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Nitric oxide (NO) stands among the most studied molecules in biomedical sciences b
ecause of its numerous physiological properties. This reactive radical is a crucial signaling molecule wit
h site-specific and concentration-dependent activities. Bearing in mind that rapid and precise spatiotempo
ral control of NO delivery are fundamental criteria that a releasing system should meet, we developed NO-r
eleasing platforms based on photoactive porous coordination polymers (PCPs). Organizing molecules with poo
r reactivity into PCP structures lead to increased photoreactivity and adjustable NO release via light ir
radiation. We embedded photoactive PCP crystals in a biocompatible polymer matrix and achieved precisely c
ontrolled NO delivery at the cellular level via localized two-photon laser activation. We reported a uniqu
e example of spatiotemporally controlled release of NO from PCP-hybrids which can be a valuable tool for f

urther investigations of the physiological role of NO.




Controlled cell stimulation by gaseous
bioactive molecules is appealing for
investigating cellular mechanisms and
signaling networks and for developing new
therapeutic approaches. The design of
functional scaffolds or devices that can
release molecules with precisely controlled
timing, dosage and location remains
challenging, especially for gaseous
molecules, due to handling issues that
arise from their high reactivity and
physical state. Nitric oxide (NO) is one of
the most investigated gasotransmitters,
playing a large role in numerous signaling
events including  proliferation and
vasodilatation. Moreover,
microenvironmental modulation by
endogenous NO is believed to affect both
physiological conditions such as synaptic
transmission and tissues or cancer stem
cells. Great effort has recently been
expended on the design of controllable
NO-releasing scaffolds; however, despite
its value to further investigate a cryptic
role of NO, the precise localization of NO
delivery at the cellular level has not yet
been demonstrated.

Stable compounds that are able to produce
NO through a photochemical reaction are
promising for achieving temporal control
over NO release, and a variety of NO
photodonors have recently been developed.
Light provides a non-invasive trigger,
which can be highly controlled in terms of
intensity, wavelength or duration without
affecting any important physiological
parameters. In addition, photons can be
easily manipulated and focused to achieve
precisely localized stimulation. To take full
advantage of this spatial property, a
concentration of photoresponsive molecules
at defined locations is necessary for the
consistent release of the target compound.
Only a few examples consisting in the
functionalization of nanoparticles surface
or the entrapment of photodonors into
porous, non-functional scaffolds such as
mesoporous silica have been reported.

Aside from other macromolecular scaffolds,
porous coordination polymers (PCPs)
represent a distinct three-dimensional
framework, assembled from metal ions or
clusters and functional organic ligands as
building units. Designing appropriate NO
photodonor ligands would advantageously
render the framework itself photoactive,

while the loading of NO-donors into pores
is no longer essential, and potentially toxic
photoadducts remain chemically bound to
the framework. The ligands are thereby
concentrated in a restricted space that
exhibits  high  light-harvesting  and
NO-reservoir capacities. We propose a new
approach for developing on-demand NO
delivery platforms based on photoactive
PCPs. The assembly of nitro-containing
imidazolate ligands, which have low
photoreactivity, into well-defined
crystalline coordination frameworks leads
to a drastic increase in photoreactivity, and
the resulting materials can efficiently
release NO, only upon light irradiation.
The applicability of these frameworks for
localized cellular delivery is investigated
by developing hybrid substrates in which
microcrystals of photoactive PCPs are
embedded into a biocompatible and
gas-permeable polymer matrix to allow
cellular adhesion. Two-photon laser
scanning confocal microscopy experiments
allows for chemical modulation of the
cellular microenvironment through the
spatiotemporally controlled release of NO.
The biological relevance of the delivered
NO is demonstrated by a transient
increase in the intracellular calcium ion
concentration in locally stimulated cells
following activation of the NO-sensitive
membrane protein.

Synthesis and characterization of nitric
oxide frameworks.

