bio-
availability of the drug at the target site and thus limit the
amount of carrier material.>* Herein we advantageously used

Nanoscale, 2024, 16,12037-12049 | 12039
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Fig. 1 Characterizations of Auys(X)@MIL. (a) PXRD patterns (ic, =
1.5406 A), (b) nitrogen sorption isotherms at 77 K (P, = 1 atm) and (c)
pore size distribution (PSD) derived from the Barrett—Joyner—Halenda
(BJH) pore size model of MIL-100(Fe), Au,s(3)@MIL and Au,s(13)@MIL.

the preserved porosity of MIL-100(Fe) in Au,s5(13)@MIL to
investigate the drug loading and release properties of this
nano-object in physiological media. Clinically, RA is often
treated with glucocorticoids. In particular, dexamethasone
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(Dex) is a potent corticosteroid with gluconeogenic, immuno-
suppressive and anti-inflammatory properties.! The encapsula-
tion of Dex in a few MOFs such as ZIF-8,***' Zn-Mg-MOF-74 *?
and y-cyclodextrin-MOF**** was previously explored for the
development of bone implants or the treatment of eye inflam-
mation. Moderate Dex loading capacity (LC) values ranging
between ~6 and ~16 wt% and sustained release in PBS for a
few weeks could be achieved by using these MOFs. Notably,
the Dex LC value of ZIF-8 can reach a high value up to
80 wt% ** but the intrinsic poor chemical stability of ZIF-8 in
phosphate buffered saline (PBS) or under acidic intracellular
conditions is detrimental for biomedical applications.*® Here
we have selected Dex bearing a phosphate group (i.e. dexa-
methasone phosphate, DexP) in order to enhance the inter-
actions with MIL-100(Fe) through the possible coordination of
the phosphate group with the coordinatively unsaturated Fe(ur)
sites. This strategy was previously used for the encapsulation
of azidothymidine triphosphate (AZT-TP) in MIL-100(Fe).*
This specific host-guest interaction is prone to enhance the
drug loading and may lead to a progressive drug release.
Herein, DexP was encapsulated in MIL-100(Fe) and Au,s(13)
@MIL via the direct immersion of NPs in DexP aqueous solu-
tion. The drug LC of MIL-100(Fe) and Au,5(13)@MIL was equal
to ~49 wt% and ~43 wt% respectively for an initial weight
ratio of MOF:DexP = 1:0.5 according to high-performance
liquid chromatography (HPLC) values (Fig. S10 and Table S27).
A slightly higher DexP LC of 46 wt% in Au,s(13)@MIL was
achieved by increasing the DexP amount (i.e. MOF:DexP =
1:1). Importantly, the PXRD patterns of MIL-100/DexP and
Au,5(13)@MIL/DexP are consistent with that of MIL-100(Fe)
(Fig. S117), indicating that the crystalline structure of MIL-100
(Fe) is preserved upon the encapsulation of DexP. The encapsu-
lation of DexP in the mesopores of MIL-100(Fe) was also con-
firmed by N, porosimetry since the BET area of Au,;(13)@MIL/
DexP at both 43 and 46 wt% LC decreased dramatically
(Fig. S12%). According to the pore size distribution derived
from the BJH pore-size model (Fig. S12b and df}), DexP mole-
cules most likely occupy the large mesopores of MIL-100(Fe)
while a few DexP molecules might also be present in the small
mesoporous cages of the MOF. In the next steps, Au,s(13)
@MIL/DexP prepared with a MOF : DexP = 1:0.5 weight ratio
was considered due to the high DexP LC achieved for a
minimal amount of DexP used.

