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Ultra-Microporous Fe-MOF with Prolonged NO Delivery in
Biological Media for Therapeutic Application

Rosana V. Pinto, Chen-Chen Cao, Pengbo Lyu, lurii Dovgaliuk, William Shepard,
Eric Riviere, Cheng-Yong Su, Guillaume Maurin, Fernando Antunes, Jodo Pires,
Vidnia André, Carlos Henriques, Antoine Tissot,* Moisés L. Pinto,* and Christian Serre*

Nitric oxide (NO), a key element in the regulation of essential biological
mechanisms, presents huge potential as therapeutic agent in the treatment
and prevention of chronic diseases. Metal-organic frameworks (MOFs) with
open metal sites are promising carriers for NO therapies but delivering it over
an extended period in biological media remains a great challenge due to i) a
fast degradation of the material in body fluids and/or ii) a rapid replacement
of NO by water molecules onto the Lewis acid sites. Here, a new ultra-narrow
pores Fe bisphosphonate MOF, denoted MIP-210(Fe) or Fe(H,O)(Hmbpa)
(H,mbpa = p-xylenediphosphonic acid) is described that adsorbs NO due to
an unprecedented sorption mechanism: coordination of NO through the
Fe(Il) sites is unusually preferred, replacing bound water, and creating a
stable interaction with the free H,O and P-OH groups delimiting the
ultra-narrow pores. This, associated with the high chemical stability of the
MOF in body fluids, enables an unprecedented slow replacement of NO by
water molecules in biological media, achieving an extraordinarily extended
NO delivery time over at least 70 h, exceeding by far the NO kinetics release
reported with others porous materials, paving the way for the development of
safe and successful gas therapies.

1. Introduction

The exogenous administration of nitric
oxide (NO) at controlled amounts (pmol
to umol levels) has been proved to be
of therapeutic interest for many applica-
tions linked to acute and chronic diseases,
i.e., cancer, cardiovascular diseases, bacte-
rial infection, and wound healing.['*! Re-
cent works*”7] unveiled that porous ma-
terials, in particular metal-organic frame-
works (MOFs), are among the most suit-
able and versatile scaffolds to carry and
release NO since their tunable composi-
tion allows the development of stable and
biocompatible frameworks that can i) be
modified post-synthetically to carry cova-
lent NO donor moieties (i.e., diazenium-
diolates), ii) be used as catalysts to in-
duce the release of NO directly from en-
dogenous and supplemented S-nitrosothiol
donors!®®? or iii) carry the NO gas via
its adsorption into their pores through
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grafting onto the open metal sites.>1%11l This latest strategy
has prompted the development of this work, since with ad-
sorption we can reach highly efficient packing of NO and local
delivery of pure NO without the cytotoxic leakage of metal ions/
decomposition products (Figure 1).

The NO adsorption mechanism in MOFs is typically gov-
erned by either i) physisorption corresponding to non-bonded
host/guest interactions or ii) chemisorption associated with
chemical-coordination through open metal sites (OMS) present
in the pore walls.[*!2] This later NO-coordination mode not only
allows tuning of the NO payload by changing the metal or the
concentration of accessible OMS, but also ensures a more stable
binding of NO.

The release of the adsorbed NO in biological media is mainly
triggered by free water or phosphate molecules that replace NO
on the OMS owing to their stronger affinity, which, along with the
fast degradation that features the vast majority of MOFs, restricts
the release lifetimes to a maximum of 2 h as shown previously by
the robust Ti tetracarboxylate MOF denoted MIP-177(Ti).l’) With
this release window, MOFs can only be used in therapies that
require short periods of supplementation.

For the long-term NO therapies, the only carriers releasing NO
from several hours to weeks are composite polymers with molec-
ular NO donors.['3] These chemical donors become therapeu-
tically relevant only when incorporated into hybrid systems, as
many of them have short half-lives and limited stability that may
pose challenges for dosage control. Additionally, some examples
may produce reactive intermediates like peroxynitrite or leach
carcinogenic N-nitrosamines, underscoring the importance of
careful consideration in their utilization.[1*1¢]

To address the demanding challenge of long-term NO deliv-
ery in body fluids, we developed a new microporous Fe bispho-
sphonate, namely MIP-210(Fe) (MIP stands for the materials of
the Institute of Porous Materials of Paris), comprising H,mbpa
(or p-xylene diphosphonic acid) and iron(III) that accommodates
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narrow pores and iron(IIl) oxoclusters with accessible OMS.
Iron(III) MOFs are of particular interest for biomedical applica-
tions owing to their high biocompatibility.'”] Few of them, e.g.
MIL-100 and MIL-127, have already proven to be attractive NO
carriers although hampered due to their limited stability associ-
ated with a fast NO release once in body fluids thus restricting
mainly their utilization to wound healing or anti-thrombogenic
applications with a release occurring in the gas phase.’>"1% Long
et al.l’® explored NO sorption in F,(dobdc) and demonstrated
a stronger binding on Fe sites compared to Co,(dobdc) and
Ni, (dobdc),"!] resulting from an electron transfer from the Fe'
sites to NO to form stable Fe!'! -NO~ adducts.