We selected imidazole-based ligands,
2-nitroimidazole (2nIm) and
5-methyl-4-nitroimidazole (mnlm), which
are suitable for constructing robust and
versatile zeolitic imidazolate frameworks
(ZIFs). The solvothermal reaction of zinc
nitrate with 2nlm or mnim in DMF yielded
single crystals of [Zn(2nIm)2]n (NOF-1) or
[Zn(mnIm)2]n (NOF-2), respectively (Fig.
1) (NOF = nitric oxide framework).
Alternatively, homogeneous
microcrystalline powders of NOF-1 and
NOF-2 were synthesized in a water/DMF
mixture at room temperature in the
presence of a sodium formate modulator,
which induced faster nucleation by ligand
deprotonation.
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Figure 1. Representation of the nitric
oxide-releasing frameworks (a, b) and PXRD
diffraction peaks of the NOF-1 and NOF-2
microcrystalline powders (c).

Light-induced nitric oxide release.

The NO-releasing properties of NOF-1 and
NOF-2 wunder [light irradiation were
probed using the NO selective ozone
chemiluminescence technique (Fig. 2a).
First, the 2nlm and mnim ligands presented
low photoreactivity and produced only
limited quantities of NO after 3 h of
sustained illumination (release yield =
1.4% and 5.9% for 2nIm and mnim
respectively, based on the conversion of
nitro groups to nitric oxide). However,
when these ligands were organized into
crystalline frameworks, their
photoreactivity exhibited an increase
greater than an order of magnitude under
the same illumination conditions; NOF-1
and NOF-2 released 3.4u mol-mg-1 and 2.9
p mol-mg-1 of nitric oxide, corresponding
to a conversion yield of 50% and 46%,
respectively.
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Figure 2. Photo-induced nitric

oxide-releasing properties. a) The
photoreactivity of the ligands 2nlm and
mnlm was drastically enhanced upon the
formation of the porous coordination
polymers NOF-1 and NOF-2. b) The NO flux
produced upon the photoactivation of NOF-1
can be tuned by varying the intensity of
the light source. When the irradiation is
interrupted, the NO production 1is
instantly terminated, and no leakage is
observed in the dark state.

The lack of nitric oxide production by the
methylimidazolate-based reference
material, [Zn(Melm)2]n (ZIF-8), supports
the photochemical involvement of the nitro
groups in the formation of NO. As confirmed
by GCMS analysis, NO was the only nitrogen
oxide species released after the
irradiation of NOF-1.

In addition to high releasing efficiency,
spatiotemporal control over the produced
NO flux is important to NO delivery systems.



We investigated the illumination of NOF-1
under variable light power (Fig. 2b).
Nitric oxide is released instantly upon
photoactivation, and the NO flux can be
easily tuned by both the irradiation
intensity and the amount of irradiated
material. As anticipated, the production
of NO is immediately interrupted when the
irradiation ceases and its concentration
quickly drops to trace levels. NOF powders
did not present any significant decrease
in crystallinity or in NO release after 8

months of storage under ambient conditions.

Additionally, the lack of significant NO
release when heated up to 200 , confirmed
the thermal stability of NOF powders and
that NO is produced exclusively through a
photochemical process.

Spatiotemporally controlled NO-release in
cellular media.

To render our compounds biologically
applicable, we prepared NOF-based
substrates suitable for cell cultures and
microscopic imaging (Fig. 3a); NOF-1
microcrystals were first spin-cast on a
glass-bottomed dish. Next, a
biocompatible polydimethylsiloxane
(PDMS) layer was spin-coated on top to
embed the crystals completely in a polymer
matrix with a reproducible thicknes.
Notably, the crystal distribution on the
glass surface did not seem to be altered
by the spin coating process and NOF
crystals remained on the bottom part of the
polymer layer (Fig. 3b). To deliver NO in
a Jlocalized cellular environment, we
utilized the high  spatiotemporal
resolution of confocal laser scanning
microscopy, which allowed for precise and
localized  photoactivation of  the

NOF-1/PDMS substrates and subsequent
rapid observation of the cellular
response.
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Figure 4. a) Schematic illustration of the
localized cell-stimulation platform. b)
Cross-section SEM 1image of NOF-1/PDMS
substrate. (scale bar: 10y m). The colors
are superimposed by post-treatment for the
sake of clarity. c) Confocal microscopy

images of NOF-1-embedded substrates
cultured with HEK293 cells introduced via
DAF-FM. The selective photoactivation of
the NOF-1 crystals (within the areas
defined by the white squares) induced a
fluorescent response in the surrounding
cells, highlighting the localized NO
delivery and uptake. (scale bar: 100y m).
d) Further demonstration of
spatiotemporal control by writing “ NOF”
upon activation of the selected regions
(scale bar: 100p m).



Because the absorption of our material was
essentially in the UV region, we used a
near-infrared  two-photon laser to
photoactivate  NOF-1, thus greatly
reducing the risk of photodamaging the
cells with harmful UV irradiation while
effectively inducing the NO release. The
sterilized NOF-1/PDMS were coated with
Matrigel™ to facilitate cell adhesion and
growth, and then human embryonic kidney
293 (HEK293) cells were cultured on this
substrate. Compared to pristine PDMS
substrates, the presence of NOF-1 in the
polymer layer did not induce any notable
cytotoxicity.

We predicted that the high spatial
resolution of the two-photon confocal
laser would allow for the selective
activation of any crystals chosen to

enable localized NO delivery to the
surrounding cells. Prior to the activation
experiments, DAF-FM DA
(4-amino-5-methylamino-2 ' 7

-difluorofluorscein diacetate), a

cell-permeable NO fluorescent indicator,
was introduced into the HEK293 cells. As
shown in Fig. 3c and Fig 3d, the rapid
photoactivation of a selected region
containing NOF-1 crystals quickly induced
an increase in the fluorescence of the
surrounding HEK293 cells. Within seconds,
the NO generated from NOF-1 was able to
diffuse through the PDMS layer to the
cellular membrane and further reacted with
the NO indicator to form a fluorescent
adduct. These results clearly suggest a
high degree of spatiotemporal control over
the NO delivery wusing a simple,
reproducible and extremely fast
two-photon photoactivation process.

The spatial segregation of the functional
components in porous frameworks, with
electronically non-involved metal centers,
allowed a drastic increase in the photo
reactivity by preventing the quenching of
the reactive excited states. This
advantageous accumulation of photoactive
donors in PCP architectures lead to
efficient and tunable light-induced NO
release and places NOF materials (3.4p

mol-mg-1 for NOF-1) above the most
efficient, controllable  solid-state
NO-delivery scaffolds (1.3p mol-mg-1 for
nitrosothiol-modified silica xerogels).
Notably their excellent stability under
ambient conditions avoids the need of
cautious handling or storage (as required
with light-sensitive metal-nitrosyls or

thermally unstable nitrosothiols). This
work suggests a great potential of PCPs for
controllable [light-induced release of
biologically relevant molecules.

To take advantage of the concentration of
photodonor ligands in the PCP structure,
we prepared a new NO cell-stimulation
platform by immobilizing the NOF-1
microcrystals in a permeable and
biocompatible polymer layer and we
confirmed that the irradiation of
NOF-1/PDMS could generate relevant and
sustained flux of gaseous NO, which easily
diffused through the polymer layer. A high
degree of spatiotemporal control over the
NO delivery was achieved using harmless
near-infrared two-photon laser activation
and allowed for a precisely localized
stimulation of cells surrounding the
photoactivated crystals. We have further
demonstrated the biological relevance of
this exogenous NO delivery by observing
the subsequent cellular response, i.e., a
transient increase in the intracellular
calcium concentration, triggered by the
conformational change in a NO-sensitive
transmembrane channel. Aside from the
potential therapeutic applications, we
believe this approach could provide
valuable fundamental understanding of the
physiological and pathophysiological
roles of NO, particularly the functions of
NO 1in brain circuitry in which the
spatiotemporal generation of stimulating
molecules in subcellular domains is
desired.
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