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The exogenous administration of nitric oxide (NO) is considered a potential therapeutic treatment
against a great variety of diseases due to its significant role in multiple physiological functions. Due to
the gaseous nature, short lifetime and dose- and tissue-dependent activity of this molecule, the
development of new administration procedures is required to control the NO delivery in terms of
dosage, timing, and location. In this work, we propose a new molecular material based on robust
metal-organic polyhedra (MOPs) for controlled NO release. We select dirhodium paddlewheel complex-
based cuboctahedral MOPs (RhMOP), in which NO can chemically coordinate to the open-metal sites at
the axial sites of dirhodium paddlewheel moieties. We further prepare amorphous coordination polymer
particles (CPPs) by connecting RhMOP with bis(imidazole) linkers at the external axial sites. Both
molecular MOPs and polymeric CPPs show relevant NO payloads and the release of NO can be
triggered by two different stimuli: light and humidity. We show that imidazole ligands coordinating to
the external axial sites of the paddlewheel moieties tune the light-triggered NO release property.
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Introduction

Nitric oxide (NO) is a gaseous signalling molecule endogen-
ously produced in mammals to regulate cellular functions with
a vast impact on several physiological processes including
vasodilation, neurotransmission, and immunity, among
others.”” In the physiological environment, NO is a highly
reactive gas that readily diffuses across cell membranes and
tissues in the body. In addition, its biological activity is tissue-
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specific and dose-dependent, being toxic at high concentra-
tions. Consequently, NO is endogenously produced on the
target site, at the specific dose and at any time when necessary,
through the enzymatic degradation of r-arginine by nitric oxide
synthase (NOS).?

Due to its ubiquitous physiological activity in humans, the
biological roles of NO and its potential as a drug have been the
focus of intense cell biology and medical research during
the last few decades.” The development of materials that enable
the on-demand generation of exogenous NO with a spatiotem-
porally controlled gas release is a key aspect for the successful
progression of both research fields. For instance, in cell biol-
ogy, the localized NO release toward intracellular targets
would favour the elucidation of the biological role of NO inside
of specific cells of interest.” From the viewpoint of medical
research, NO has been demonstrated to have a beneficial
activity against a great variety of diseases.*®’ Therefore, the
safe and effective administration of exogenous NO to patients
would favour the implementation of NO in clinical treatments.

With the aim to generate NO in a controlled manner, small
molecular NO donors that spontaneously release NO after self-
decomposition in physiological media, or in response to exter-
nal stimuli such as heat or light, were first proposed.® However,
the control over the spatial release of NO from these molecules
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relies on the solubility and distribution of the NO donor in
physiological media, making it difficult to localize the NO
molecules in specific targets. To circumvent these shortcom-
ings, the assembly of NO donors, or NO gas itself, into solid-
state materials has been proposed. This approach allows for
restricting the dispersion of NO donors in solution and for
tuning the NO-release rate.*’ In addition, solid-state materials
can be easily handled and shaped by microfabrication techni-
ques, which facilitates the manufacture of materials enabling
localization of the NO release in target tissues.’

Among the different solids tested to host NO, metal-organic
frameworks (MOFs) have shown the highest drug payloads,
thanks to their large surface areas and elevated pore volumes.
In particular, these porous materials possess accessible metal
ions inside their cavities with unsaturated coordination sites,
called open metal sites, which reversibly chemisorb NO,*"°
being the NO released by means of a ligand exchange reaction
with water molecules."*™**

By cutting out of the smallest pore unit from MOFs, one can
design a molecular counterpart called metal-organic polyhedra
(MOPs)."> This cage-shaped supramolecule with an intrinsic
cavity can possess open metal sites in their structures, which
allow for their surface functionalization to not only trap guest
molecules by chemisorption (e.g., NO) but also to deliberately
tune specific properties of the cage (e.g., chemical stability or
hydrophilic/hydrophobic character) or even to regulate their
assembly in the solid state.'®™'® Unlike insoluble MOF solids,
MOPs can be dissolved in solvent while maintaining their
porous structure. Such molecular nature allows their character-
ization, processing, and use in solution. Although these char-
acteristics make MOPs ideal candidates to manufacture novel
materials for generating NO on-demand, either as discrete
molecules or as building blocks for constructing solid-state
materials, the study of MOPs in this field remains unexplored.

In this work, we demonstrate the potential of MOPs to
prepare novel NO-releasing materials. We take advantage of
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Fig.1 Schematic representation of the cuboctahedron structure of
C12RhMOP (green) indicating the organic ligands employed to prepare
the compounds C3,RhMOP-biz (blue) and the C;,RhMOP-CPP (violet).
The chemical structure of the dirhodium paddlewheel motif, along the site
where NO coordinates, as well as of the linker forming the MOP are also
indicated.
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the open metal sites in a robust dirhodium paddlewheel
complex-based cuboctahedral MOP of [Rhy,(bdc-Cis)s]is
(C1,RhMOP; H,bdc-C;, = 5-dodecoxybenzene-1,3-dicarboxylic
acid) to chemisorb NO. The resulting NO-loaded molecule
releases NO in response to two different external stimuli: light
and humidity. In addition, we functionalize the MOP by means
of two different approaches with the aim of gaining control over
the NO release (Fig. 1). One is to introduce a monotopic
imidazole linker (1-benzylimidazole, biz) in the external surface
of the cage to modify the coordination sphere of the dirhodium
paddlewheel units. The other is to use a ditopic linker (1,4-
bis(imidazol-1-ylmethyl)benzene, bix), to assemble the cages
into amorphous extended structures known to be coordination
polymer particles (CPPs) with submicrometer particle size. We
determine the impact of the external functionalization of the
cages on their NO-releasing profiles.

Results and discussion

Design, synthesis, and characterization of C,,RhMOP-based
materials

We selected C;,RhMOP to explore the potential of MOPs to
prepare novel NO-releasing materials because of the following
three reasons. (i) C;,RhMOP displays permanent porosity after
solvent removal due to the robust [Rh,(COO),] moiety with
open metal sites, which can be coordinated by NO molecules.
(ii) The open metal sites located on the external surface allow
for the introduction of functional groups via coordination
bonds. (iii) The hydrophobic -O(CH,);;CH; groups on the
external surface of the cage confer a high solubility in a variety
of organic solvents and enable its characterization, processing
and use in solution (Fig. 1).

In the first step, C;,RhMOP was prepared according to a
previously reported protocol and its chemical structure was
confirmed by "H-NMR (Fig. S2, ESIt)." Then, we functionalized
the external surface of C;,RhMOP with a monotopic ligand biz
to give rise to a discrete cage (C;,RhMOP-biz)'**° allowing us to
further evaluate the impact of the coordination sphere in the
dirhodium paddlewheel units on the NO release properties of
the cage. We chose biz as a functionalization molecule because
of two main reasons: a high affinity of imidazole moiety for soft
Rh(u) ions and its coordination only to the external open metal
sites due to its larger molecular size than pore apertures of
MOP. The latter ensures the availability of the internal open
metal sites in the cage to be loaded with NO.

As shown in Fig. 2a, and as we previously reported,'® the
addition of an excess of the monotopic ligand biz (13 eq. mol)
to a solution of C;,RhMOP in DMF led to a blue shift in the
band of its visible absorption spectrum (4. at 596 nm to
560 nm for C;,RhMOP and C,,RhMOP-biz, respectively), with
the concomitant colour change of the solution from green to
purple. This band is characteristics of dirhodium paddlewheel
complexes and it is assigned to the n* — o* electronic transi-
tion in the metal-metal bonded Rh, core, which is highly
dependent on the nature of the axial ligands.>""** Thus, these