This motivated us to further explore the chemistry of
metal(III/IV) phosphonate MOFs as they are known to be i) sig-
nificantly more chemically stable compared to their metal car-
boxylate counterparts due to the higher complexing strength of
phosphonates and ii) exhibit much dense architectures includ-
ing narrow pores. If a few water-stable microporous metal(I1I/IV)
bis, tris, or tetra phosphonates MOFs have previously been
reported,[1*2!] to our knowledge an iron(I1I) phosphonate MOF
with accessible OMS to bind guest molecules such as NO has
not been discovered so far, due either to the presence of Cl
counter anions!??! and/or the dense framework using a short or-
ganic spacer.[?)] One exception lies in the MIL-91(Ti, Al) solids,
constructed from a piperazine bisphosphonic acid under hy-
drothermal conditions, that are robust narrow pores microp-
orous MOFs,!"] however bearing chains of corner-sharing metal
octahedra, thus without any OMS. These MOFs were also shown
to be hydrothermally stable.?*! This inspired us to reinvestigate
the chemistry of Fe(III) bisphosphonates under hydrothermal
conditions but selecting another related bisphosphonic acid lig-
and, denoted H,mbpa (H,mbpa = p-xylenediphosphonic acid),
constructed from an aromatic organic spacer, expecting to obtain
microporous narrow pores architectures, eventually containing
OMS (Figure 1).

2. Results and Discussion

2.1. Synthesis, Structure Determination and Stability

MIP-210(Fe) was obtained by hydrothermal synthesis (see details
in Section 1), leading to parallelepiped-shaped crystals with a uni-
form size distribution (Figure S1, Supporting Information). In-
frared spectroscopy indicates that the solid contains partially de-
protonated H,mbpa linkers, while EDX analysis evidences that
the Fe:ligand ratio is 1:1 (Figure S3 and Table S1, Supporting In-
formation). The structure of MIP-210(Fe) was solved from sin-
gle crystal data at 100 K using a microfocused beamline at the
Soleil Synchrotron. It results in the formula Fe'''(H,0)[O;P-CH,-
C¢H,-CH,-PO;H]-H,O (as-synthesized form).

The MOF crystallizes in a monoclinic space group P2, /n (S.G.
n°13) with unit-cell parameters (at 100 K) of: a = 5.1440(3)
A, b =10.7106(7) A, c = 21.0654(9) A and § = 93.222(4)°. The
bond distances of the MIP-210(Fe), ranging between 1.99-2.11 A
(Table S3, Supporting Information), are consistent with the usual
distances between phosphonate and the Fe sites being in the oxi-
dation state +111.1] This was confirmed by performing magnetic
measurements on MIP-210(Fe). The data (Figure S6, Support-
ing Information) evidenced a X, T product of 3.83 cm? K mol~!
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Porous materials as NO carriers
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Figure 1. Examples of different NO-releasing porous materials and respective limitations that inspired the development of MIP-210(Fe). The combina-
tion of unique properties leads to a more controlled and extended NO delivery from MIP-210(Fe) compared to the existent NO-releasing porous solids

expands its use to several therapeutic applications.

at 300 K that progressively decreased upon cooling down to
0.27 cm® Kmol™! at 2 K, which is perfectly consistent with a com-
pound built with weakly antiferromagnetically coupled Fe(III)
cations.

The asymmetric unit contains one p-xylenediphosphonic acid
linker and one Fe(IlI) cation (Figure 2). Each linker possesses
one fully deprotonated phosphonate group (R-PO;%7) coordi-
nated to three adjacent Fe(III) cations and one partially depro-
tonated phosphonate group (R-HPO,~) coordinated to two adja-
cent Fe(III) cations (Figures 2A and S7, Supporting Information
for more clear illustration). Noteworthy, if Fe(III) cations are sur-
rounded by five oxygen atoms from five different phosphonate
linkers, it is completed by one oxygen atom from a coordinated
water molecule, leading to a pseudo-octahedral geometry. These
coordination modes give rise to double chains of Fe(III) along the
a axis that are linked through the phosphonate linker (Figure 2C).

Small 2024, 2405649

2405649 (3 of 9)

In addition, the structure, although not adsorbing N, at 77 K,
presents ultra-microporous corrugated channels along the a axis
that contain one terminal water molecule per Fe(III) cation in its
pristine form (Figure 2A,B). The simulated Powder X-ray Diffrac-
tion (PXRD) pattern of the crystal structure matches well with
the corresponding experimental data, which confirms the purity
of the synthesized powder (Figures S4 and S5, Table S2, Sup-
porting Information). In addition, variable temperature PXRD
indicated that the overall framework holds over 250 °C, in agree-
ment with thermogravimetric analysis (Figures S8 and S9, Sup-
porting Information) while it undergoes a reversible tiny struc-
tural change ~150 °C due to the removal of the water molecules
(Figures S3,S5, S8, and S10, Supporting Information). MIP-
210 also proved to be remarkably stable in water at different
pH (Figure S11, Supporting Information), in phosphate-buffered
saline (PBS)(pH 7.4) and Tris buffer (pH 8.5) up to 10 days

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Crystal structure of MIP-210(Fe). A) General view of MIP-210(Fe) at the a axis, highlighting the linker (shown in its fully deprotonation form
although in the structure one of the phosphonate groups is only partially deprotonated (R-HPO;~) coordinated to two adjacent Fe(lll) cations) and
FeOs (H,O) polyhedra (H,O is omitted for clarity). The bonded water can either be removed and create an OMS or can be replaced by NO. B) Represen-
tation of one channel along the [1 0 0] emphasizing its highly confined environment. C) Double FeO5(H,O) chains in MIP-210(Fe) viewed at the [0 0 1]
(H,0 is omitted for clarity). Color code: FeO5 (H,0), dark yellow polyhedra; O, red; C, grey; P, pink. Hydrogen atoms on the MOF framework (and on
the linker representation) and non-coordinated guest molecules have been omitted for clarity.