Glucocorticoid therapy is associated with multiple serious
adverse effects in a dose-dependent manner, and it is thus of
primary importance to achieve efficient drug delivery from the
circulation to the target inflaimmatory tissues. It is worth
noting that endosomal-lysosomal system of normal tissues
and the synovial tissue of patients with RA are in a low-pH
environment in comparison with blood (pH 7.4) and are
characterized by an alteration of the regulation of glutathione
(GSH, 1-y-glutamyl-i-cysteinylglycine) levels.**”>° GSH is a vital
antioxidant found in the human body, protecting cellular
elements from damage caused by free radicals. Moreover, the
variations in GSH concentrations between the extracellular
(~2-10 pM) and intracellular (~2-10 mM) compartments were

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a and b) Bright field STEM images and (c—e) HAADF-STEM images obtained at different magnifications. (f) Gives the Fourier transform of an
area centered on a specific crystallite of the image (c). From the FT pattern, the crystallite could be identified as a gold crystallite in a (100) zone axis
of the face-centered cubic structure. The two spots surrounded by a circle that correspond to 111 planes were measured at 0.221 and 0.241 nm for
a theoretical inter-planar spacing of 0.235 nm. The spot surrounded by a square is then identified as a 200 spot, given an inter-planar spacing of

0.201 nm (for a theoretical value of 0.204 nm).

previously utilized as endogenous stimuli to trigger drug
release.*®° As shown in Fig. 3b, the release rate of DexP from
Au,5(13)@MIL/DexP greatly depends on pH since a faster
release occurs in neutral PBS while a sustained release is
observed in acidic pH. At pH 7.4, 52%, 73% and 86% 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) achieving a
cumulative DexP delivery of about 20% and 18% respectively
after 2 days. To better understand the process of drug release,
the quantification of the BTC ligand of the MOF was also
measured in PBS medium (Fig. 3c). Obviously, it followed the
same trend as DexP, thereby indicating that the drug release is
mainly driven by the degradation of MIL-100(Fe) at pH 7.4 due
to the competitive substitution of BTC by phosphate from PBS
in the coordination sphere of Fe’'. A similar degradation
process was previously described for pure MIL-100
(Fe).”®37°1°2 The Fe release profile (Fig. 3d) is notably
different from that of BTC release at pH 7.4 due presumably to
the precipitation of iron phosphates as previously shown.’"**?
In contrast, MIL-100(Fe) and Au,s(13)@MIL present enhanced
chemical stability under PBS acidic conditions (PBS and PBS +
GSH at pH 5.1) and this can significantly control the kinetics

This journal is © The Royal Society of Chemistry 2024

of DexP delivery. Such results indicate that a progressive DexP
release from Au,5(13)@MIL can thus be expected in intracellu-
lar compartments.

To mitigate the rapid DexP release at pH 7.4, the surface of
the Au,s@MIL nano-object was coated by a bioactive hyaluro-
nic acid-polydopamine (HA-PDA) co-polymer (see the ESI} for
details). HA has been extensively investigated for targeting
cancer therapy due to its capacity of binding to the CD44 cell
receptors.>> ™ Since such cell receptors are also overexpressed
on inflamed cells,> the HA-PDA co-polymer is prone to
enhancing the targeting ability of Au,s@MIL for inflammatory
macrophages. The surface modified Au,s5(13)@MIL nano-
object (i.e. Au,5(13)@MIL-HP) was synthesized following a pro-
cedure previously described for MIL-100(Fe).>® Both HA-PDA
and Au,5(13)@MIL-HP were fully characterized as described in
detail in the ESI (Fig. S13 and S14%). The surface modification
of Au,s5(13)@MIL is expected to be mainly driven by strong
coordination bonds between coordinatively unsaturated Fe
sites on the surface of MIL-100(Fe) NPs and phenolic groups of
HA-PDA. As shown by DLS results, the surface charge of
Au,5(13)@MIL-HP is more negative in the pH range of 4-8 in
comparison with that of non-modified Au,5(13)@MIL and
meanwhile its hydrodynamic diameter of 146 + 6 nm was very

Nanoscale, 2024, 16, 12037-12049 | 12041
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Fig. 3 (a) Scheme of the DexP loading in Aus(13)@MIL and its surface functionalization by HA—-PDA; (b and e) DexP, (c and f) BTC and (d and g) Fe
release from (b—d) Au,s(13)@MIL/DexP and (e—g) Auzs(13)@MIL/DexP-HP in different PBS media (i.e. PBS at pH 5.1, PBS at pH 5.1 with 10 mM GSH
and PBS at pH 7.4). The DexP and BTC releases were measured by HPLC and the Fe release by ICP-MS. The experiments were performed in

triplicate.