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Visible absorption spectra of the solution of C;,RhMOP (green curve) and C;,RMOP-biz (blue curve) in DMF, (b) number size distribution of
C12,RhMOP (green curve) and C;,RMOP-biz (blue curve) in DMF, determined by DLS, (c) SEM images of C;,RhMOP-CPP, (d) adsorption isotherms of CO,
for C1,RhMOP (green curve), C;,RMOP-biz (blue curve) and C;,RhMOP-CPP (violet curve) at 195 K.

results pointed to the successful functionalization of the exter-
nal surface of the cage with biz. A quantitative analysis by NMR
indicates that the resulting compound C;,RhMOP-biz pos-
sesses the composition [Rh,(bdc-Cy,),(biz)gesliz, in which
68% of the external open sites of the cage are occupied by biz
molecules. This estimation provides 1.32 available open metal
sites per the paddlewheel moiety (Fig. S3, ESIf). This value is
later confirmed by NO chemisorption (vide infra). In addition,
dynamic light scattering (DLS) analysis of the solutions of
C;,RhMOP and C;,RhMOP-biz in DMF results in a weight-
number distribution of 2.56 + 0.37 nm and 2.58 + 0.38 nm,
respectively (Fig. 2b). Both values are in agreement with the size
of C;,RhMOP,'®" confirming the presence of non-aggregated
MOP molecules in solution.

To fabricate solid-state materials platform for the controlled
release of NO, we linked C;,RhMOP with a ditopic ligand on the
external surface for assembling them into extended polymeric
structures. In particular, we choose bix as a linker, which was
shown to produce submicrometer CPPs,'® as analogous coor-
dination spheres to a molecular counterpart of C;,RhMOP-biz.

The addition of 6 eq. mol of bix to a C;,RhMOP solution in
DMTF resulted in the formation of CPP (named here C;,RhMOP-
CPP) with an average particle size of 252 + 63 nm (Fig. 2c). A
quantitative NMR analysis confirms that all the external metal

This journal is © The Royal Society of Chemistry 2024

sites in the MOP monomers are saturated with the ditopic
ligands (Fig. S4, ESIf), while the internal open metal sites
inside the cavities remain available to be loaded with NO
molecules (1 available open metal sites per the paddlewheel
moiety).

Finally, we confirmed that the three materials displayed
permanent porosity by CO, adsorption at 195 K (Fig. 2d).
Noteworthy, this aspect is of paramount importance because
the materials must be thermally activated to make available the
open metal sites in the cages before being loaded with NO.

Preparation and characterization of the NO-loaded materials

We evaluated their ability to load NO by chemisorption. The NO
adsorption isotherms shown in the Fig. 3a indicate that all
materials adsorb NO at 298 K, suggesting a strong affinity
towards NO. Foremost, the amount of NO adsorbed by each
compound is in full agreement with the number of available
open metal sites (Table S1, ESIT).

Additionally, we analysed the NO-adsorbed solids by infra-
red spectroscopy (FTIR) and diffuse-reflectance spectroscopy.
The FTIR spectra of all samples show a new band appearing at
1698 cm™ " assigned to the N-O stretching vibration. This band
is shifted to lower energy in comparison with the characteris-
tics band of free gaseous NO at 1900 cm ', ruling out the

J. Mater. Chem. B, 2024,12, 233-239 | 235
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Fig. 3 (a) Adsorption isotherm of NO for C;,RhMOP (green curve), C;,RMOP-biz (blue curve) and C;,RhMOP-CPP (violet curve) at 298 K, (b) FTIR
spectra of all materials before and after being loaded with NO. The red frame highlights the new band appearing at 1698 cm " in the material loaded with
nitric oxide, (c) diffuse reflectance spectra for all materials before and after being loaded with nitric oxide.

physisorption of NO molecules inside the cage cavities. The
diffuse-reflectance spectroscopy revealed that the loading of NO
leads to a blue shift of the lowest energy band of all three
materials. Indeed, a concomitant change in the colour of the
solids was observed from green for C;,RhMOP, blue for
C1,RhMOP-biz or purple for C;,RhMOP-CPP, to red for all
NO-loaded compounds (Fig. 3c). As anticipated above, this
absorption band is highly dependent on the chemical nature
of the ligands coordinated to the axial position of dirhodium
paddlewheel moieties. Therefore, altogether, these results con-
firm the feasibility of loading the three compounds with NO
molecules by the saturation of their available open metal sites
(named here, C;,ROBMOP + NO, C;;,RhMOP-biz + NO,
C;,RhMOP-CPP + NO, respectively). While both internal and
external open sites in C;,RhMOP are saturated with NO mole-
cules (2 mmol of NO per the paddlewheel), the C;,RhMOP-CPP
can host one molecule of NO per the paddlewheel at the
available open metal sites inside the cavities of the cage. In
the case of C;,RhMOP-biz, where the external open sites are
partially occupied with biz molecules, both available external
and internal sites are saturated with molecules of NO. The
resulting NO payloads for C;,RhMOP + NO, C;,RhMOP-biz +
NO and C;,RhMOP-CPP + NO, expressed as mmol of NO
adsorbed per gram of material, were estimated to be 2.1, 1.3
and 1.0 mmol g™, respectively. Noteworthy, these values are in
line with the comparable NO loadings observed for MOFs with
open metal sites (Table S2, ESIt). For instance, the MIL-88

236 | J Mater. Chem. B, 2024,12, 233-239

family of MOFs composed by iron(m) carboxylates (FeOX(L),,
L = fumarate, terephthalate, 2-aminoterephthalate or 2-nitro-
terephthalate) and the copper(i)}-based MOF known as HKUST-1
(Cus(trimesate),) show uptakes in the range of 1-2.5 mmol g~ *."""*?
The isoreticular CPO-27 series (M,(dhtp), dhtp = 2,5-dioxido-
1,4-benzenedicarboxylate, M = Co>*, Ni** and Fe®") have proved
to possess higher payloads (6-7 mmol of NO per gram),">'* due

to the large density of open metal sites in their structures.

Study of NO-release

Apart from storing relevant quantities of NO, an ideal NO-
releasing material should release it in response to an external
stimulus or to a specific physiological change. Among the NO-
releasing materials with open metal sites, water or moisture is
the main chemical stimulus used for triggering the NO release.
The mechanism of the NO release relies on the binding of the
water molecules to the metal sites, which leads to the release of
the NO molecules by a ligand-exchange reaction. Although this
strategy has already been successfully exploited and it offers
certain control on the NO release (e.g., by modulating the
relative humidity of an airflow),> it is highly desirable the
development of systems with alternative or complementary
approaches for controlling the gas release. Such an increase
in the materials’ versatility widens their potential fields of
applications. Light is a non-invasive stimulus enabling exqui-
site spatial control on the NO release. In addition, the feasi-
bility of manipulating several parameters such as the power of

This journal is © The Royal Society of Chemistry 2024
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irradiation or wavelength allows to gain control of the release
kinetics. Several metal-nitrosyl complexes have proved to release
NO by the excitation of their metal to ligand charge transfer
band with UV-visible light.>* This fact, together with the photo-
activity of dirhodium tetracarboxylates compounds,***® prompts
us to assess if the NO-loaded C;,RhMOP-based materials offer a
photoresponsive NO release.

In the first step, we took advantage of the feasibility of
soluble MOPs and evaluated the photostability of discrete
C;,RhMOP + NO and C;,RhMOP-biz + NO molecules in
solution. We monitored the evolution of the UV-Vis absorption
spectra of the solutions of both molecules after their irradiation
with visible light (300-600 nm) and compared the changes with
those in the dark. Toluene was chosen as a solvent due to its
non-coordinating character, avoiding an unwanted solvent-
induced ligand-exchange reaction.

The UV-vis spectra of both C;,RhMOP + NO and C;,RhMOP-
biz + NO solutions in toluene remained unaltered when they
were kept in the dark, confirming their stability in absence of
water and under dark conditions (Fig. S5, ESIt). By contrast, the
irradiation with visible light of both solutions led to a progres-
sive red shift of the lowest-energy absorption band for both
compounds (Fig. S6, ESIt). Given that this absorption band is
sensitive to changes in the nature of the ligands coordinating to
the axial sites of the dirhodium paddlewheel moieties, these
results suggest that the NO molecules are gradually removed
from the MOPs. Indeed, the UV-Vis spectra of C;,RhMOP + NO
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after the longer irradiation time correspond to the spectra of
the wunloaded counterpart, supporting that the NO-
chemisorption process is reversible by photoactivation in
solution (Fig. S7, ESIt). The UV-vis absorption spectrum of
C;,RhMOP-biz + NO did not change after 30 min of irradiation
while the spectrum of C;,RhMOP + NO was gradually changing
even after 240 min of irradiation. This evidence suggests that
the imidazole ligand bonded to the axial site of the paddle-
wheel moieties weakens the Rh-NO bond through the Rh-
Rh bond.

To understand its mechanism, we performed computational
analysis using density functional theory. We used the model
compounds Rh,(HCO,),(NO), and Rh,(HCO,),(NO)(1-methyl
imidazole) for the dirhodium moiety of C;,RhMOP + NO and
C,,RhMOP-bix + NO, respectively. The DFT analysis shows a
binding energy of 35.7 kcal mol™' for each NO ligand in
Rh,(HCO,)4(NO),, and a binding energy of 19.5 kcal mol "
for the NO ligand in Rh,(HCO,),(NO)(1-methyl imidazole).
These results indicate that the substitution of one molecule
of NO by an imidazole ligand weakens the remaining Rh-NO
bond, supporting the experimental results (Fig. S8 and
Table S3, ESIY)

To take advantage of assembling states of MOPs, we further
studied the release from the solid-state materials of C;,RhMOP +
NO, C;,RhMOP-biz + NO and C;,RhMOP-CPP + NO by NO
analyser that selectively detects gaseous NO with ozone-assisted
chemiluminescence. To perform these experiments, the

— C,RhMOP+NO
25] — C;1,RhMOP-biz+NO
— C,RhMOP-CPP+NO

Cumulative release of NO (%)

0 20 40 60 80
\ Time (min)

Fig. 4 Schematic representation of the experimental setup and cumulative release of NO from C;,RhMOP + NO (green curves), C;,RhMOP-biz + NO
(blue curves) and C;,RhMOP-CPP + NO (violet curves) in solid state: (a) under photoactivation with visible light and (b) in contact with a nitrogen flow
saturated with water. All the measurements were performed by triplicate (translucent area).
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materials were first spin-coated on a glass substrate and
introduced in a sealed chamber with a quartz window. Then,
the samples were irradiated with visible light (300-600 nm)
while a nitrogen flow went through the sample chamber carry-
ing the NO generated from the samples to the analyser (Fig. 4a,
Fig. S10a and S11a, ESIY).

The results shown in Fig. 4a demonstrate that all materials
released NO under photoactivation in the solid state. In addi-
tion, as in the experiments performed in solution, C;,RhMOP +
NO shows a slower NO-release rate than C;,RhMOP-bix + NO.
Note that the assembled material of C;,RhMOP-CPP + NO
showed the fastest and most efficient photoresponsive NO-
release in the solid state among the three compounds. Given
that the dirhodium paddlewheel units in both C;,RhMOP-bix +
NO and C;,RhMOP-CPP + NO have a similar coordination
environment, the difference in photoresponsive NO-release
kinetics observed is explained by following two main reasons.
(i) The effectiveness of the photoactivation of the materials in
the solid state is highly dependent on the penetration depth of
light.?” Therefore, C;,RhMOP-CPP + NO, which forms spherical
particles with an average diameter of 250 nm shows a more
effective photo-triggered NO-release than C;,RhMOP-biz + NO,
which is only obtained as uncontrollable micrometre-sized ill-
defined particles (Fig. S9, ESIt). (ii) The external voids in
C;,RhMOP-CPP + NO generated by the crosslinking of the
cages allow a better diffusion of the NO molecules released,
compared to the case of C;,RhMOP-biz + NO particles, where
the cages are closely aggregated in the solid state. These results
bring to light the importance of the controlled assembly of the
cages into extended polymeric structures for preparing efficient
light-triggered NO-releasing platforms in the solid state.

Finally, given that all porous materials with open metal sites
exploited as NO-releasing materials show a water-triggered gas
release,’® we evaluated the ability of the three materials to
release NO by water-exchange in the solid state. The experi-
mental setup used for these experiments similar to the one for
the photoresponsive studies except the use of the nitrogen flow
saturated with water before passing through the sample cham-
ber and the measurement in the dark to avoid an unwanted
light-triggered release (Fig. 4b, Fig. S10b and S11b, ESIf). All
materials released NO by ligand exchange reaction with water;
C1,RhMOP-NO shows the most efficient NO release while both
C,,RhMOP-biz + NO and C,,RhMOP-CPP + NO behaves simi-
larly. This difference can be explained by the accessibility of
water to NO coordination sites. In the case of C;,RhMOP-biz +
NO and C;,RhMOP-CPP + NO, NO molecules are encapsulated
inside the cavity of MOPs, to which water molecules are hardly
accessible. By contrast, C{;RhMOP + NO also possesses NO
molecules at the external surface of MOP, with which water
molecules easily replace.

Note that any of the materials studied did not desorb the
total amount of NO-loaded in the solid state. This phenomenon
was previously observed for other porous materials with open
metal sites loaded with NO such as HKUST-1 (Table S4, ESIt)
and the reason was rationalized by the strong coordination
bond between copper ion and NO molecules. In addition, there
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are specific reasons that explain the low desorption of NO
observed during the experiments in the solid state. Regarding
the water-triggered NO release, the hydrophobic groups in the
external surface of the cages most likely limit the diffusion of
the water molecules inside the solids to reach the metal sites,
hindering the ligand exchange reaction. In the case of
the photoresponsivity studies, the low NO-release observed in
the solid state can be attributed to the penetration depth of the
light. The particle size of the three materials, even in the case of
the coordination polymer particles, can be influenced by the
penetration depth of the visible light, preventing the irradiation
of the whole sample, and limiting the amount of NO released.
The similar particle size dependency was previously observed
for photoactive carbon monoxide releasing materials.”®

Conclusions

We demonstrated that the robust metal-organic polyhedra
C1,RhMOP ([Rh,(bdc-Cy5),]1,) with open metal sites load NO
by chemisorption and release them in response to two different
stimuli: light and water. In addition, we proved that the
functionalization of the external surface of the cages modulates
their NO-release properties. The coordination of 1-
benzylimidazole to the external open sites of the cages weakens
the Rh-NO bond, leading to a more efficient photoresponsive
NO release, both in solution and in the solid state. Further-
more, the assembly of the C;,RhMOP via the surface functio-
nalization with a bis(imidazole) linker resulted in extended
polymeric particles and showed a more effective light-triggered
NO release than the NO-loaded molecular counterparts, thanks
to the extrinsic pores generated between the linked
MOPs. On the contrary, the functionalization of the cages with
imidazole linkers on the surface limits the NO binding
only inside the cavity, to which water molecules are more
difficult to access, leading to the less efficient water-triggered
NO release. Notwithstanding, the amount of NO released
from the three C;,RhMOP-based materials under two different
triggers, light and water, is biologically relevant, paving
the way for the use of these materials in cell biology or medical
research.
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