(Figures S12 and S13, Supporting Information) and in several
biological media at 37 °C (Figures S14-S17, Tables S4-S6, Sup-
porting Information), confirming the required stability to be
considered as a delivery NO platform (detailed discussion in
Section S2.3, Supporting Information).

2.2. NO Adsorption Mechanism

NO adsorption on MIP-210 at 80 kPa was carried out after ac-
tivating the solid at different temperatures to maximize the NO
loading (detailed discussion in Section S3, Supporting Informa-
tion). The MOF once activated at 120 °C under vacuum, allow-
ing the removal of only physiosorbed water molecules, led to a
substantial adsorption capacity of 1.86 mmol - g~! after 3 days
(Figure 3A). At higher activation temperatures, there is a removal
of both free and coordinated water molecules that led to a slight
contraction of the pores leading to lower adsorption capacities
(Figure S21, Supporting Information). The experimental amount
of NO loaded is lower than the theoretical number of OMS of this
MOF (~3 mmol - g7!), suggesting an incomplete loading even
after 72 h (mass still not constant, Figure 3A) probably due to
the presence of very narrow pores that slows down the diffusion
of NO toward the open metal sites. The amount adsorbed lies
however in the range of the reported MOFs studied for NO ap-
plication (0.8-7mmol - g=1),1112%27] with a slightly lower capacity
compared to other MOFs showing Fe(IlI) OMS, i.e., Fe-MIL-100,
Fe-MIL-127 and Fe-MIL-88-A with 4.5, 2.2, and 2.5 mmol g~! NO
adsorption capacities, respectively,[1%28] and with comparable the-
oretical OMS (~3.6 mmol g~! (MIL-100); ~2.7 mmol g~ (MIL-
127); ~#3.8 mmol g~! (MIL-88A)).
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The desorption curve under vacuum in Figure 3B revealed an
initial NO release in the first 2 h of #50% of the total adsorp-
tion capacity and a very slow delivery after that period. After 24 h
under primary vacuum, ca. 0.56 mmol - g7}, i.e., 30% of the ad-
sorbed NO, remains in the porous material, indicating a strong
NO adsorption, which is beneficial for higher control of the ther-
apeutic release and for safer storage of the loaded material.

To shed light on the NO adsorption mechanism in MIP-210,
in situ FTIR studies were first conducted. IR spectra (Figure 3C)
on the activated sample at 120 °C exhibit the appearance of a
NO adsorption band at 1578 cm™! after 24 h of exposure to
NO, which increases in intensity with time (Figure S20, Sup-
porting Information) in line with the slow NO adsorption profile
(Figure 3A). Noteworthy, no band is observed at ca. 1900 cm™!
typically assigned to physisorbed NO, i.e., weak interactions be-
tween NO and the MOF framework.[?®! Thus, we can assume
that only chemisorption occurs, which is the most favorable ad-
sorption mechanism for NO therapeutic delivery applications.
After 30 min under high vacuum, despite losing some inten-
sity, the band formed at 1578 cm™ persisted, confirming the
strong stability of the adsorbed NO species, in agreement with
the gravimetric desorption studies (Figure 3B) that showed a sig-
nificant NO retention in the solid. Of note, the IR adsorption
band observed in MIP-210(Fe) upon NO adsorption does not
match with the typical band assigned to the NO coordinated on Fe
sites (ca. 1800 cm™') observed in the previously studied Fe-based
MOFs (MIL-100, MIL-127, MIL-88'’s) after NO adsorption./1%2]
According to Hadjiivanov,!®! bands formed between 1650 and
1480 cm™! are associated with the formation of nitrate (NO;~)
compounds. However, NO,~ is not likely to form here because
NO cannot form NO,~ just by reacting with H,O solely. To
gain more insights into the impact of NO adsorption on the

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Experimental NO adsorption studies at 25 °C on MIP-210(Fe) and computational understanding of the NO adsorption mechanism. A) Gravi-
metric NO adsorption profile for 80 kPa NO; B) NO desorption profile under high vacuum and C) IR spectra for the sample previously activated at
120 °C for 12 h under vacuum, followed by 24 h of NO exposure at room temperature (1.3 kPa) and its evacuation (30 min of vacuum). D) periodic
DFT-calculated potential energy profile for the adsorption of NO in MIP-210(Fe) with Fe initially coordinated by water molecule using climbing image
nudged elastic band (CI-NEB)[*% method. Color codes: carbon (dark brown), hydrogen (white), oxygen (red), phosphorus (purple), nitrogen (blue), and
iron (light brown). The distances and energies are in A and k] mol~', respectively. For the sake of clarity, only one inorganic node of the periodic structure

is shown.

MIP-210(Fe) crystalline structure, in situ-PXRD analyses were
conducted. After NO adsorption, the main Bragg peaks were
shifted, in comparison with those of the activated phase (i.e.,
without physisorbed water in the pores), becoming similar to the
as-synthesized material, in agreement with a filling of the pores
(Figure S23 and Table S2, Supporting Information).