stable in that pH range, thereby showing the excellent colloidal
stability of this nano-object (Fig. S15%). The release of DexP
from Au,s(13)@MIL/DexP-HP was substantially slowed down
in neutral PBS in comparison with that in non-modified
Au,s5(13)@MIL/DexP. As shown in Fig. 3e, 52% DexP was deli-
vered after 8 h from Au,5(13)@MIL/DexP-HP at pH 7.4 while
the delivery of DexP achieved 86% for non-modified Au,5(13)

12042 | Nanoscale, 2024, 16, 12037-12049

@MIL/DexP (Fig. 3b). However, the BTC release profile of
Au,5(13)@MIL/DexP-HP was similar to that of Au,s(13)@MIL/
DexP (Fig. 3c and f), revealing the fast degradation of the
surface modified nano-object under neutral PBS conditions.
The Fe release profile of Au,5(13)@MIL/DexP-HP was also close
to that of Au,5(13)@MIL/DexP in different PBS media (Fig. 3g).
The presence of HA-PDA chains at the surface of Au,s(13)
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@MIL may additionally limit the accessibility of the mesopores
of MIL-100(Fe) thereby slowing down the drug release kinetics.

2.3 Invitro cytotoxicity and macrophage internalization

The anti-inflammatory performance of the different MOF for-
mulations developed in this study has been evaluated in vitro
on monocytes and macrophages (see the Experimental
section). The RAW 264.7 murine macrophage cell line was first
co-incubated with different concentrations of Au,5SG;g NCs,
MIL-100(Fe), Au,5(13)@MIL, free DexP, Au,s(13)@MIL/DexP
and Au,;(13)@MIL/DexP-HP for 24 h. The concentration of
DexP was selected according to the DexP loading capacity of
Au,5(13)@MIL. Except for the DexP treated group, the viability
of the RAW 264.7 cells exposed to all other groups was around
80% up to the concentration of 50 pg mL™"' (Fig. S16at),
thereby showing that Au,5SG;g NCs, MIL-100(Fe), Au,s(13)
@MIL, Au,5(13)@MIL/DexP and Au(13)@MIL/DexP-HP present
low cytotoxicity to normal macrophages. Lipopolysaccharide
(LPS), a component of the outer membrane of Gram-negative
bacteria is not only a key inflammatory factor but has also
been frequently used to induce different models of
inflammation.’*®® Indeed, LPS can bind to TLR4 and this
recognition can trigger an inflammatory signaling cascade
including NF-kB and IRF, ultimately leading to the release of
pro-inflammatory cytokines and the production of reactive
oxygen species (ROS).’>*® Herein, LPS activated macrophages
were then used as an in vitro inflammatory model. While the
viability of LPS activated RAW 264.7 cells treated with DexP
was similar to that of non-activated cells, exposure to MIL-100
(Fe) and Au,5(13)@MIL at concentration of 50 pg mL™*
decreased significantly the viability of inflammatory macro-
phages to 13% and 17%. Activated macrophages incubated
with Au,5(13)@MIL/DexP and Au,s(13)@MIL/DexP-HP nano-
objects exhibited a slightly higher viability of 30% (Fig. S16b¥).
Interestingly, these results highlight the selective toxicity of
MIL-100(Fe) NPs and Au,s@MIL based nano-objects for
inflammatory cells in comparison with normal macrophages,
which is not achieved by the free DexP drug.

