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New insights on the supramolecular structure of
highly porous core—shell drug nanocarriers using
solid-state NMR spectroscopy+

Nano-sized metal-organic frameworks (nanoMOFs), with engineered surfaces to enhance the targeting of

the drug delivery, have proven efficient as drug nanocarriers. To improve their performances a step further,
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it is essential to understand at the molecular level the interactions between the nanoMOF interfaces and

both the surface covering groups and the drug loaded inside the micropores. Here we show how solid-

DOI: 10.1039/c9ra07383c¢

rsc.li/rsc-advances

Since their recent discovery, iron-based nanoMOFs have
attracted increasing interest due to their potential for medical
applications, owing to the versatility of their structural features,
in vivo biocompatibility and biodegradability, properties as
contrast agents and possibility to tailor their surface function-
alities.”” Among them, iron trimesate nanoMOF MIL-100(Fe)
(MIL stands for Material of Institute Lavoisier) is among the
most promising candidates for efficient drug incorporation by
a one-step organic solvent-free method and for surface coating
with cyclodextrin (CD) molecules which can be further engi-
neered by linking phosphates (CD-P), targeting moieties or
polymers.>* The interactions of surface-modified iron trimesate
nanoMOFs with cancer cells were increased by means of these
versatile “Lego”-type coatings.’ If the potential applications of
the CD-P coated nanoMOFs have been demonstrated,'” little
information is known about the interactions at the atomic level
between the CD-P coating and the nanoparticle (NP) surface
sites. It was hypothesized that, in contrast to drug molecules
which cross the windows of the MOFs and adsorb inside the
pores, CD-Ps are too bulky and supposed not to bypass windows
of around 9 A in diameter and effectively remain adsorbed onto
the external surface (Fig. 1). Having a direct proof of this
hypothesis could help guide further CD-P engineering. Under-
standing the interactions at the molecular level between the
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state NMR spectroscopy allows us to address these issues in an aluminum-based nanoMOF coated and
loaded with phosphorus-containing species.

drug and the host solid is also crucial, as these interactions have
a strong influence on the delivery processes. This study
addresses these important aspects by wusing up-to-date
complementary solid-state spectroscopic methodologies.

In the past decades, magic-angle spinning (MAS) solid-
state nuclear magnetic resonance (ssNMR) spectroscopy,
sensitive to short-range order, has proven an essential tech-
nique to get information about the structure of MOFs,®
including drug-carrier MOFs.” Although it appeared ideally
suited to address the questions mentioned above, we faced
the presence of strong paramagnetic centers (Fe** cations)
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Fig. 1 Upper panel: schematic representation of the highly porous
MIL-100(Al) nanoparticles loaded with ATP and then coated with CD-
P. Bottom panel: close up of Al trimers coordinated to trimesate
ligands (L). Two molecules of bound water can be replaced either by
phosphates from the drug or by phosphate grafted on the cyclodextrin
molecules. Phosphates bound to CD can only access sites located
close to the external MOF surface. CD dimensions: cage 6-6.5 A,
external diameter 15.4 A height ~8 A. ATP molecule has about 7 A
radius.
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that severely reduces the relaxation times hence the amount
of available information on the NMR spectra. We therefore
have chosen to focus our study on the diamagnetic analogue
of nanoMIL-100(Fe), namely nanoMIL-100(Al). The MIL-
100(Al) topology® is similar to that of MIL-100(Fe),” it was
shown that large amounts of drugs can be incorporated in
this material, and that the NP surface (Fig. 1) can also be
efficiently coated by CD-P.? Drug of interest here is adenosine
triphosphate (ATP), a neurotransmitter with a crucial role in
metabolism, which is believed to have a strong affinity with
the aluminium species of the nanoMOF framework.

During our investigation, we were confronted to several
challenges, including: (i) the complexity of the system, which
yields broad overlapping "H MAS NMR spectra even at high field
(20 T) and fast-MAS (60 kHz, Fig. S1, ESIf), and (ii) the low
quantity of the surface species despite the reduced size (150 nm)
of the particles. To circumvent the latter difficulty, surface
enhanced solid-state NMR spectroscopy such as dynamic
nuclear polarization (DNP) methods have been developed. They
have proven their efficiency to detect the species present at the
external surfaces of silica nanoparticles' and the applicability
of the method for MOFs was shown.'' However, DNP-MAS
requires the use of a heterogeneous radical, solvent, low
temperature (100 K), hence it does not represent the state of NPs
as they can potentially be administered in vivo in patients.
Therefore, we chose to work at room temperature and with
simpler MAS NMR methods, namely *’Al, *'P and 2D *’Al-*'p
correlation spectroscopy, that did not involve the use of external
molecules such as solvents or radicals.

