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Carbon monoxide (CO) is an important gaseous transmitter with
various pharmacological effects. However, it is a challenge to
deliver the proper amount of CO to a specific location. The clinical
application of the developed CO-releasing materials (CORMA) with
ambiguous structures is difficult. Here, we utilize a metal—organic
cage (MOC) with an atomically precise structure as a nanocarrier to
bond Mn-based CO-releasing molecules. The obtained MOC-based
CORMA are structurally stable and can release CO under light
irradiation. Additionally, the in vitro and in vivo biological evalua-
tion demonstrate the low toxicity and good biocompatibility of this
MOC-based CORMA, which can effectively inhibit the survival of
Hela cells by light-triggered CO release.

1. Introduction

Due to its stronger affinity for hemoglobin than oxygen, CO -
known as ‘““the silent killer” - has previously been considered a
toxic substance. In-depth research has provided evidence for
CO to be an endogenous gas transporter that plays an essential
role in physiological processes and multiple pathological
conditions."” Furthermore, CO is reported to alleviate damage
from injury, inflammation, and stress in multiple organs, and
is regarded as a protective gas for clinical therapeutics.>* CO is
considered a double-edged sword just like Paracelsus originally
expressed, “The Dose Makes the Poison”. Most studies con-
ducted so far in healthy volunteers suggest that blood carbox-
yhemoglobin (COHD) levels up to 10% showed no adverse
events, and the proportion of COHb lower than 15% is, in the
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majority of cases, unable to elicit protection and beneficial
outcomes, thus leading to the ‘biological threshold” of CO
tolerance in humans to be 10-15%.>° Due to this narrow
threshold, researchers can favourably develop controlled meth-
ods for the required amount of CO release at a specific location.

Benefiting from the rapid development of nanotechnologies
and the physiological effect of nanomaterials, various CORMA,
especially for nanomaterials, have been developed for diverse
biological applications, such as proteins, assembled polymeric
nanostructures, nanoscale metal-organic frameworks, porous
silica, inorganic nanocrystals, and nanocomposites.”** These
nanomaterials can indeed effectively load CO and release it
under certain external stimuli, such as light, ultrasound, X-ray,
magnetic field, and reactive oxygen species.'>'> However, the
complex and ambiguous structure of these CORMA (in terms of
characteristics, such as size, composition, and surface chemistry)
presents a formidable challenge in their potential clinical
transformations.'® Therefore, CORMA with well-defined chemical
and spatial structures are urgently needed for consideration in
long-term development goals.

Among precise nanoobjects, metal-organic cages (MOCs)
constructed through coordination between metal clusters or
ions and organic ligands have received widespread attention as
a rising star. MOCs with precise and tailorable nanostructures
at the atomic level exhibit fascinating properties and functions
for diverse applications.'”'® With their diversity, regulatability,
porosity, modifiability, biocompatibility, and stability, MOCs
can serve as precise nanoagents or nanocarriers in disease
diagnosis and treatment based on precision medicine.’*?° In
fact, a variety of delicate MOC-based nanoagents or nanocar-
riers for different biological applications have been developed
that demonstrate outstanding performances.>'

Herein, we developed a light-triggered CORMA based on
MOCs for the first time through post-synthetic modification
(PSM) of a MOC via coordination with Mn-based CO-releasing
molecules. As illustrated in Scheme 1, tetrahedral MOCs based
on trinuclear pyramidal Zr;O clusters and 2,2-bipyridine-5,5-
dicarboxylic acid (H,BPyDC) ligands were constructed under
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Scheme 1 The preparation, structure, and light-triggered CO release of
MOC-Mn.

the solvothermal method. Accessible bipyridyl sites within the
MOC were then coordinated with manganese pentacarbonyl
bromide (Mn(CO)sBr), a typical CO-releasing molecule, to obtain
an MOC-based CORMA, named MOC-Mn. After the structural
characterizations of MOC-Mn to demonstrate the successful
decoration with manganese carbonyl moieties, the light-
triggered CO-release behaviour of MOC-Mn was also studied to
exhibit a controlled release process. The in vitro and in vivo
biocompatibility of MOC-Mn were evaluated to verify its low
toxicity and good biocompatibility, which may contribute to the
reduction of metal toxicity from the CO-released manganese
residuals which were stabilized within the MOC skeleton in this
CORMA. Through light-triggered CO release, MOC-Mn can effec-
tively inhibit the survival of HeLa cells.

2. Results and discussion
2.1 Preparation and characterization of MOC-Mn

Details of the preparation and characterization of MOC and
MOC-Mn are described in ESL.{ Through static heating at 65 °C
in DMSO, H,BPyDC ligand, and excess zirconocene dichloride
(Cp,ZrCl,, Cp = n°-CsHs), which was hydrolyzed to 3-connected
trinuclear pyramidal Zr;O clusters (Zr;Cp;O(OH);), were con-
verted to discrete and stable crystalline MOC tetrahedrons
(Fig. S1, ESIt).>* The off-white MOC crystals can be dissolved
in DMSO-d; to acquire the nuclear magnetic resonance (NMR)
spectrum as shown in Fig. 1A and Fig. S2 (ESIt). The character-
istic signals and integral areas of the bipyridyl ligands and Cp
moieties within the Zr;O cluster meet well with theoretical
positions and values. The observed ESI mass spectra of the
MOC (Fig. S3, ESIT) have peaks at m/z 1796.7411 and 898.8744,
which are the signals from [M-4CI-2H]*" and [M-4CI]** ions,
respectively, consistent with the calculated theoretical values
and the tested values in a previous report.>®

Due to the freely accessible bipyridyl sites within the MOC,
the inorganic CO-releasing molecules can coordinate with the
MOC skeleton to form a CORMA through PSM.>® The MOC was
then decorated with Mn(CO);Br in tetrahydrofuran and toluene
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Fig. 1 The structural characteristics of MOC and MOC-Mn. (A) and (B) The
*H-NMR and FTIR spectra of MOC (up) and MOC-Mn (bottom), respec-
tively. (C) and (D) The full and high-resolution XPS spectra of MOC-Mn.

to obtain MOC-Mn as an orange powder (Fig. S4, ESIT). The
"H-NMR spectrum of MOC-Mn in DMSO-d, (Fig. 1A and Fig. S5,
ESIT) also exhibited the characteristic signals from the bipyridyl
and Cp moieties with obvious peak broadening and shifts. The
integral areas of these signals also comply with the corres-
ponding stoichiometric ratios of MOC. The above signals all
moved toward higher fields after coordination due to the
electronic effect. These broadened signals may have resulted
from the uncertain number (i.e., 0-6) of Mn(CO);Br moieties
within one MOC-Mn and the increased hydrodynamic dimen-
sions. Although the uncertain loading number and complex
charge were caused by the instability of carbonyl moieties
under the ESI test conditions and the deteriorated solubility
of MOC-Mn. The ESI mass spectra (Fig. S6, ESIt) of MOC-Mn
with multiple peaks are consistent with MOC-Mn fragments as
shown in Table S1 (ESIt). The CO loss may come from the
loading process or the ESI testing process. Moreover, compared
with the MOC, the FTIR spectra of MOC-Mn (Fig. 1B and
Fig. S7, ESIT) present strong bands at 1934 and 2032 cm ™" that
were assigned to the stretching vibrations of the carbonyl moieties.
The appearance of C, N, O, Zr, and Mn in the X-ray photo-
electron spectrum (XPS) further supported the successful loading
of Mn(CO);Br moieties within the MOC-Mn (Fig. 1C). For the XPS
analysis of Mn, as shown in Fig. 1D, two main peaks of Mn2p;/,
and Mn2p, , appeared from 638-663 eV.”” It has been established
in the literature that the binding energy of Mn(CO);sBr is 642.1 eV,
which is reduced to 641.2 eV for Mn(CO);Br[P(OCH3);], due to the
presence of the electronegative group, which weakens the donor
ability of the ligand.*® In this study, the binding energy of Mn2p at
Mn(CO);Br was reduced to 641.05 eV due to the weakening of
the binding energy by the bipyridyl sites within the MOC-Mn.
All these structural characterizations verified that Mn(CO);Br
moieties were successfully coordinated to the MOC skeleton.
The images from scanning electron microscope (SEM) and
energy dispersive spectrometer (EDS) elemental mapping of
MOC-Mn are shown in Fig. S8 (ESI{) and indicate the partially
crystalline structures and uniform elemental distribution of
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Mn, Zr, N, et al. To quantitatively confirm the loading amount
of Mn(CO);Br moieties, the MOC-Mn sample was digested to
conduct inductively coupled plasma-mass spectroscopy (ICP-
MS). The measured ratio of Zr to Mn was close to 2:1, indicat-
ing that the average loading number of Mn(CO);Br moieties is
about 6 for each MOC tetrahedron, i.e., there is a high loading
efficiency.

2.2 Light-triggered CO release from MOC-Mn

Due to the light instability of most metal-based CO-releasing
molecules, the light-triggered release behaviour of MOC-Mn
was also estimated. Due to the strong affinity of CO to deoxy-Mb
(myoglobin), CO binds to deoxy-Mb to form CO-bound Mb
(MbCO). In the UV-vis spectrum, deoxy-Mb has a characteristic
absorption peak at 560 nm, while MbCO has peaks at 540 and
578 nm. Taking advantage of this switch in the characteristic
absorption peak for the conversion of deoxy-Mb to MbCO, the
light-triggered release of CO from MOC-Mn was assessed using
a UV-vis spectrophotometer. Under light irradiation at 365 nm
(5 W with filter and distance of 10 cm) for different times, it can
be seen that the characteristic peak at 560 nm from deoxy-Mb
gradually decayed, while the characteristic peaks at 540 and
578 nm from MbCO gradually enhanced as shown in Fig. 2A. In
addition, obvious colour changes (Fig. S9, ESIt) and continuous
bubbling during the CO release process of MOC-Mn under
365 nm light irradiation (video 1, ESIT) further demonstrated
effective release of CO. The process of MOC-Mn light-triggered
CO release was monitored by UV-vis spectroscopy every 10 min,
and the released CO gradually increased with the irradiation
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Fig. 2 The CO-release behaviour from MOC-Mn under light irradiation.

(A) UV-vis spectra during the CO release. (B) The generation of MbCO
over time.
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time until there was no significant change in the spectrum,
indicating that most of the CO was released after 60 min; this
was much slower than Mn-based CORMs.>® The amount of
MbCO generated during this release process was calculated as
shown in Fig. 2B.*° The obtained MOC-Mn is stable enough in
the absence of light for over a year due to similar CO-release
behaviour for the related sample. The FTIR spectrum of
MOC-Mn before and after light irradiation was conducted
(Fig. S7, ESIY). Irradiation of MOC-Mn under light induced a
gradual weakening of the carbonyl vibrational bands at 1934
and 2032 cm ™' with increasing irradiation time, suggesting
effective CO release. However, all peaks — other than carbonyl
peaks - are preserved after CO release, indicating the structural
integrity of the MOC skeleton after CO release. Related works on
the photocatalytic studies of such MOCs also indicate structural
stability during continuous irradiation under visible light.>!**

To estimate Mn leakage from MOC-Mn during the light-
triggered CO release process, the MOC-Mn after CO release was
isolated through centrifugation and analyzed with ICP-MS. The
results revealed that less than 10% of the Mn was leaked,
indicating that most of the Mn residue was retained on the
MOC skeleton, effectively reducing its potential toxicity. Com-
pared to Mn(CO)5Br, the prolonged CO release time and
reduced toxicity of MOC-Mn make it an excellent candidate
for CORMA.

2.3 Biocompatibility of MOC-Mn

The uptake of MOC-Mn into HeLa cells was evaluated using
ICP-MS (Fig. S10, ESIT). After 8 h of cell uptake, the contents of
Zr and Mn no longer increased significantly, and the contents
of Zr and Mn were close to 2:1, which is consistent with the
previous ICP-MS results for as-synthesized MOC-Mn. The ICP-
MS results indicated the effective uptake of MOC-Mn into HeLa
cells. The cytotoxicity of MOC-Mn was determined by hemolytic
assay and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) method in the absence of light. Briefly,
different concentrations of MOC-Mn solution (ranging from
25 pg mL ™" to 800 pug mL ") were tested in addition to a control
comprising double distilled water (DDW). It is found that the
hemolysis ratio with different concentrations of MOC-Mn were
all lower than 1%, indicating the nontoxic nature of MOC-Mn
for erythrocytes as shown in Fig. 3A. In line with the results of
the hemolytic assay, MTT also showed excellent biocompat-
ibility of MOC-Mn. As shown in Fig. 3B, the cell viability of
HeLa cells was stable at 97% even in the presence of a high
concentration of MOC-Mn (800 pg mL ™).

At different time points after caudal vein injection of MOC-
Mn solution (800 pg mL ™, 200 pL), blood biochemistry assay of
kidney and liver injury biomarkers were carried out, including
blood urea nitrogen (BUN), creatinine (CRE), alanine transami-
nase (ALT), aspartate transaminase (AST), lactate dehydrogenase
(LDH), and alkaline phosphatase (ALP). There was a negligible
difference in these damage biomarkers among the different
groups, indicating the biosafety of MOC-Mn in vivo. As observed
in hematoxylin and eosin (H&E) staining of harvested kidney,
heart, liver, spleen, and lung, there was no apparent toxicity of
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Fig. 3 The biocompatibility of MOC-Mn. (A) The hemolysis test of red
blood cells with MOC-Mn in different concentrations. (B) The MTT assay of
Hela cells with MOC or MOC-Mn in different concentrations. (C)—(E) The
contents of ALT, AST, BUN, CRE, ALP, and LDH reflect the signs of cell
injury before and after the administration of MOC-Mn. (F) H&E staining of
kidney, heart, liver, spleen, and lung of mice before and after intravenous
injection.

MOC-Mn on these major organs. These results together demon-
strate that MOC-Mn exhibits high biocompatibility, and thus,
has potential medical use. The good biocompatibility of MOC-
Mn may contribute to the reduction of metal toxicity from the
CO-released manganese residuals which were stabilized within
the MOC skeleton.

2.4 Biological assays

MTT cytotoxicity analysis of HeLa cells treated with different
concentrations of MOC-Mn under light irradiation (365 nm)

Cell Viability (%)

Control 0 5 10 15 20 25 30 35 40 45 50
Concentration (ug/ml)

Fig. 4 MTT analysis of MOC-Mn on Hela cells under light irradiation.
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was conducted. As shown in Fig. 4, MOC-Mn can effectively
inhibit the survival of HeLa cells. As the content of MOC-Mn
increased, the survival of HeLa cells decreased with ICs, of
~15 ug mL ™,

3. Conclusions

An atomically precise nanocarrier, MOC, was introduced to
bond CO-releasing molecules effectively to form a new type of
CORMA. This MOC-based CORMA showed light-controlled CO
release under irradiation of light. The effective preparation of
the MOC-based CORMA and the light-controlled CO release
was confirmed by NMR, FTIR, XPS, SEM, ICP-MS, and UV-vis
analyses, revealing the possibility of exogenous CO delivery to
the therapeutic location. According to the hemolysis test, MTT
test, and H&E staining of mouse organs, this MOC-based
CORMA exhibits low toxicity and good biocompatibility both
invitro and in vivo. The MTT assay of HeLa cells illustrated good
tumor cell inhibition through light-triggered CO release from
MOC-Mn. The proposed well-defined nanoscale CORMA is
beneficial for studying structure-activity relationships, which
can optimize clinical performances and increase the potenti-
ality for clinical transformation.
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