To investigate the cellular uptake of Au,s@MIL nano-
objects and assess the role of HA-PDA coating, the cell intern-
alization process was monitored by confocal laser scanning
microscopy (CLSM) experiments at 0 h, 1 h, 4 h and 8 h post
incubation (Fig. 4) in normal and LPS activated RAW
264.7 macrophages (see the Experimental section). The fluo-
rescent dye rhodamine B (RhB) was encapsulated in the meso-
pores of Au@MIL (denoted as Au,s5(13)@MIL/RhB) and mean-
while the obtained Au,5(13)@MIL/RhB was further coated with
HA-PDA (denoted as Au,s(13)@MIL/RhB-HP). As shown by the
profile of the fluorescence intensity in the cells (Fig. 4b and d),
Au,5(13)@MIL/RhB-HP showed a faster and higher internaliz-
ation in activated macrophages in comparison with non-modi-
fied Au,s5(13)@MIL/RhB. This is likely due to the binding of
the HA-PDA copolymer to the CD44 receptor of these cells. In
contrast, no significant difference in the internalization of
both formulations was observed in the normal macrophages.
Interestingly, the uptake of both Au,;(13)@MIL/RhB-HP and
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Au,5(13)@MIL/RhB rapidly reached a plateau in non-activated
macrophages, whereas it continuously increased in LPS acti-
vated RAW 264.7 macrophages over 8 hours. This uptake
profile should be beneficial for their intrinsic anti-inflamma-
tory properties with high selectivity towards activated macro-
phages and for targeted sustained drug release within inflam-
matory macrophages. Note that oral, local, and intravenous
delivery can be employed for the administration of anti-inflam-
matory drugs. While the intravenous route allows the injection
of the drug in the whole body, local delivery has also been
found to be efficient as it enables to directly concentrate the
drug into the inflamed tissues.”>>® Both oral and intravenous
administration could therefore be envisaged for Au,s(13)
@MIL/DexP-HP. The surface coating of Au,s(13)@MIL/
DexP-HP by using HA-PDA could confer an enhanced targeting
ability and a progressive internalization towards inflammatory
macrophages while the pH-responsive release properties of
this nano-vector could be utilized to selectively and progress-
ively deliver DexP to inflamed joints.

2.4 Invitro anti-inflammatory activity assay

In order to elucidate the mechanisms that are involved in the
anti-inflammatory activity of Au,s@MIL, we performed
additional screening of their anti-oxidative or anti-inflamma-
tory properties. We first selected non-modified Au,5(13)@MIL/
DexP nano-objects since their cytotoxicity was found to be
similar to that of the surface modified analogue (i.e. Au,s5(13)
@MIL/Dex-HP) (Fig. S16t). 2',7"-Dichlorofluorescein diacetate
(DCF-DA) was thus used to evaluate the level of intracellular
ROS present by confocal microscopy. As shown in Fig. S17,1 a
significant enhancement of fluorescence (directly proportional
to ROS level) was observed in the LPS activated macrophages
compared to normal ones, and the fluorescence decreased dra-
matically upon treatment with Au,5(13)@MIL, DexP and
Au,s5(13)@MIL/DexP. In contrast, incubation of activated
macrophages with bare MIL-100(Fe) only slightly decreases
their ROS level. These results confirmed the ability of Au,5(13)
@MIL, DexP and Au,5(13)@MIL/DexP to scavenge free radicals
that are induced by LPS activation. Then, enzyme-linked
immunosorbent assay (ELISA) was carried out to measure the
secretion of pro-inflammatory cytokines in cell culture media.
Among them, we focused on (i) TNF-a which is indicated in
the proliferation of synovial fibroblasts, activation of osteo-
blasts, and destruction of cartilage and bone, (ii) IL-1p that
leads to cartilage metabolic disorder, bone absorption, and
synovitis via promoting the release of other pro-inflammatory
cytokines and proteinases and (iii) IL-6 that can induce the acti-
vation of synovial fibroblasts and osteoblasts, leading to articu-
lar cartilage and bone erosion.’" Activated RAW 264.7 were thus
exposed to drug formulations of low concentrations to preclude
the cell apoptosis mediated expression of pro-inflammatory
cytokines. As shown in Fig. 5a-c, the concentrations of the
three pro-inflammatory cytokines were remarkably decreased in
the cell culture medium of activated macrophages exposed to
DexP and Au,;(13)@MIL/DexP. Notably, Au,s(13)@MIL/DexP
showed better inhibition effects to the aforementioned proin-
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Fig. 4 Internalization of Au,s(13)@MIL/RhB and Au,s(13)@MIL/RhB-HP (50 ug mL™) by (a) normal RAW 264.7 macrophages and (c) LPS activated
RAW 264.7 macrophages (LPS of 100 ng mL™?, 48 h) as shown by CLSM. Scale bar = 20 um; (b and d) quantification of the intracellular relative fluor-
escence intensity of RhB as a function of the incubation time for (b) normal RAW 264.7 macrophages and (d) LPS activated RAW 264.7 macrophages

with both nano-objects.

flammatory cytokines than MIL-100(Fe) and Au,s(13)@MIL. It is
thus an excellent candidate to reduce the production of pro-
inflammatory cytokines, in addition to its anti-oxidative effect.
Herein, DexP and Au,5;SG;s NCs integrated in the Au,s(13)
@MIL/DexP nano-object could serve as both anti-oxidants and
pro-inflammatory cytokine regulation agents.

2.5 Inhibition of the TLR signaling by the Au,;(13)@MIL
nano-object

To better shed light on the molecular signaling pathways that
are regulated by our drug formulations, we used the THP1-
Dual™ human monocyte cell line, which is responsive to
various stimuli that induce monocyte differentiation and
activation.®””** It is widely used as an in vitro model system for
investigating the mechanisms underlying inflammatory dis-
eases such as RA. It is known that the initiation and develop-

12044 | Nanoscale, 2024, 16, 12037-12049

ment of RA involves abnormal signal transduction pathways of
multiple cytokines.>® Due to the integration of two reporters
(that is, secreted embryonic alkaline phosphatase (SEAP) and
Lucia luciferase), the THP1-Dual™ cell line allows the parallel
monitoring of the NF«xB and IRF signaling pathways. The
latter are activated and upregulated through the binding of
LPS to Toll-like receptors that play a central role in initiating
the inflammatory response.>®> The different mechanisms
related to the activation NF-«xB have been well
documented.®>®® Upon activation by LPS, NF-xB translocates
to the nucleus of macrophages where it induces the transcrip-
tion of various genes that code for pro-inflammatory cytokines,
chemokines and other inflammatory proteins.®® ®® Attenuating
TLR signaling has thus emerged as a novel therapeutic strategy
for many inflammatory diseases.’®®>"*® Note that glucocorti-
coids such as DexP are currently used in RA treatment as NF-
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Fig. 5 Anti-infllammatory properties of Au,s(13)@MIL/DexP. (a—c) Concentrations of (a) TNF-a, (b) IL-1p and (c) IL-6 pro-inflammatory cytokines in
cell culture media measured by ELISA assay after the exposure of LPS activated RAW 264.7 macrophages (100 ng mL™, 48 h) to different formu-
lations ([MIL-100(Fe)] = 1 ug mL™, [Au,s(13)@MIL] = 1 ug mL™?, [DexP] = 0.4 ug mL™, [Auys(13)@MIL/DexP] = 1 ug mL™?) for 24 h; LPS induced (e and
f) IRF and (h and i) NF-xB activation of THP1-Dual™ cells incubated with different formulations (i.e. MIL-100(Fe), Au,s5(13)@MIL, DexP, Au,s(13)@MIL/
DexP and Au,s(13)@MIL/DexP-HP at the concentration of 5 or 50 ug mL™). The response of (d) IRF and (g) NF-xB signaling pathways without LPS
stimulation is shown for comparison. IRF and NF-kB were quantified by using QUANTI-Luc and QUANTI-Blue, respectively. Results are shown as
mean + SD. *p < 0.05, **p < 0.01 and ***p < 0.001. The experiments were performed in triplicate.

kB inhibitors but they have endocrine and metabolic side were first differentiated into macrophage cells (M0) upon
effects when frequently administered.®®®® exposure to phorbol-12-myristate-13 acetate (PMA) and then

The impact of Au,s@MIL based formulations on TLR sig- treated with LPS (100 or 1000 ng mL™") for subsequent acti-
naling was investigated by using THP1-Dual™ monocytes that vation. Then, they were exposed to different drug formulations
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at the concentration of 5 or 50 pg mL™". In contrast to RAW
264.7 cells, negligible cytotoxicity of all formulations to
normal and activated THP-1 cells (with or without LPS) at a
concentration as high as 50 ug mL™" was observed (Fig. S18a
and bt). As shown in Fig. 5d-f, the IRF pathway is activated in
a LPS dose-dependent manner. Without any stimulation of
THP-1 cells by LPS, the activation of the IRF pathway was
strongly limited, showing that these formulations are not able
to trigger inflammation. However, free DexP, Au,s(13)@MIL/
DexP and Au,s(13)@MIL/DexP-HP were able to significantly
reduce the LPS-induced IRF activity. It is noteworthy that the
LPS induced activation of IRF was more downregulated by
Auys(13)@MIL/DexP  and  Aups(13)@MIL/DexP-HP  than
Au,5(13)@MIL alone at the concentration of 50 pg mL™’,
further demonstrating their anti-inflammatory ability
(Fig. 5e and f). The NF-xB pathway activation was shown to
be less sensitive to the LPS dose (Fig. 5g-i). Surprisingly,
DexP exhibited limited downregulation effects under LPS
(100 ng mL™") activation. However, a significant decrease of
NF-kB activation was observed for MIL-100(Fe), Au,s(13)
@MIL, Au,5(13)@MIL/DexP and  Au,s(13)@MIL/DexP-HP
groups at the concentration of 50 pg mL~"' under LPS (100
ng mL™") activation, suggesting that both nanoMOF and
Au,5SGyg components of Au,s(13)@MIL/DexP play an inhibi-
tor role in NF-xB activation. Therefore, in agreement with
the cytokine production assays, Au,s(13)@MIL/DexP and
Au,;5(13)@MIL/DexP-HP can effectively downregulate TLR
mediated IRF and NF-xB signaling pathways. Notably, the
anti-inflammatory process was not strongly dose-dependent,
since only a slight difference in the inhibition of both
pathways was observed by varying the Au,s(13)@MIL/DexP
concentrations (5 and 50 pg mL™'). As shown in Fig. S187
and Fig. 5, similar results were obtained for non-modified
Au(13)@MIL/DexP and Au(13)@MIL/DexP-HP. Thus, in vitro
studies did not show any impact of HA-PDA coating of
Au,s@MIL nano-objects on their cytotoxicity and the inhi-
bition of TLR signaling. Fig. 5 indicates also that free DexP
is efficilent in the inhibition of IRF signaling pathway.
However, as previously described in the article, free DexP
showed cytotoxicity to both normal and inflammatory
macrophages while Au(13)@MIL/DexP-HP possesses selective
toxicity to inflammatory macrophages. Moreover, the pres-
ence of HA-PDA at the surface of Au,s(13)@MIL/DexP can
induce a targeted and progressive internalization of such
nanovectors towards inflammatory macrophages and sus-
tained DexP drug release.

3. Conclusion

An innovative therapeutic Au,s@MIL nano-vector integrating
the highly porous MIL-100(Fe) and atomically precise Au,5SGig
NCs was synthesized through an in situ cost-effective and
green protocol. This nano-object exhibited a tunable density of
homogeneously dispersed Au,5SG;g NCs within MIL-100(Fe)
NPs. Due to its very low cytotoxicity and high loading
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capacity of a glucocorticoid such as DexP, this nano-object
was shown to be an interesting platform for the therapy of
inflammatory diseases such as RA. The high anti-inflamma-
tory capacity of Au,s@MIL-DexP was fully demonstrated
since this nano-object presented high cytotoxicity to acti-
vated macrophages and was able to scavenge intracellular
ROS as well as reduce the secretion of pro-inflammatory
cytokines. Interestingly, Au,;@MIL-DexP was able to inhibit
the LPS induced NF-kB and IRF signaling pathways. Note
that the description of the signaling pathways involved in
RA is not only of importance to understand the complex
mechanisms at play but also is crucial for the identification
of therapeutic targets and the development of novel drugs
for RA. At the present time, most nanomedicines developed
so far are single-target therapeutics. However, the pathogen-
esis of inflammatory diseases such as RA involves multiple
mechanisms and factors and a nanomedicine capable of
blocking simultaneously several signaling pathways may
further improve the efficiency of the therapy.