The *’Al MAS NMR spectra of pristine and CD-P surface
coated nanoMIL-100(Al) (Fig. S2, ESIf) are essentially similar
despite the use of high magnetic field (20 T). For quadrupolar
nuclei such as *’Al, greater resolution can often be obtained
using the multiple-quantum MAS (MQ-MAS) NMR experiment
that separates the aluminium species in the indirect (vertical)
dimension. The *’Al MQMAS NMR spectrum of the nanoMIL-
100(Al) recorded at moderate static magnetic field (9.4 T,
Fig. S2, ESIt) is similar to that reported earlier for micron-sized
MIL-100(Al) recorded at 11.7 T.*> The >’Al MQMAS NMR spec-
trum of nanoMIL-100(Al) recorded at 20 T interestingly has
increased resolution which reveals the presence of an addi-
tional peak located at around —5 ppm (Fig. 2a). While the bulk
Al signals remain similar, the new aluminium sites are in turn
slightly modified when the NPs are coated with the CD-P
(Fig. 2b), which indicates (i) that this aluminium resonance is
due to the Al atoms present at or slightly below the surface of
the NPs since CD-P is too bulky (see Fig. 1) to penetrate the open
3D-MOF structure, (ii) the shift of the resonance upon coating
results from interactions between some of the surface
aluminium species of the NPs and the CD-P coating. In the drug
loaded samples (Fig. 3c and d), the bulk Al signals are more
affected, indicating the successful incorporation of the drug
inside the micropores of the nanoMOF.

To understand further these interactions, through-space
"H-*’Al two-dimensional (2D) MAS NMR experiments were
performed in an attempt to correlate the protons of the CD-P
that are in close proximity to the aluminium species. However
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Fig. 2 2’Al MGMAS NMR spectra of (a) pristine nanoMIL-100(Al) and
nanoMIL-100(Al) (b) coated with CD-P, (c) loaded with ATP and (d)
loaded with ATP and coated with CD-P.

the "H NMR spectrum is dominated by the signal of proton of
the linkers, hence only the 'H->"Al correlations from the bulk of
the NPs were detected (Fig. S3, ESIt).
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Fig. 3 Z’Al{3'P} MAS D-HMQC NMR spectra of CD-P coated (a), ATP
loaded (b) and CD-P coated ATP loaded nanoMIL100(Al) (c). The top
blue spectra are the full projections on the horizontal dimension for
the surface sites, the black spectra are the full projection for the

interphase sites, while the red spectra are the MAS NMR spectra shown
for comparison.
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The *'P MAS NMR signatures of ATP and CD-P are well
distinct (Fig. S5, ESIf). *'P-*'P double-quantum single-
quantum (DQ-SQ) NMR experiments were performed, which
allow probing the spatial proximity between the phosphate
groups. In CD-P, the *'P DQ-SQ NMR spectrum shows the
phosphate groups grafted on the CD cavity. In ATP, such
a spectrum allows the distinction of the middle phosphate of
the tri-phosphate chain, which is the only *'P resonance that
has two other P neighbours (Fig. S4, ESIt). In both ATP-loaded
and ATP-loaded and coated nanoMIL-100(Al), the *'P DQ-SQ
NMR correlations are similar to pure ATP, showing that the
triphosphate moieties are preserved after loading (Fig. S6, ESIT).
One can notice a shift of the *'P resonances, which very likely
indicates strong interaction with the framework aluminium
sites.

To go further in the characterization, we took advantage of
the heteronuclei present in the CD-P coated nanoMIL-100(Al):
%7Al, arising solely from the nanoMOF and *'P, arising solely
from the CD-P coating. By recording 2D NMR spectrum between
*1p and *’Al nuclei, the surface aluminium species of the NPs in
close proximity to the CD-P and the bulk aluminium sites
located in the vicinity of the loaded drug are expected to be
selectively detected. Because of the short >’Al transverse relax-
ation time T, (Table S1, ESIt), we could not use the through-
bond heteronuclear multiple-quantum (J-HMQC) experiment
that requires recoupling time in the 8 ms range for optimum
efficiency.” Instead we employed the through-space dipolar-
based version (D-HMQC), for which the optimum dipolar
recoupling requires shorter recoupling time.** The recoupling
time was kept short enough to ensure that only the Al in very
close proximity to the *'P were selected. The resulting 2D
%7 Al-*'P MAS NMR spectrum of CD-P-coated nanoMIL-100(Al) is
shown Fig. 3a. The *’Al NMR signal is at —5 ppm (i.e., chemical
shift similar to that of the surface peak observed in the MQMAS
NMR spectra Fig. 2), which indicates that the observed surface
Al species in the vicinity of the CD-P are in six-fold coordination.
The >’Al chemical shift is lower than the >’Al chemical shifts in
pristine MIL-100(Al) which range between 1.1 and 3.4 ppm.* It
is close to chemical shift observed in aluminophosphate, hence
we can hypothesize that the six-fold coordination is preserved
by the formation of an Al-O-P bond between the Al surface sites
of the nanoMOF and the terminal phosphate groups of the CD-
P, which very likely substitute a water molecule (Fig. 1).

A similar six-fold coordinated *’Al resonance around
—7 ppm is observed in the ATP loaded nanoMIL-100(Al) 2D
>A1->'P D-HMQC MAS NMR spectrum (Fig. 3b), which suggests
a close proximity (formation of a Al-O-P chemical bond)
between Al species of the MOF framework and the terminal
phosphate of the drug, which *'P resonance is located at
—10 ppm. This *’Al resonance is the signature of the grafted
aluminium sites inside the pores of the MOF. Correlation of
lower intensity is also observed between these Al species and the
middle P of the triphosphate chain (—20 ppm), in agreement
with longer Al-P distance. Here again, the ATP very likely
replaces a water molecule from the Al tricluster.

Finally, we performed the same 2D *’Al-*'P NMR experiment
in the target CD-P coated nanoMIL-100(Al) loaded with ATP

This journal is © The Royal Society of Chemistry 2019
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(Fig. 3c). The ATP content is much higher than the CD-P
loading, hence the spectrum is dominated by the Al-O-ATP
interaction. However, the *'P chemical shift expands to the
higher ppm region (-5 to —10 ppm), characteristic of the CD-P
coating. The similarity of the spectra in Fig. 3b and c clearly
confirms that the CD-P coating on the external surface of the
ATP-loaded nanoMOF did not affect the AI-O-ATP bond formed
inside the MOF cavities.

In conclusion, by taking advantage of distinct heteroatoms
present in an aluminium-based nanoMOF (*’Al) which surface
was coated by bulky phosphated CD groups (*'P), we could
circumvent the low resolution of "H MAS NMR spectroscopy
and provide for the first time a *’Al NMR signature at room
temperature of aluminium species present at the surface or
below the surface of MOF NPs and their interaction (i.e., the
formation of AI-O-P covalent bonds) with the CD-P coating. The
formation of this strong covalent bonding between the CD and
the MOF might be the key to ensure high stability of the core-
shell NP in vivo. Using the same NMR methodology, we have
shown the strong interaction of the triphosphate-drug ATP with
the Al atoms of the MOF framework. Finally, we have shown the
successful CD-P coating in a ATP-loaded nanoMIL-100(Al),
which did not modify the MOF-drug interactions. This set of
ssNMR experiment represents an essential characterization tool
to guide towards more efficient surface modifications of these
NPs, better targeting drugs (mono, di or tri-phosphate) and to
help in understanding the effect of drug incorporation on the
surface state of the nanoMOF. It could also be very useful in the
investigation of nanoMIL-100(Al) NPs degradation in physio-
logical medium (phosphate buffer) in which Al-O-P interac-
tions might occur and be at the origin of the drug release
processes. The methodology presented here consisting in
covering the surface of porous NPs by bulky groups (unable to
penetrate in the porosity of the particles) containing hetero-
atoms easily accessible by ssNMR (like *'P or '°F) could also
become a general strategy to probe surface species of MOF NPs
without need of expensive DNP-MAS experiments.
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