In complement to this experimental characterization, periodic
spin-polarized density functional theory (DFT) calculations were
further performed to gain atomistic insight into the NO adsorp-
tion behavior in MIP-210(Fe). First, we identified that the most
stable magnetic configuration of MIP-210(Fe) is an intra-chain
anti-ferromagnetic (AFM) state, as shown in Figure S24 and
Table S7 (Supporting Information). Climbing image nudged elas-
tic band (CI-NEB)!**l method within the Transition State Tools
for VASP (VTST)! module (see Section S3.1, Supporting In-
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formation for more details) was further applied to explore the
NO adsorption in the MOF encompassing Fe(III) sites coordi-
nated to H,O to be in line with the activation condition used
experimentally before NO adsorption measurement. As shown
in Figure 3D), H,O coordinates to Fe with an O-end configura-
tion (Fe—O bond length 2.27 A) and NO molecule weakly inter-
acts with the H,O molecule via O(NO)---H(H,O) hydrogen bond
(2.28 A) (initial state IS). Then, the water molecule is released
from Fe, and Fe-O distance enlarges to 3.55 A while the NO
molecule starts to get close to Fe with Fe-N distance of 3.81 A
in the transition state (TS). In the final state (FS), NO molecule
binds to Fe with a Fe—N bond length of 2.39 A and a Fe-N-O an-
gle of 119°. According to a previous study on N-O stretching fre-
quency of NO molecule within 6-coordinate iron(II) nitrosyl com-
plexes, there is a linear scaling relationship between the Fe-N-O

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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angle and the v (NO).??] While a vibration at 1900 cm™! would
correspond to a Fe-N-O angle of 180°, the v (NO) corresponding
to a Fe-N-O angle of 119° should be extrapolated between 1550
and 1600 cm™, in line with the NO adsorption band at 1578 cm ™
observed in the experimental IR spectrum in Figure 3C. Notably,
this NO coordination to Fe(III) is accompanied by rather strong
interactions between NO and H,0O (N(NO)-O(H,0) distance of
2.46 A) as well as between H,0 and the MOF pore wall (H(H,0)-
O(MOF) distance of 1.91 A) making this adsorption mode highly
stable, therefore anticipating that a slow release kinetics in water
media should be obtained. Further, the overall reaction is exother-
mic by 19 kJ mol ™, and the activation barrier is only 27 k] mol~?,
which indicates that the H,O exchange by NO can easily proceed
under mild conditions leading to preferential binding of NO to-
ward Fe(IIl). The calculations presented in Figure 3D) were per-
formed considering as a starting point the crystal structure based
on the close proximity between the PXRD patterns of the NO
loaded sample and the as-synthesized hydrated MOF. A similar
trend was obtained considering the crystal structure solved for
the material filled with water molecules (Figures S25 and S26,
Supporting Information), the reaction mechanism being associ-
ated with an even lower activation energy barrier (11 k] mol=!)
and being more exothermic (40 k] mol™1).

2.3. NO Therapeutic Release Application

The effectiveness of a carrier material for NO release is mainly
determined by its ability to release NO at a controlled rate since
the NO biological action strongly depends on the available dose
(lower or higher values may cause adverse effects) over a cer-
tain period. This feature highly depends on how NO is coordi-
nated to the framework and on the accessibility of water present
in the biological media toward OMS. As such, quantification of
NO released from MIP-210(Fe) was carried out in oxyhemoglobin
solution using the oxyhemoglobin assay (Figure 4), exhibiting
an exceptionally slow and gradual delivery of NO over at least
70 h, surpassing by far the performance observed before with
the best MOFs and porous inorganic materials.[?°! In Figure S22
(Supporting Information), this release profile can be compared
with the profiles from representative NO-releasing MOFs (MIL-
100(Fe)!*l and MIP-177(Ti)P%!) and a LTA zeolite (4A)1**] by using
the same quantification method. This method is very suitable for
detecting NO being released at low concentrations (as we see for
MIP-210), offers real-time monitoring in biological media, and
is highly specific to NO by specifically measuring the reaction
of NO with oxyhemoglobin to form methemoglobin. Of note,
the stabilization of the conversion in methemoglobin observed
at the end of 70 h may indicate a complete release or full con-
sumption of the oxyhemoglobin present in the buffer medium.
Overall, this method is not able to quantify the complete release
profile and hence the total amount of NO released (for that, com-
plementary methods should be considered), but it is very sen-
sitive and selective during the presence of oxyhemoglobin and
thus very convenient to show the initial release slope. Particu-
larly for MIP-210, it demonstrates an initial very slow NO release
rate, as confirmed by the slow conversion to methemoglobin
(Figure 4 inset). Such a slow release is attributed to i) the un-
usual NO adsorption mechanism described above that leads to
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Figure 4. NO release profile from MIP-210 in oxyhemoglobin solution
at 25 °C using the oxyhemoglobin quantification assay. Inset depicts the
changes over 70 h in the main peak of the oxyhemoglobin-containing solu-
tion spectrum, triggered by NO-mediated conversion to methemoglobin.
The concentration of meta(Hb) quantified is considered stoichiometric to
the concentration of NO released.[¢]

strong interactions between NO, the Fe metal sites and the wa-
ter molecules inside the narrow pockets of the structure, ii) the
very narrow channels of the MOF and iii) the high stability of
MIP-210 in several biological media, making the displacement of
the coordinated NO by H,O during the desorption process very
slow.

The previously reported NO-releasing porous materials were
limited to a delivery from minutes to a few hours due to ei-
ther fast rehydration and/or degradation of the host solid.l*! Typ-
ically MIP-177(Ti),l°! a robust microporous Ti;,0,s oxocluster-
based tetracarboxylate MOF, features a set of suitable proper-
ties for such application, including high storage capacity, bio-
compatibility, and stability in biological media, as well as acces-
sible OMS, but albeit the unusual formation of nitrites species,
due to its large pore size (1,1 nm), water diffusion is too fast,
with subsequent hydrolysis of nitrites and consequently release
of NO that does not last more than 2 h once soaked in simu-
lated body fluid (Figure S22, Supporting Information). On the
other hand, zeolites and titanosilicates, which are highly stable
and biocompatible narrow pores materials, present a strong affin-
ity to water that leads to an initial burst of NO release on a time
scale that never exceeds several minutes.’33* The longest re-
lease in simulated body fluid obtained by this class of materi-
als was 4 h by a modified ETS-4 with copper incorporated in the
structure.3%)

In addition to its singular release lifetime, MIP-210(Fe) guar-
antees therefore a much slower release from the beginning of
contact with the biological media, preventing the initial burst of
release observed in many reported NO-delivery strategies.['*] This
gradual and long release is important to provide a continuous
modulation of the biological processes and to help mitigate the
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potential for cytotoxicity and tissue damage by minimizing fluc-
tuations in NO levels maintaining NO concentrations within a
safe and physiological range. Such a NO delivery profile is compa-
rable with those obtained by some NO-functionalized polymers
and some nanoparticle carriers that already demonstrate thera-
peutic potential in several pre-clinical studies, encouraging the
use of this MOF in numerous biomedical applications.*37:38]
For instance, a poly(e-caprolactone)/chitosan (PCL/CS) dressing
with grafted glycosylated diazeniumdiolates demonstrated a sim-
ilar sustained NO release profile of at least 3 days (catalyzed by
galactosidade).*?! This dressing was then applied in the treat-
ment of full-thickness skin wounds in mice, demonstrating ac-
celerated wound healing when compared to both control and
PCL/CS-only groups.

Remarkably, the NO released by different concentrations of
MIP-210(Fe) did not induce any additional noxious/toxic effect
on HeLa (human cervical carcinoma cells) and HUVEC cells (pri-
mary human umbilical vein cells, responsible for the formation
of blood vessels) when compared to the same concentration of
material without NO (Figures S28 and S29, Supporting Informa-
tion). This highlights the importance of controlled release that
ensures the safe use of this donor. In contrast, uncontrolled re-
lease, particularly at high concentrations caused by a burst release
(typical of many compounds), might lead to off-target effects such
as cytotoxicity and tissue damage, thereby limiting their thera-
peutic potential.[1%16:40]

In addition, if our MOF is stable over days of contact with
PBS pH 7.4 (see Supporting Information for details), iron-based
MOFs are expected to be fully biodegradable and poorly toxic
even after administration of high doses.*!l After clear evidence
of the biocompatibility of MIP-210(Fe) under different cell lines
(detailed discussion in Section S4, Supporting Information), first
demonstrations of the therapeutic potential of this new NO donor
were conducted in vitro by performing endothelial cell migration
and tube formation assays. These cellular responses are two piv-
otal steps in the angiogenesis process, which in turn is critical
for many physiologic and pathologic processes such as wound
healing and tissue remodeling.[*?l MIP-210 is of particular inter-
est for this application, offering several advantages over the stan-
dard daily wound dressing replacement approach, namely: 1) sus-
tained therapeutic effect: NO may work more effectively when re-
leased gradually over time rather than in a single dose; 2) reduced
frequency of dressing changes; 3) stable wound environment by
providing a consistent level of NO or moisture, which is crucial
for the creation of a permanent antimicrobial surface and for the
optimal tissue remodeling; 4) cost-effectiveness and 5) enhanced
wound management: certain wounds, such as chronic ulcers or
large surgical incisions, may benefit from extended exposure of
NO provided by MIP-210.

HUVEC cells treated with NO-loaded MIP-210(Fe)
(11.75 pg mL™' — concentration selected according to the
discussion in Supporting Information) showed a fast migra-
tion (ca. 8%, p < 0.05) after 24 and 48 h compared to the
untreated cells and to the cells treated with pristine MIP-210(Fe)
(Figure 5A-C and S30, Supporting Information). Endothelial
tube formation was also potentiated by the released NO from
MIP-210(Fe) with a significantly richer network (ca. 25%) in
comparison with the cell control and the pristine MIP-210(Fe)
groups (Figure 5B-D). Both cellular responses demonstrate that
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the released NO is the main contributor to the enhanced migra-
tion and tube formation, giving us confidence in the potential
angiogenic capacity of the NO-loaded MIP-210(Fe) at the cellular
level. We recognize the importance of further validating these
therapeutic benefits with more in vitro tests and in an in vivo
setting but to the best of our knowledge, this is the first evidence
of the use of a porous solid as a carrier for NO therapeutic
pro-angiogenic targeting delivery. As MOFs are relatively new
in gas therapy applications, their biological assessment is still
very scarce. Still, a previous report used a different cell line
(HeLa cells) to demonstrate a similar improvement in the cell
migration (+ 8.4 + 1.4% comparing with the control) induced
by the NO released by MIP-177.1°1 Moreover, a study presented
by Zhang et al.l’l showed a NO-releasing system composed of
a N-diazeniumdiolate modified copper-based MOF (HKUST-1)
incorporated in polymeric nanofibers capable of significantly
inducing HUVEC proliferation, migration, and tube formation
due to the gradual NO release (1.74 nmol L~ h™!) over more
than 14 days.[**)] The incorporation in polymer support might
indeed constitute a possible follow-up direction for MIP-210(Fe),
in which poorly toxic composites based on this ultra-stable MOF
might enhance the NO release performance, assuring even
longer periods, reduced side effects, and simpler handling in a
clinical context. This includes, for instance, the possibility to be
formulated with thin films, hydrogels, and coatings, allowing
for versatile administration routes such as local implantation,
topical application, or systemic injection. This formulation
approach will also afford the opportunity to subsequently adjust
the release kinetics,** enabling the customization of ther-
apeutic effects based on specific biological or clinical needs.
Future studies will aim to explore various formulations and
different applications, designed to possess specific properties
and functionalities aligned with distinct therapeutic needs.

One possible example is to explore MIP-210 as antithrombo-
genic and antibacterial agents in coatings in medical devices to
improve their performance when in contact with biological flu-
ids or tissues.[*>*’] Another highly relevant application is wound
healing promoter for chronical wounds in patients with impaired
tissue regeneration (e.g., diabetes).[3] In this case, one can imag-
ine enhancing the antibacterial efficacy of our system by formu-
lating MIP-210 with another MOF that features a short-release
profile with high NO levels (crucial to eradicate the bacterial bur-
den at the surface). This dual NO release profile could potentially
be more effective against chronic wound infections. This type of
formulation with different MOFs that feature different release
profiles was already investigated by Ettlinger et al..[*8] Since NO
has a central role in cancer and inflammatory diseases, therapies
based in NO delivery are under development and the release from
MIP-210(Fe) platforms may also be a safe option to explore.[*’]

It is worth noting that formulations of molecular donors with
polymers have been extensively explored for several decades,
which is reflected in formulations in more advanced stages of
clinical validation, as for instance the first N-diazeinumdiolate-
based NO-releasing therapeutic FDA approved in January of this
year (Zelsuvmi), underscoring the promising prospects for MIP-
210. In any case, the NO-releasing performance itself has con-
vincingly proven an unprecedented release profile with no appar-
ent toxicity for cells and a preliminary conception of its therapeu-
tic potential.
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Figure 5. Effects of NO released by MIP-210(Fe) on HUVEC cells migration and on Geltrex tube-forming assay. A) Representative images of the Oris
cell migration assay in the pre-migration stage and after allowing cells to migrate in the presence (or not) of the MIP-210(Fe) (unloaded and loaded with
NO) at the concentration of 11.75 ug mL~". Colored areas represent the migration zone that is still not occupied by cells. B) Example images of HUVEC
tube formation after being treated with (or without) NO-releasing MIP-210(Fe) (11.75 ug mL™") after 18 h. C) HUVEC cells migration data after 24 and
48 h. D) Quantification of tube formation (measured by the number of branches) after 18 h. Graph values are expressed as mean + SD (n > 3) and
statistical differences were performed using unpaired t-test student (“P < 0.05).
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Acknowledgements

RVP and CCC contributed equally to this work. CCC, PL, CYS, GM, ID, AT,
and CS acknowledge the financial support from the bilateral France-China
exchange program CaiYuanPei (ref. N° 38893VJ). RVP and MLP thanks the
Fundacdo para a Ciéncia e a Tecnologia (FCT) for funding the projects
UIDB/04028/2020 & UIDP/04028/2020 (CERENA), UIDB/00100/2020
and UIDP/00100/2020 (CQE), LA/P/0056/2020 (IMS) and VA for funding
contract CEECIND/00283/2018. RVP acknowledges Colégio de Quimica,
University of Lisbon, for the BAD ref.: 16/BAD/2017. ID, AT, and CS thank
CNRS, ENS, ESPCI Paris, and PSL University for financial and administra-
tive support as well as the Paris region, through the DIM Respore prior-
ity project. Dr Debanjan Chakraborty is acknowledged for his assistance
in constructing the main figures. The computational work was performed

Small 2024, 2405649

2405649 (8 of 9)

using HPC resources from GENCI-CINES (Grant A0140907613). PL would
like to thank the support from China Postdoctoral Science Foundation
(2022M + 2665) and Hunan Provincial Natural Science Foundation of
China (2023)J40621).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords

biological stability, iron(l11)-MOF, nitric oxide donors, open metal sites,
phosphonate

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOWILLIOD BAIE8ID) |qedt|dde 8L Aq peuenob ake sajone YO '8sn 40 sajni Joj Afeiq178UIUO 481 UO (SUORIPUOD-PUE-SLLLBY/WOY A3 | 1M ARe1q) U UO//SHRU) SUORIPUOD PUe SLLB L 8U3 885 *[7202/60/9T] Uo ARiqiauluo ABIIM * Sied 8p 21 Lidns SfeLLION 81003 - 108S1L BuIolUY AQ 679501202 |IWS/Z00T OT/I0pAL0D" A8 | 1M Afeiqjeutjuo//sdiy o1} papeojumod ‘0 ‘6Z89€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

smidll

Received: July 13, 2024
Revised: August 26, 2024
Published online:

(1
(2
(3]

(4]

(3]

(6]

7]
(8]
9]
(10]
(1
(12]
(13]
(14]

(15]
(6]

(17]
(18]

(19]

(20]

(21]
(22]

(23]
(24]

(25]

Small 2024, 2405649

A. W. Carpenter, M. H. Schoenfisch, Chem. Soc. Rev. 2012, 41, 3742.
R. M. Palmer, A. G. Ferrige, S. Moncada, Nature 1987, 327, 524.

K. Ghimire, H. M. Altmann, A. C. Straub, ). S. Isenberg, Am. J. Physiol.
Cell Physiol. 2017, 312, C254.

A. Carné-Sanchez, F. |. Carmona, C. Kim, S. Furukawa, Chem. Com-
mun. 2020, 56, 9750.

R. V. Pinto, S. Wang, S. R. Tavares, |. Pires, F. Antunes, A. Vimont, G.
Clet, M. Daturi, G. Maurin, C. Serre, M. L. Pinto, Angew. Chem., Int.
Ed. 2020, 59, 5135.

M. Garren, P. Maffe, A. Melvin, L. Griffin, S. Wilson, M. Douglass,
M. Reynolds, H. Handa, ACS Appl. Mater. Interfaces 2021, 13,
56931.

P. Zhang, Y. Li, Y. Tang, H. Shen, J. Li, Z. Yi, Q. Ke, H. Xu, ACS Appl.
Mater. Interfaces 2020, 12, 18319.

M. J. Neufeld, A. Lutzke, ). B. Tapia, M. M. Reynolds, ACS Appl. Mater.
Interfaces 2017, 9, 5139.

J. L. Harding, M. M. Reynolds, J. Am. Chem. Soc. 2012, 134, 3330.

J. F. Eubank, P. S. Wheatley, G. Lebars, A. C. McKinlay, H. Leclerc, P.
Horcajada, M. Daturi, A. Vimont, R. E. Morris, C. Serre, APL Mater.
2014, 2, 124112.

A. C. McKinlay, B. Xiao, D. S. Wragg, P. S. Wheatley, I. L. Megson, R.
E. Morris, J. Am. Chem. Soc. 2008, 130, 10440.

S. T. Gregg, Q. Yuan, R. E. Morris, B. Xiao, Mater. Today Commun.
2017, 12, 95.

M. L. Pinto, R. V. Pinto, S. Carvalho, F. Antunes, |. Pires, ChemMed-
Chem 2022, 17, 202100429.

J. Pant, M. ). Goudie, E. J. Brisbois, H. Handa, (Eds.:S. L. Cooper, ).
B. T.-A. in P. B. Guan), Woodhead Publishing, 2016, pp. 417-449.
W. H. Poh, S. A. Rice, Molecules 2022, 27, 674.

G. R. Navale, S. Singh, K. Ghosh, Coord. Chem. Rev. 2023, 481,
215052.

X. Ma, M. Lepoitevin, C. Serre, Mater. Chem. Front. 2021, 5, 5573.

E. D. Bloch, W. L. Queen, S. Chavan, P. S. Wheatley, J. M. Zadrozny,
R. Morris, C. M. Brown, C. Lamberti, S. Bordiga, J. R. Long, J. Am.
Chem. Soc. 2015, 137, 3466.

C. Serre, ). A. Groves, P. Lightfoot, A. M. Z. Slawin, P. A. Wright, N.
Stock, T. Bein, M. Haouas, F. Taulelle, G. Férey, Chem. Mater. 2006,
18, 1451.

D. Chakraborty, T. Dam, A. Modak, K. K. Pant, B. K. Chandra, A.
Majee, A. Ghosh, A. Bhaumik, New J. Chem. 2021, 45, 15458.

K. ]. Gagnon, H. P. Perry, A. Clearfield, Chem. Rev. 2012, 112, 1034.
K. Abu-Shandi, H. Winkler, C. Janiak, Z. anorg. allg. Chem. 2006, 632,
629.

C. A. Merrill, A. K. Cheetham, Inorg. Chem. 2005, 44, 5273.

N. Chanut, S. Bourrelly, B. Kuchta, C. Serre, |.-S. Chang, P. A. Wright,
P. L. Llewellyn, ChemSusChem 2017, 10, 1543.

K. D. Demadis, N. Stavgianoudaki, in Metal Phosphonate Chemistry:
From Synthesis to Applications, ed. A. Clearfield, and K. Demadis,
The Royal Society of Chemistry, 2011, ch. 14, pp. 438-492.

(26]

(27)

28]
(29]
(30]
(31]
(32]
(33]
(34]
35]

36]

(37]

(38]
(39]
(40]

(41]

[42]
[43]
(44]
[45]
[46]

(47]
48]

(49]

2405649 (9 of 9)

www.small-journal.com

R. V. Pinto, M. L. Pinto, in Nanoporous Materials: New Generation of
Nitric Oxide Donors, ed. L. Morbidelli, B. Bonavida, Academic Press,
2019, ch. 14, pp. 277-305.

S. R. Miller, E. Alvarez, L. Fradcourt, T. Devic, S. Wuttke, P. S.
Wheatley, N. Steunou, C. Bonhomme, C. Gervais, D. Laurencin, R.
E. Morris, A. Vimont, M. Daturi, P. Horcajada, C. Serre, Chem. Com-
mun. 2013, 49, 7773.

A. C. McKinlay, J. F. Eubank, S. Wuttke, B. Xiao, P. S. Wheatley,
P. Bazin, J.-C. Lavalley, M. Daturi, A. Vimont, G. De Weireld, P.
Horcajada, C. Serre, R. E. Morris, Chem. Mater. 2013, 25, 1592.

K. 1. Hadjiivanov, Catal. Rev. 2000, 42, 71.

G. Henkelman, B. P. Uberuaga, H. J6nsson, J. Chem. Phys. 2000, 113,
9901.

“Vasp TST tools”, downloaded from: http://theory.cm.utexas.edu/
vtsttools (accessed: January 2022).

J. Li, A. Banerjee, P. L. Pawlak, W. W. Brennessel, F. A. Chavez, Inorg.
Chem. 2014, 53, 5414.

P. S. Wheatley, A. R. Butler, M. S. Crane, S. Fox, B. Xiao, A. G. Rossi,
I. L. Megson, R. E. Morris, J. Am. Chem. Soc. 2006, 128, 502.

R. V. Pinto, A. C. Fernandes, F. Antunes, Z. Lin, J. Rocha, ). Pires, M.
L. Pinto, Nitric Oxide 2019, 90, 29.

Z. Lin, R. V. Pinto, C. Henriques, F. Antunes, |. Pires, M. L. Pinto, J.
Rocha, Microporous Mesoporous Mater. 2021, 322, 111154.

M. Feelisch, D. Kubitzek, J. Werringloer, in Methods Nitric Oxide Re-
search, 1996, (Eds.: M. Feelisch, J.S. Stamler), John Wiley & Sons, Ltd,
New York, pp. 455.

M. Champeau, V. Pévoa, L. Militdo, F. M. Cabrini, G. F. Picheth, F.
Meneau, C. P. Jara, E. P. de Araujo, M. G. de Oliveira, Acta Biomater.
2018, 74, 312.

J. O. Kim, J.-K. Noh, R. K. Thapa, N. Hasan, M. Choi, ). H. Kim, J.-H.
Lee, S. K. Ku, J.-W. Yoo, Int. J. Biol. Macromol. 2015, 79, 217.

X. Zhou, H. Wang, ). Zhang, X. Li, Y. Wu, Y. Wei, S. Ji, D. Kong, Q.
Zhao, Acta Biomater. 2017, 54, 128.

P. D. Marcato, L. F. Adami, P. S. Melo, L. B. de Paula, N. Durén, A. B.
Seabra, J. Phys. Conf. Ser. 2011, 304, 012045.

T. Baati, L. Njim, F. Neffati, A. Kerkeni, M. Bouttemi, R. Gref, M. F.
Najjar, A. Zakhama, P. Couvreur, C. Serre, P. Horcajada, Chem. Sci.
2013, 4, 1597.

T. Kaneko, I. Nagata, S. Miyamoto, H. Kubo, H. Kikuchi, T. Fujisato,
Y. Ikada, Stroke 1992, 23, 1637.

J. Chen, D. Sheng, T. Ying, H. Zhao, . Zhang, Y. Li, H. Xu, S. Chen,
Nano-Micro Lett. 2020, 13, 23.

R. V. Pinto, S. Carvalho, F. Antunes, |. Pires, M. L. Pinto, ACS Appl.
Nano Mater. 2022, 5, 9230.

M. J. Duncan, P. S. Wheatley, E. M. Coghill, S. M. Vornholt, S. J.
Warrender, I. L. Megson, R. E. Morris, Mater. Adv. 2020, 1, 2509.

S. M. Vornholt, M. J. Duncan, S. ). Warrender, R. Semino, N. A.
Ramsahye, G. Maurin, M. W. Smith, J.-C. Tan, D. N. Miller, R. E.
Morris, ACS Appl. Mater. Interfaces 2020, 12, 58263.

L. K. Keefer, Nat. Mater. 2003, 2, 357.

R. Ettlinger, S. M. Vornholt, M. C. Roach, R. R. Tuttle, ). Thai, M.
Kothari, M. Boese, A. Holwell, M. J. Duncan, M. Reynolds, R. E.
Morris, ACS Appl. Mater. Intetfaces 2023, 715, 49835.

L. Morbidelli, B. Bonavida, Therapeutic Application of Nitric Oxide in
Cancer and Inflammatory Disorders, Academic Press, London 2019.

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85UB017 SUOLLLIOD SISO 3|qealidde au Ad peusenob ae soje YO '8sN J0 S9|Nn 10} Akeiq 18Ul UO 8|1 UO (SUONIPUOD-PUR-SLLBY WD A | 1M Aled U1 |UD//:SANLY) SUONIPUOD pue SIS | U1 89S *[7202/60/9T] U0 A%iqi8ul|uo AS|IM * Sted 9p aareLiednS SewLION 91003 - 108S1 L SUIoUY Aq 679501202 |IWS/Z00T 0T/I0p/W00" A 1M Afe.d 1 Ul |uo//Sdny wol) pepeojumoq ‘0 ‘62895 T9T


http://www.advancedsciencenews.com
http://www.small-journal.com
http://theory.cm.utexas.edu/vtsttools
http://theory.cm.utexas.edu/vtsttools