4. Experimental section
4.1 Cells and culture conditions

RAW 264.7 macrophage cells were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS and 1% penicillin and streptomycin at 37 °C under a
humidified 5% CO, atmosphere. THP1-Dual™ cells were pur-
chased from InvivoGen and were cultured in RPMI 1640 con-
taining 10% FBS, 1% penicillin and streptomycin and 10 pg
mL™" blasticidin, 100 pg ml™" Zeocin™ and 100 pg ml™" of
Normocin™ at 37 °C under a humidified 5% CO, atmosphere
according to the manufacturer’s manual.

4.2 Invitro cytotoxicity assay

RAW 264.7 cells in the logarithmic phase were rinsed twice
with PBS and then treated with a cell scraper to form 10° per
mL cell suspension. 100 pL of RAW 264.7 cell suspension was
seeded in 96-well plates (10* per well) and incubated over-
night. Then, a different formula including DexP, MIL-100
(Fe), Au,s(13)@MIL, Au,s(13)@MIL/DexP and Au,s(13)@MIL/
DexP-HP in DMEM/FBS at different concentrations (1, 2, 5,
10, 20, 50 and 100 pug mL™") was added to each well, incu-
bated for 24 hours at 37 °C and under 5% of CO,. Note
that the concentrations of MIL-100(Fe), Au,s(13)@MIL,
Au,5(13)@MIL/DexP and Au,s(13)@MIL-DexP-HP were deter-
mined by the measurement of the residual mass after evap-
oration of a defined volume of colloidal suspension. 10 pL
CCK-8 per well was added to the cells and after incubation
for further 2 hours, the 96-well plate was transferred into a
microplate reader (excitation at 450 nm) for UV-Vis absor-
bance analysis. The resulting UV-Vis absorbance values
were normalized to the UV-Vis absorbance values of the
control groups. All the experimental points were assessed
triplicate, with error bars representing the standard error of
the mean. The cell cytotoxicity of DexP and Au,s(13)@MIL/
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DexP was further studied on RAW 264.7 cells, following the
same protocol.

AExperimental group — Aglank group

Cellviability (%) = x 100%

Acontrol group — Aglank group

4.3 Cellular uptake study by confocal laser scanning
microscopy (CLSM)

The cellular uptake of Au,s5(13)@MIL and Au,s(13)@MIL-HP
was evaluated by CLSM on normal RAW 264.7 macrophages
and LPS activated RAW 264.7 macrophages. Au,s(13)@MIL was
first labelled by a fluorescent dye rhodamine B (RhB).
Typically, 1 mL of RhB aqueous solution (1 mg mL™") was
added to 5 mg of Au,s(13)@MIL under stirring at 600 rpm for
24 h. After centrifugation and washing with Milli Q water
repeatedly, the resulting Au,;(13)@MIL/RhB was redispersed
in 5 mL Milli Q water with tin foil covering and kept at 4 °C in
a refrigerator until use. As for the synthesis of Au,s(13)@MIL/
RhB-HP, an extra step was to mix Au,s(13)@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 per mL) and main-
tained overnight. 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 con-
taining Au,s(13)@MIL/RhB (50 pg mL™") or Au,s(13)@MIL/
RhB-HP (50 pg mL™"), 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 was
543 nm.

4.4 Inhibition of inflammatory macrophages

Similar to the in vitro cytotoxicity assay, in vitro anti-inflamma-
tory study was based on inflammatory macrophages after acti-
vation with LPS. After adhesion overnight, RAW 264.7 cells
were treated with LPS for 48 h before their incubation with
Au,5(13)@MIL, DexP, Au,s(13)@MIL/DexP and Au,;(13)@MIL/
DexP-HP in DMEM/FBS at different concentrations (1, 2, 5, 10,
20, 50 and 100 pg mL™"). After one day’s incubation, 10 pL of
CCK-8 was added to each well for measurement of UV-Vis
absorbance. The survival rate of inflammatory cells was thus
compared.

4.5 ROS scavenging properties

To investigate the reactive oxygen species (ROS) scavenging
capacity, RAW 264.7 cells were incubated with different formu-
lations (MIL-100(Fe), Au,5(13)@MIL, DexP and Au,s(13)@MIL/
DexP) in the presence of LPS at a concentration of 100 ng
mL™" for 24 h. After the removal of the aforementioned
materials containing the supernatant, fresh serum-free
medium containing dichlorofluorescein diacetate (DCF-DA,
10 pM) for ROS imaging and Hoechst for nucleus staining was
added for 30 min in the dark. A confocal laser microscope was
used to detect intracellular ROS level. The intensity of green
fluorescence indicates the intracellular ROS level.
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4.6 Pro-inflammatory cytokine downregulation

To investigate the downregulation effect of pro-inflammatory
cytokines of DexP loaded Au,s(13)@MIL, RAW 264.7 cells were
seeded at a density of 1 x 10> cells per 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 48 h. After this activation step, DMEM was replaced
by fresh DMEM containing MIL-100(Fe), Au,s(13)@MIL, and
Au,5(13)@MIL/DexP at a concentration of 1 pg mL™". For com-
parison, activated RAW 264.7 cells were exposed to free DexP at
a concentration of 0.4 pg mL™" for 24 hours. The amount of
free DexP is based on the drug loading in the nanocarrier Au
(13)@MIL, namely the equivalent drug. Note that the dose of
DexP in Au,s5(13)@MIL was comparable to that of Dex formu-
lations whose inhibitory effect on pro-inflammatory cytokine
secretion has been previously studied.'™®

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-1p)
DY401 DuoSet® ELISA, R&D Systems; and mouse interleukin 6
(IL-6) DY406 DuoSet ELISA, R&D Systems were used to access
TNF-a, IL-1f, and IL-6 concentrations from cell culture media
samples by the standard ELISA technique, namely sandwich
ELISA (capture antibody + sample or standard + detection anti-
body). Following the manufacturer’s instructions, the samples
were finally diluted five times for ELISA based on absorbance
values of the recombinant mouse standard.

4.7 NF-xB and IRF pathway blockade

The THP1-Dual™ cell line allowed the simultaneous study of
the NF«B pathway, by monitoring the activity of secreted
embryonic alkaline phosphatase (SEAP), and the interferon
regulatory factor (IRF) pathway by assessing the activity of
Lucia luciferase. Similarly to the cytotoxicity study, THP1-
Dual™ cells were seeded into a 24-well plate at a density of 5 x
10° cells per mL with phorbol-12-myristate-13 acetate (PMA)
(50 ng mL™") to adhere for two days and differentiate into
macrophages. Subsequently, adherent THP1-Dual™ cells were
treated with different formulae (DexP, MIL-100(Fe), Au,5(13)
@MIL, Au,s5(13)@MIL/DexP and Au,s(13)@MIL/DexP-HP) with
or without LPS (100 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 col-
lected after one step of centrifugation (500g, 5 min) 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. In detail, to
measure NF-kB induction, 20 pL of the supernatant from the
cell plate was incubated with 180 pL of QUANTI-Blue solution
per well in a transparent 96 well plate for 3 h at 37 °C and the
UV-Vis absorbance at 655 nm was measured using SpectraMax
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iD3 multimode plate reader (Molecular Devices, CA, USA). To
measure IRF induction, 10 pL of the sample was incubated
with 50 pL of QUANTI-Luc solution per well in an opaque 96
well plate and the luminescence was measured using
SpectraMax iD3 multimode plate reader (Molecular Devices,
CA, USA). Changes from baseline were calculated as-fold
changes, normalized against unstimulated control cells.

4.8 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, followed by LSD or
Dunnett T3 post hoc test. SPSS 26.0 software was used for stat-
istical analysis. Differences with a p value < 0.05 were con-
sidered to be statistically significant. Statistical significance
was assigned for *p < 0.05, **p < 0.01 and ***p < 0.001.
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