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ARTICLE INFO ABSTRACT

Keywords Lansoprazole (LPZ) is an acid pump inhibitor, which readily degrades upon acidic or basic conditions and un-

Cyclodextrin der heating. We investigated here LPZ stability upon incorporation in particles made of cyclodextrin metal-or-

Metal-organic frameworks ganic frameworks (CD-MOFs). LPZ loaded CD-MOFs were successfully synthesized, reaching high LPZ payloads

Lansoprazole of 23.2 + 2.1 wt%, which correspond to a molar ratio of 1:1 between LPZ and y-CD. The homogeneity of LPZ

g‘d“Si:“L_“l‘_’tr;Plex loaded CD-MOFs in terms of component distribution was confirmed by elemental mapping by STEM-EDX. Both
rug stabili

CTAB, the surfactant used in the CD-MOFs synthesis, and LPZ compete for their inclusion in the CD cavities.
CTAB allowed obtaining regular cubic particles of around 5 pm with 15 wt% residual CTAB amounts. When LPZ
was incorporated, the residual CTAB amount was less than 0.1 wt%, suggesting a higher affinity of LPZ for the
CDs than CTAB. These findings were confirmed by molecular simulations. Vibrational circular dichroism studies
confirmed the LPZ incorporation inside the CDs. Solid-state NMR showed that LPZ was located in the CDs and
that it remained intact even after three years storage. Remarkably, the CD-MOFs matrix protected the drug upon
thermal decomposition. This study highlights the interest of CD-MOFs for the incorporation and protection of
LPZ.

1. Introduction and structural diversity (Arima et al., 2015; Han et al., 2018; Qiu
et al., 2020; Smaldone et al., 2010; Qiu et al., 2018). CD-MOFs
were shown to incorporate a large variety of anticancer (e.g., doxoru-

bicin, fluorouracil, methotrexate, quercetin), anti-inflammatory (e.g.,

Cyclodextrin-based metal-organic frameworks (CD-MOFs) have
emerged as one of the latest classes of crystalized porous MOFs parti-

cles. Since their discovery in 2010 (Smaldone et al., 2010), CD-MOFs
have attracted growing interest due to their useful applications in sep-
aration, gas storage, sensing, catalysis, and in biomedicine (Arima et
al., 2015; Han et al., 2018). Assembled mostly using metals and
non-toxic y-CDs widely used for biomedical applications(Loftsson and
Brewster, 1996; Loftsson and Duchéne, 2007), they advantageously
display high surface areas, adjustable chemical functionality,
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ibuprofen, furbiprofen, fenbufen, ketoprofen), antihypertensive (capto-
pril, azilsartan) drugs, acid pump inhibitor (lansoprazole (LPZ)), and
various other pharmaceutical ingredients (e.g., salicylic acid, ferulic
acid, pseudolaric acid, folic acid, glycyrrhizic acid, etc) (Liu et al.,
2017; Lv et al., 2016; Michida et al., 2015; Moussa et al., 2016;
Smaldone et al., 2010; Abucafy et al., 2018; Rajkumar et al.,
2019; Xu et al., 2019). As shown in Fig. 1 upper panel, CD-MOFs de-
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Fig. 1. Upper panel: Schematic representation of the synthesis of CD-MOFs starting from the building units (y-CDs) and K ions (red dots). The cell unit comprises a cavity (yellow) of
around 1.7 nm which is surrounded by 6 CDs. During synthesis, both the drug (LPZ) and the surfactant (CTAB) compete for the CD cavities. Lower panel: SEM micrographs of empty
CD-MOF (A), (*)-LPZ loaded CD-MOF (B) and (R)-LPZ loaded CD-MOF (C) scale bar: 5 um; HAADF-STEM images (D) and EDX mapping (E: K mapping and F: S mapping) of (+)-LPZ
loaded CD-MOF crystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

limit an extended framework incorporating the symmetric cyclic y-CD
oligosaccharide, and are based on the coordination of the K* alkali
metal cations to alternating «-1,4-linked D-glucopyranosyl units on the
primary and secondary faces of the y-CD tori (Smaldone et al., 2010).
Drugs were mainly loaded by impregnation inside the porosity and load-
ings reached at best 12.6 wt% in the case of captopril (Liu et al.,
2016). The loadings were increased when the molecules of interest were
co-crystallized with CD-MOFs. For instance, rhodamine B could be in-
corporated with loadings of 18.5 wt% (Smaldone et al., 2010).

One remarkable result was the incorporation of LPZ in CD-MOFs
with loadings as high as 23 + 2 wt% (Li et al., 2017). The crystallized
particles of around 6 um were prepared using cetyltrimethyl ammonium
bromide (CTAB) as stabilizer and had regular shapes (Furukawa et
al., 2012). When CD-MOFs were prepared in the absence of CTAB,
they had irregular shapes and high polydispersity, but the LPZ load-
ings were still in the range 21-23 wt%. The high LPZ loadings corre-
spond to a 1:1 M ratio between LPZ and y-CDs in the matrix. How-
ever, the role played by CTAB in building regular crystalline supramol-
ecular structures without affecting drug loading is still to be uncov-
ered. Indeed, both CTAB and LPZ compete for the CD cavities inside
the CD-MOFs (Fig. 1, upper panel). Moreover, LPZ is a fragile mole-
cule which readily degrades in both acidic (DellaGreca et al., 2006;
Ekpe and Jacobsen, 1999; Gupta et al., 2007) and basic conditions
(Battu and Pottabathini, 2015; DellaGreca et al., 2006; Liu et al.,
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2005), even during storage at 4 °C (DiGiacinto et al., 2000). It was
interesting to study here whether the integrity of the drug was preserved
upon incorporation in CD-MOFs and long-term storage.

To gain information on LPZ chemical stability as well as LPZ and
CTAB respective locations, we employed a set of complementary tech-
niques. First, LPZ distribution inside the CD-MOFs was characterized by
scanning transmission electron microscope (STEM) associated with en-
ergy-dispersive X-ray spectroscopy (EDX), which is a powerful tool to
detect compositional distribution in single particles. In particular, the
detection of sulfur (present only in LPZ) enabled studying drug distri-
bution in these slices of CD-MOFs with high resolution. In addition,
vibrational circular dichroism (VCD) enabled studying conformational
changes of LPZ inside the CD-MOFs.

The 'H nuclear magnetic resonance (NMR) spectroscopy is often
used to study CD-drug inclusions in liquid (Cheng et al., 2018; