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Monitoring the Degradation of Metal-Organic Framework
Drug Nanocarriers by In-Situ NMR Spectroscopy

[a, b

Mai Dang Le Vuong,
Charlotte Martineau-Corcos**

An accurate characterization methodology is indispensable to
design nanoparticle-based drug delivery system (DDS) adapted
to specific diseases and therapies. However, characterization
techniques employed to investigate drug release and nano-
particle degradation require separating the nanoparticles from
their suspension media, which can lead to artefacts. Therefore,
there is a clear need to implement novel versatile in-situ
methods. Here, we report the use of in-situ NMR spectroscopy
to monitor drug delivery processes from MOF nanocarriers,
both in solution and in the solid state simultaneously. /n-situ 'H
NMR investigation of nanoMIL-100(Al) suspension in phosphate
medium enabled recording the trimesate ligand loss in the solid

1. Introduction

Nanoparticles (NPs) are the most prominent nanomaterials in
commercial nanotechnology products (78% in 2021)." In the
medicine industry, NP-based drug delivery systems (DDSs) have
contributed to the clinical approval of innovative drugs.*”
Covid vaccine based on NPs and, in another example, Onpattro,
consisting in the encapsulation of unstable nucleic acid into a
nanocarrier, stabilize these active ingredients and their intra-
cellular delivery into liver cells.”! Along with the engineering of
NPs for unmet medical needs, the development of accurate
characterization methods is also essential to ensure reprodu-
cible batch-to-batch performance of a NP formulation during
clinical testing and large-scale production.®*” The need for in-
situ techniques for single-particle,® in-line”? or in-situ
characterization,"” is particularly beneficial for NP-based DDSs,
as many nanocarrier characterization measurements require
proper separation of NP suspensions. For example, determining
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phase and the ligand release in the liquid phase as a function of
time. Simultaneously, Al NMR enabled assessing the progres-
sive replacement of carboxylate ligands by phosphates leading
to the formation of new aluminum species. Using the same
strategy, we also compared the degradation of nanoMIL-100(Al)
loaded with two drug analogs, highlighting an effect of metal-
ligand complexing strength. Furthermore, our in-situ technique
is applicable to studying the reaction of paramagnetic nanoMIL-
100(Fe) in the liquid phase. This work offers an alternative to ex-
situ techniques for understanding the degradation mechanism
of MOF nanocarriers and could be an asset for other nanoscale
DDSs.

drug payload requires quantification of free drug molecules
into supernatant and bound drug molecules into precipitated
NPs. Common separation techniques such as filtration or
(ultra)centrifugation risk disturbing the state and the dynamics
of the investigated NP suspension, potentially decreasing the
measurement reliability. Therefore, it will be advantageous to
study the NP suspension as it is, by reproducing results closer
to reality than ex-situ techniques to investigate the mechanisms
of drug release, nanocarrier degradation, and the interaction of
NPs with biological substances.

Several in-situ studies monitor drug delivery processes from
NPs without separation wusing fluorescent label-related
techniques"'? or label-free spectroscopy.”*' For instance,
Artzi et al. investigated the degradation of polyethyleneglycol
(PEG)-dextran hydrogel by following the fluorescence intensity
of the polymer PEG conjugated with a fluorescent tag, showing
a good correlation between invitro and invivo
measurements.? The limitation of this approach is that one
needs to incorporate a fluorescent tag in the specimen and
ensure it stays attached in the timeframe of the experiment.
There are other in-situ studies using label-free techniques,
mostly based on spectroscopy.”'*'¥ In addition to Raman and
IR spectroscopies, NMR spectroscopy has proven valuable for
characterizing in-situ DDSs, as it can provide both qualitative
and quantitative information while being a non-destructive
technique. NMR spectroscopy is particularly useful to examine
the evolution of molecular structure upon NP formulation, drug
loading, drug release, and degradation processes and quantify
the proportion of the drug and carrier. Diluted NPs dispersion
can be measured by liquid NMR (IgNMR) spectroscopy, while
suspensions with high viscosity or high concentration are
suitable for solid-state NMR (ssNMR) and high-resolution magic-
angle spinning (HR-MAS) NMR."® Note that in most cases, solid-
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state species cannot be detected by the IgNMR technique. In
contrast, liquid species can be recorded in a ssNMR instrument
but with compromising spectra quality compared to a dedi-
cated IgNMR spectrometer."” For liquid species where Brow-
nian motion occurs, the anisotropic parts of the NMR
interactions are canceled by the random orientation of
substances in liquid media. Only the interactions with non-zero
isotropic parts are detected in the NMR spectrum (i.e., chemical
shift and scalar couplings), resulting in narrow NMR peaks (a-
few-Hz peak width) in a IgNMR spectrum. For solid species
where Brownian motion is strongly limited, anisotropic NMR
interactions lead to a significant broadening of the NMR peak.
Resolved ssNMR peaks with a few kHz width can only be
obtained using the magic-angle spinning (MAS) technique,
which spins a rotor containing the specimen around an axis
tilted by 54.7° from the static magnetic field axis."®*"

For heterogeneous samples such as suspension, gel, tissues,
cells, an additional source of line broadening comes from the
magnetic susceptibility gradient.”” The magnetic susceptibility
factor describes the sample’s permeability to the magnetic field.
The higher the magnetic susceptibility, the higher the magnetic
field created in the sample induced by the external magnetic
field.?" Samples placed in different homogenous liquid media
have several discrete chemical shifts. In the case of a
heterogeneous medium, different interfaces between the
sample and the medium cause varied magnetic susceptibility.
Also, a gradient of distance-dependent dipolar coupling
between solvent and sample nuclear spin causes a gradient of
chemical shift. These two effects combine into broad signals in
the resulting NMR spectra.’” This line broadening due to
heterogeneity can be reduced by using MAS.”" Sometimes, a
spinning rate of only a few kHz is sufficient to average this
magnetic susceptibility.”? This phenomenon is behind the
concept of HR-MAS NMR for semisolids. In a simplified way, HR-
MAS is the marriage of IgNMR and ssNMR, using the MAS
technique to obtain high-resolution IgNMR-like spectra. Com-
pared to MAS NMR for solids, HR-MAS NMR for semisolids needs
specifically designed probes with magnetic gradient coil.?**"
Liquid-like samples are packed in inserts to prevent sample
dehydration or liquid leakage into the spectrometer.

Different uses of in-situ NMR spectroscopy in drug delivery
have been reported, taking into account the heterogeneity of
the system. Westesen et al. used 'H IgNMR to characterize the
state of several poorly water-soluble drugs incorporated in lipid
NPs.>) The loaded drug changed from mobile (narrow line
width) in lipid emulsion to confined (broad line width and
signal intensity decrease) in lipid suspension. A similar principle
was used to assign the C cross-polarization (CP) MAS NMR
spectra of poly-n-butylcryanoacrylate nanocapsule suspension
in water.”®?” In another study combining the use of MAS-NMR,
IgNMR, and HR-MAS NMR, the structural organization of nano-
crystal suspension of carbamazepine (CBZ) and CBZ-saccharin
was investigated in various media.”® More importantly, Ken-
neth’s group developed different NMR methods to monitor in-
situ several dynamic processes. Firstly, they used solid-state *C
CPMAS NMR spectroscopy to monitor the crystallization of two
glycine polymorphs from its solution.?” Later, they reported a
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method to detect both solid and liquid phases, by using a
home-made NMR pulse program combining two different pulse
sequences for solid- and liquid-NMR  measurements
alternatively.®” These in-situ NMR methods have been applied
to study crystallization processes of several polymorphs.'” In
2021, the same group attempted to record the species’
evolution at both solid and liquid phases during the formation
of a nickel metal-organic framework (MOF) using ssNMR.E" n-
situ *'P NMR showed the disappearance over time of the
organic ligands in the liquid phase. In-situ '"H NMR data
demonstrated organic linkers’ deprotonation and metal coordi-
nation during MOF nucleation and growth, providing insight on
the crystallization kinetics and the process’s activation energies.

To our knowledge, no in-situ NMR studies of DDSs yet can
simultaneously monitor species from different phases. Herein,
we propose an in-situ NMR protocol for the investigation of the
degradation reaction of MOF NPs (nanoMOFs) in biological-
mimicking media, as well as drug release. MOF, a porous
coordination network between metal and chelating organic
ligands, offers high drug loading capacity and versatile
modification.®*** We chose nanoMIL-100(Al) (MIL stands for
material of Institute Lavoisier) as a model DDS for its well-
established degradation reaction forming both solid and liquid
products.®**! In addition, the degradation products, trimesic
acid and aluminophosphate, can be identified through sensitive
NMR nuclei, such as 'H and ZAl. This paper presents i) the new
in-situ NMR methodology to monitor species at liquid and solid
phases at the same time, ii) the proof of concept of in-situ NMR
for studying the degradation of nanoMIL-100(Al) and its
structural analog nanoMIL-100(Fe), and iii) the application of in-
situ NMR method for the drug-loaded nanoMIL-100(Al). Our in-
situ NMR method was able to demonstrate the degradation
mechanism of nanoMIL-100(Al) and nanoMIL-100(Fe) in qual-
itative and quantitative manners. This method also allowed us
to study the effect of drug encapsulation on nanoMIL-100
degradation reaction, and provided important information
about the drug delivery processes in this system.

2. Results and Discussions
2.1. MOFs Synthesis

DLS measurements of as-synthesized nanoMIL-100(Fe) in EtOH
showed a mean hydrodynamic diameter of 230+20 nm and a
polydispersity index (Pdl) of 0.13+0.03, while nanoMIL-100(Al)
gave after purification a mean hydrodynamic diameter of 150+
10 nm and Pdl of 0.10+0.02. TEM images in Figure 1 also
display the two nanoMIL-100 particles in EtOH suspension with
uniform shape and size. The two MIL-100 MOFs display a type Il
N, adsorption isotherm (Figure 1). Two uptakes at P/P, of 0.05
and 0.12 were usually explained by the presence of two types
of cages with different pore sizes and pore-opening windows.
They also have the same high BET surface area of 1600+
300 m*g~". The as-synthesized nanoMIL-100(Al) and nanoMIL-
100(Fe) have similar experimentally measured XRD patterns
(Figure 1), as expected from their analogue crystal structure.
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Figure 1. (A, D) TEM images, (B, E) N, adsorption isotherm, and (C, F) experimental and calculated XRD patterns of (A-C) nanoMIL-100(Al) and (D-F) nanoMIL-

100(Fe), respectively.

Also, the position and the width of the main diffraction peaks
are similar to those in the calculated XRD pattern obtained from
MOF crystal, testifying to the high crystallinity of the as-
synthesized MOF. The difference between the relative inten-
sities of their diffraction peaks is due to the preferential
orientations of the nanocrystallites.

2.2. Set Up In-Situ NMR Method

The major challenge that previous in-situ NMR studies of NP
suspension face, is to get an adequate resolution for both liquid
and solid-phase NMR signals. In the chosen case study,
degradation of iron/aluminum trimesate nanoMIL-100, as
studied recently,®**! produces free solvated trimesate in
solution and the remaining coordinated trimesate ligand in
solid form. As the solid- and liquid-state substances have
distinctive characteristic NMR features and behaviors, they are
normally measured by separate NMR techniques. The trimesic
acid solution has a narrow NMR signature peak of 1-2 Hz width,
while trimesic acid powder has a broad peak of 50-100 Hz
width under a MAS rate of 10-15 kHz. Usually, HR-MAS NMR
spectroscopy, which requires only a moderate MAS rate,
produces high-quality measurements of the liquid phase in soft
matters and heterogeneous media. However, this strategy is
unsuitable for efficiently probing solid-phase components,
especially when high resolution is needed.

The effect of the spinning rate on the NMR spectra quality is
demonstrated in Figure 2. We measured MAS NMR spectra of
nanoMIL-100(Al) suspension in phosphate buffer at different
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Figure 2. 'H MAS NMR spectra of nanoMIL-100(Al) suspension in phosphate
buffer (PB) recorded at different MAS rates. Spinning side bands are
indicated by asterisks, and resonances of trimesate, water and ethanol are
highlighted by yellow, blue and red rectangles.

MAS rates. The higher the spinning rate, the more resolved the
NMR peaks and the more reduced the spinning sidebands are.
When there is no spinning (static), the signals are broad, and no
information can be deduced. Generally, static NMR measure-
ment of a pure liquid or a diluted suspension yields signals of
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species at the liquid phase, which should be narrow (line width
of a few Hz). However, the investigated suspension of nanoMIL-
100 is highly concentrated and heterogeneous. Due to the
gradient of magnetic susceptibility, the obtained NMR peaks of
liquid-phase species are also broad, like those of a pure solid-
state sample.?" Therefore, a certain MAS rate is required to
average this magnetic susceptibility and to increase the
resolution of solid species’ signals.

At a very slow rotation speed of 60 Hz (measured from
sidebands spacing), multiple spinning sidebands clutter the
NMR spectrum, making it impossible to distinguish the over-
lapping signals. Raising the MAS rate to 0.5 or 2kHz
significantly improved the NMR spectrum quality, where narrow
lines from the liquid phase are now clearly visible. Still, at
0.5 kHz MAS, the intensity of the isotropic signal is not
maximized, and at 2 kHz, a few spinning sidebands are now
close to the peaks of interest. We found that the minimum MAS
rate needed for acceptable NMR spectra quality is 5 kHz. We
decided on the MAS rate of 10 kHz to have sufficient Al NMR
resolution for solid-state species and to get a temperature
inside the sample rotor of 34°C¥ close to the human body
temperature of 37°C. Note that a similar effect of MAS on the
NMR spectra of nanoMIL-100(Fe) suspension was observed
(data not shown), even though only signals of liquid species
were detectable here.

The second issue to be solved is choosing the MOF
degradation condition for in-situ NMR study. The NMR rotor-
insert system has a maximum volume capacity of 25 uL (see
experimental section), dramatically smaller than the volume
used for the ex-situ NMR study. Other constraints are to get
decent NMR sensitivity for both solid and liquid trimesate. The
input MIL-100(Al) weight should be at least a few mg. On the
other hand, the input phosphate buffer saline (PBS)/Al ratio
must be high enough to trigger release sufficient liquid
trimesate.?** Therefore, to miniaturize the laboratory-scale
degradation condition, concentrated phosphate buffer (PB) was
used to match the input MOF reactant. In addition, PB was
prepared in deuterated water D,O to avoid the signal of water
as much as possible. Also, no NaCl salt was added to PB as the
required salt concentration of concentrated phosphate buffer
saline exceeds their solubility. Under such dilute conditions, it
was difficult to record >C experiments within reasonable
timescale and with sufficient spectral quality.

The pulse program parameters (mainly number of scans,
relaxation delays, and acquisition times) for NMR were
optimized to observe the most NMR signals of solid and liquid
substances as well as to satisfy the quantitative NMR'’s require-
ments. The optimization of 'H or Al NMR measurement
parameters was done on a solid-liquid mixture of nanoMIL-
100(Al) powder with trimesic acid solution and/or aluminum
nitrate solution, respectively. The final values are reported in
the experimental section.

Finally, there are three ways to conduct in-situ NMR
measurements reported in the literature: simultaneous, alternat-
ing, and sequential NMR. Simultaneous NMR®” which can
record NMR signals up to four NMR nuclei at the same time,
offer the most accurate time-resolved NMR measurement.

Eur. J. Inorg. Chem. 2024, 27, €202400012 (4 of 10)

However, this acquisition method was difficult to set up in the
current study because of the different nature of the two NMR
nuclei types used here, '/,-spin 'H versus quadrupolar Al, that
require too different optimal experimental NMR parameters
(number of scans, acquisition times, relaxation delays, etc.).
Alternating acquisition®” offers independent implementation of
solid-selective and liquid-selective pulse sequences, yet, only
one nucleus can be recorded once at a time. In comparison,
sequential NMR measurement records a series of 1D NMR
experiments alternating between two nuclei in separate
channels,®" making it relatively easy to set up. This later was
found the most appropriate method for our system.

2.3. In-Situ NMR Study of NanoMOF Degradation

Figure 3 shows in-situ NMR spectra acquired during degradation
of the nanoMIL-100(Al) suspension in PB. It was possible to
observe the signature of both solid-state and liquid-state
trimesate by 'H NMR (Figure 3A), assigned to the peaks with
linewidths more than 200 Hz and the peaks with linewidths 50—
70 Hz, respectively. The 'H NMR spectra series reveals an
increase of liquid trimesate peaks and a decrease of solid
trimesate peaks. This phenomenon fits well with the proposed
trimesate release mechanism due to the cleavage of coordi-
nated trimesate ligands.®*** This in-situ NMR method results in
acceptable quality for '"H NMR spectra and, more importantly,
conservation of the total liquid and solid trimesate peak area
after 48 h, thus, these NMR measurements are quantitative. The
fluctuation in the area of '"H NMR signals varies within a range
of 3% throughout the 48 h of experimentation. On the other
hand, the in-situ Al NMR spectra (Figure 3B) show the decrease
of the peak representing the original Al species connected with
trimesate ligand A-O—C and the increase of the peak
representing degraded Al species connected with phosphate
Al-O—P. This is fully consistent with previous ex-situ study
results.**

As a comparison, in-situ IQNMR measurement was also
performed on the nanoMIL-100(Al) suspension with the same

quuidT

time

o - A N\
N "\'\-Q =
e ‘\':\_g

i 1 " 1 1 1 i
1 10 9 8 7
"H chemical shift (ppm)

1

70 0 10 20 30 40
Al chemical shift (ppm)
Figure 3. In-situ (A) "H and (B) ?’Al MAS NMR spectra recorded as a function

of time over 48 h of nanoMIL-100(Al) degradation in PB. Conditions: 5 mg
MOF + 25 ulL PB-D,0 400 mmolL™".
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PB/Al ratio as in-situ MAS NMR. Figure 4 displays the '"H NMR
series obtained with 120mg MOF in 600uL PB-D,0
400 mmolL™" using a conventional 5-mm glass NMR tube in
static condition. In the beginning (Figure 3B), there were two
peaks, a narrow peak representing released trimesate and a
small broad peak, signaling suspension precipitation. As degra-
dation went on, these two peaks gradually converged into one
moderately broad peak. Due to this precipitation and the fact
that IgNMR misses the signal from solid species, the total
trimesate peak area was not well conserved (peak area variation
of 35%). In-situ IQNMR neither observed trimesate in the solid
phase nor allowed quantification of trimesate formation. Addi-

tionally, it could not detect any substantial signal of Al (data
not shown), indicating that no AP’* species were released into
the solution phase. This experiment demonstrates that MAS
NMR is versatile and well adapted for the in-situ NMR study of
MOF degradation because it is a unique tool to detect trimesate
degradation products in both solid and liquid phase.

From in-situ MAS NMR measurement, one can plot the
kinetics of the MIL-100 degradation reaction (Figure 5) by
deconvoluting the peak area of solid-phase and liquid-phase
trimesate species. As their total peak area is more or less
conserved over time (3% fluctuation), it is considered to
represent 100% of trimesate in the sample. The proportion of

B)

48h

'H chemical shift (ppm)

9 8 7

'H chemical shift (ppm)

Figure 4. In-situ 'H IqQNMR spectra recorded as a function of time over 48 h of nanoMIL-100(Al) degradation in PB using 5-mm glass NMR tube. Condition:

120 mg MOF + 600 pL PB-D,0 400 mmol L.
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Figure 5. Kinetics of nanoMIL-100(Al) degradation in phosphate (PB-D,0): trimesate ligand release in the liquid phase (empty square) and ligand loss in the
solid phase (filled square), in comparison with ligand release when incubating nanoMIL-100(Al) in D,O (control experiment). The curves represent first-order
kinetic models. Reaction condition: 5 mg nanoMOF +25 pL PB-D,0 400 mmolL™" or 25 pL D,0.
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trimesate in the solid and liquid phases is then calculated by
the relative ratio to the total trimesate peak area. Notably, the
trimesate release profile obtained from in-situ NMR has a similar
shape to the one obtained from ex-situ NMR and HPLC
experiments we reported previously.?*** Under the degradation
condition here, 45% of free trimesate was formed after 48 h,
corresponding to 55% of trimesate loss of original MIL-100(Al).
Less than 6% standard deviation was obtained from two
different synthesis batches of MOF, demonstrating that the in-
situ measurement was reproducible. In-situ degradation with
pure deuterated water was also performed as a control experi-
ment, leading to only 6% release of trimesate after 48 h. In
addition, the data were analyzed quantitatively by considering
first-order kinetic models to extract degradation rates under
these conditions. While degradation is very limited in pure
water, ligand release was faster (k=1.1£0.1 h™") than in PB,
with a release rate of k=0.2540.04 h™'. These results show that
in a phosphate environment, degradation is slow, progressive
and highly efficient. Overall, it is feasible to use in-situ NMR for
the quantitative study of NPs suspension, which could save
labor and time as compared to ex-situ studies when one need
to extract samples after each time point.

On top of revealing what happens to the organic ligands
during the degradation reaction in qualitative and quantitative
fashions, in-situ NMR gives information about the evolution of
the metal’s coordination sphere. In-situ Al NMR spectra (Fig-
ure 3B) show the signature of degradation in metal coordina-
tion. Like '"H NMR, ¥Al NMR observes a declining signal and a
rising signal. The declining signal belongs to the Al species in
the original MOFs, the Al connected with trimesate ligand. The
rising signal is associated with the degraded Al species
connected with phosphate. Not only 6-coordinate alumino-
phosphate but also 4-coordinate aluminophosphate was ob-
served at 48 ppm. This result from in-situ NMR agrees with our
previous ex-situ ssNMR data.®***
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i

i ] ]
10 8
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The degradation kinetics of nanoMIL-100(Fe) was also
studied in the same way. The resulting time-resolved NMR
spectra are reported in Figure 6A. Contrasting to the in-situ 'H
NMR spectra of MIL-100(Al), those of MIL-100(Fe) only consist of
an increasingly narrow peak representing the liquid-phase
trimesate. The peak of solid-phase trimesate was not visible as
it directly bonds to paramagnetic Fe(lll). The liquid trimesate
signal from nanoMIL-100(Fe) degradation is however observ-
able and has a line width similar to that from nanoMIL-100(Al)
indicating that negligible or no free Fe** cations were formed
during MIL-100(Fe) degradation. The area of the 'H peak as a
function of time is shown in Figure 6B, which exhibits a similar
trend to the liquid trimesate release curve with aluminum-
analog nanoMOF (see Figure 5). However, the trimesate release
rate constant k=0.540.1 h™', is twice as large as the value
obtained with the MIL-100(Al) under the same conditions. The
degradation process is therefore faster with MIL-100(Fe) than
with the aluminum analog, although this does not necessarily
mean that Fe-nanoMOF degradation is more advanced than its
aluminum counterpart.

In summary, a proof-of-concept for in-situ NMR method for
NPs suspension was obtained. An example case study of
nanoMOF degradation was demonstrated. This in-situ NMR
technique can monitor the reaction products both at liquid and
solid phases simultaneously, as well as offer both qualitative
and quantitative analysis.

2.4. In-Situ NMR Study of Drug-Loaded NanoMOF
Degradation

Here, we demonstrate that the established in-situ NMR
technique could provide information about drug release
mechanisms. As a proof-of-concept, nanoMIL-100(Al) was
loaded with the two drugs previously studied, adenosine

B)
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Figure 6. (A) In-situ "H MAS NMR spectra and (B) peak area as a function of time over 48 h of nanoMIL-100(Fe) degradation in PB. The curve corresponds to
the best fit of experimental data with a first-order kinetic model. Condition: 5 mg MOF + 25 pL PB-D,0 400 mmolL™".
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triphosphate (ATP) and monophosphate (AMP).2*3* Then, the
drug-loaded MOFs, ATP@nanoMIL-100(Al) and AMP@nanoMIL-
100(Al) were degraded in PB (2 mg MOF +25 mL PB 1 molL™).

In-situ NMR kinetics experiments were performed. 'H NMR
spectra presented in Figure 7 gave information about the drug
release process. First, in both '"H NMR spectra of ATP- and AMP-
loaded nanoMIL-100(Al), the progressive apparition of released
liquid trimesate and coordinated solid trimesate was similar to
what has been observed for the degradation of empty nano-
MIL-100(Al) described in section 2.2. Furthermore, in the spectra
of degraded AMP@nanoMIL-100(Al) in Figure 7A, a signal of
AMP was found at 6 ppm, corresponding to the proton of the
sugar ring’'s CH- group connecting to the adenosine.®® This
peak has a line width of 50-70 Hz, which is relatively small to
the peak of solid trimesate. Therefore, it was assigned to the
liquid-state AMP released from the AMP@MOF. On the opposite,
there was no peak at 6 ppm® in the 'H NMR spectra of
degraded ATP@nanoMIL-100(Al) (Figure 7B), consistent with our
previous findings that ATP@nanoMIL-100(Al) is less degradable
than the AMP-loaded counterpart due to its stronger drug-
carrier connection.*** Note that other signals of AMP and ATP
in the aromatic region overlapped with the signal of nanoMIL-
100(Al)’s trimesate ligands, making it difficult to determine both
the ligand and drug release.

Likewise, this difference between the degradation of ATP-
and AMP-loaded MOF was reflected in the Al NMR measure-
ment results (Figure 8). In both cases, a decrease of the AI-O—C
trimesate peak at around O ppm and an increase of the 6-
coordinate Al-O—P peak at around —12 ppm were observed. In
addition, the appearance of the 4-coordinate AI-O—P at 48 ppm
was noticeable.”® The proportion of this degraded Al over the
total Al in the sample was estimated by peak integration.
Figure 9 shows that the formation rate of this degradation

product was faster in the case of AMP-loaded nanoMIL-100(Al)
than the ATP-loaded one. As ATP with the triphosphate group
is slightly more strongly complexed with Al(lll) than its mono-
phosphate AMP analog,”“? it is more difficult for the inorganic
phosphate in PB to displace ATP. Consequently, the degrada-
tion and the drug release process are easier and more
pronounced with AMP@MIL-100(Al) as indicated by the greater
amount of degraded 4-coordinated Al species (Al NMR in
Figure 8) and released drug (*H NMR in Figure 7).

3. Conclusions

The present study proposes for the first time a versatile in-situ
NMR spectroscopy method for monitoring both drug release
and degradation processes of MOF nanocarriers. Without the
need of separating NP suspension, both qualitative and
quantitative information about the mechanism and kinetics of
carrier degradation can be achieved.

After setting up in-situ MAS NMR method using commer-
cially available instruments, we demonstrate the proof-of-
concept of in-situ NMR for studying a MOF-based drug delivery
system, MIL-100(Al) NP suspension. The present method was
able to evidence the nanoMIL-100(Al) degradation reaction
mechanisms in phosphate media. Both the kinetics of ligand
release in the liquid phase and the evolution in nanoMIL-
100(Al)’s coordination environment could be detected and
followed simultaneously. In addition, we demonstrated that this
method could be useful for MOFs made of paramagnetic iron
like nanoMIL-100(Fe). Information from the liquid NMR species
was useful for quantitative measurement. In-situ NMR was
further exploited to gain information on the release processes
of two drugs from nanoMIL-100(Al).

A) A liquid

trimesate

solid i | AMP
trimesate

“a—

(LT CCCTTTCLCRT.

B) Tmmd

trimesate

solid l/
trimesate

SOEFIIEEZIEIILL222

I

11 10 9 8 7 6
'H chemical shift (ppm)

—_
—_

10 9 8 7 6
'H chemical shift (ppm)

Figure 7. In-situ 'H MAS NMR spectra recorded as a function of time over a period of 48 h during the degradation of nanoMIL-100(Al) loaded with (A) AMP,

and (B) ATP. Condition: 2 mg MOF + 25 ulL PB-D,0 1 molL™".
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Figure 8. In-situ Al MAS NMR spectra recorded as a function of time over a period of 48 h during the degradation of nanoMIL-100(Al) loaded with (A) AMP,

and (B) ATP. Condition: 2 mg MOF + 25 ulL PB-D,0 1 molL™".
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Figure 9. Proportion of Al-4-coordinate formed during drug release, i.e.,
degradation of ATP- and AMP-loaded nanoMIL-100(Al).

The in-situ NMR spectroscopy described in this work can be
used as a framework for other types of nanocarriers/colloidal
systems or other reactions taking place in NP suspensions.

Experimental Section

All reagents and solvents were used without any purification. The
drug solutions were prepared from ATP disodium hydrate salt or
AMP sodium hydrate salt.

Eur. J. Inorg. Chem. 2024, 27, €202400012 (8 of 10)

NanoMIL-100 Synthesis and Characterization

NanoMIL-100(Al) and nanoMIL-100(Fe) were synthesized by micro-
wave synthesis technique.*'*? Particle size distribution was ana-
lyzed by dynamic light scattering (DLS) in a Zetasizer Nano ZS90
instrument from Malvern Panalytical. Morphology and size of
0.5 mgmL~" nanoMOF suspension were observed by transmission
electron microscopy (TEM) under a 120 kV JEOL JEM-1400 micro-
scope. Crystallinity of MOF powder was checked by powder X-ray
diffraction (PXRD) at A(Cu Ka) of 1.5406 A, using a Siemens D5000
diffractometer. Porosity of MOF was evaluated from the nitrogen
gas adsorption measured by a Micromeritics Tristar Il Plus.

Degradation of NanoMIL-100

A small-volume reaction between nanoMIL-100 and phosphate
buffer was carried out to adapt for the NMR insert needed for in-
situ NMR measurement. Basically, in a round-bottom 2 mL Eppen-
dorf tube, 5 mg of MOF was mixed with 25 uL phosphate buffer
(PB) in deuterated water (D,0).

The phosphate buffer in deuterated water (PB-D,0) was prepared
as follows. The stock solution of KH,PO, 1 molL™" (stock A) was
prepared by dissolving 1.36 g of the anhydrous salt in 10 mL D,0.
For the stock solution of Na,HPO, 1 molL™' (stock B), portion by
portion of the anhydrous salt was gradually added to D,O under
vigorous stirring and heating at 35-45°C in a water bath. Afterward,
to get PB-D,0 1 molL™", one gradually pipettes 2.8 mL stock A to
7.7 mL stock B. The stock solutions and PB were stored at room
temperature.

Prior to the degradation reaction, 5 mg wetted MOF pellet was
obtained by centrifugation (11 000 RCF for 15 min) from its stock
suspension in ethanol absolute (EtOH abs). Then, the pellet was
washed twice in D,O as follows: the wet pellet was carefully
redispersed in 100 uL D,O first (hand shaking and gentle vortex),
then 1 mL D,0 was added, and the suspension was mixed again.
D,0O was removed by centrifugation (10 000 RCF for 10-15 min) to
get a clear and non-blurry supernatant. After the last centrifugation
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step, the supernatant should be discarded as much as possible.
Finally, 25 pL of PB-D,0O 400 mmolL™" was added to the Eppendorf
tube. The suspension in PB was dispersed rapidly by vortexing.
25 uL of this suspension was injected into the NMR insert (Fig-
ure 10) by using a pipette. The insert was sealed by a screw cap
and then placed inside the NMR rotor for subsequent NMR
measurements.

Drug Loading of NanoMIL-100and Drug Release

The drug loading procedure reported in the previous
publication®**! was adapted to prepare a small volume of samples.
Briefly, 5 mgmL™" MOF suspension was mixed with 1.5 mgmL™'
drug solution, corresponding to 30 wt% input drug loading. The
volume of the drug solution was determined from the needed
weight of MOF. The removal of EtOH abs and washing with D,0O
were carried out in the same way as described in the degradation
experiment. The purification procedure can be scaled up if
necessary. After the washing step, 100 uL of 1.5 mgmL™" ATP or
AMP drug solution was added to the wet MOF pellet first, and the
mixture was dispersed by hand shaking. Then, the remaining drug
solution was added, and the mixture was dispersed by hand
shaking and pipetting. Finally, the suspension was subjected to
continuous shaking overnight at room temperature.

For the drug release experiment on the next day, 2 mg of drug-
loaded MOF was recovered from the drug loading suspension by
centrifuging at 10 000 RCF for 10 min. The obtained pellet was
washed with 1 mL D,0O, which was later removed by centrifuging at
10 000 RCF for 10 min. The supernatant should be discarded as
much as possible. Finally, the wet MOF pellet was redispersed in
25 pL of PB-D,0 1 molL™', and the obtained mixture was placed in
an NMR insert as in the degradation experiment. In-situ NMR
measurements were then carried out as quickly as possible.

In-Situ NMR Spectroscopy

Solid-state NMR experiments were performed at 11.7 T on a Bruker
NEO NMR WB spectrometer equipped with a 4 mm probe head.
MAS was applied at 10 kHz. For spinning samples, the suspension
was contained in a Bruker disposable insert purchased from
Cortecnet. These inserts provide a tight seal to prevent dehydration
or loss of solvent during MAS experiments. The 25 uL disposable
Kel-F® inserts use a plug and screw cap and can fit standard Bruker
BioSpin 4 mm rotors (Figure 10). For reuse, the sample inside the
insert was removed by adsorption on dry paper. Then, the insert
was sonicated separately in ethanol, acetone, and water. Finally, the
insert was dried in the oven at 30°C.

Sequential NMR measurement was performed by direct excitation.
At each time point, the acquisition of the 'H signal was followed
immediately by ZAl. Kinetics measurement was programmed using
a variable delay (from 0.5 to 8 h) placed after data acquisition in the
YAl pulse sequence. The acquisition parameters were, for 'H NMR: a
pulse of 3.35 ps length and 100 W power, acquisition time of 1.6 s,
recycling delay of 4.4s, and total experimental time of ca. 3 min,

Insert rotor
+ sample cap

rotor

Figure 10. Photo of insert-rotor ensemble used for in-situ NMR experiments.
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and for “Al NMR: a pulse of 3.5us length and 40 W power,
acquisition time of 0.01s, recycling delay of 0.1s, and total
experimental time of ca. 27 min.

In-situ IgNMR spectroscopy was performed at 9.4 T on a Bruker
Avance spectrometer equipped with a probe head of 5 mm. The 'H
NMR experiments were recorded with a pulse length of 8 ps, a
waiting time between two consecutive scans of 65, and total
experimental time of ca. 30 s.

All NMR experiments were conducted at 37 °C for in-situ IQNMR and
34°C for in-situ MAS NMR. The chemical shifts were referenced to
tetramethylsilane for 'H, and to AI(NO,); 1 molL™" solution for ZAl.
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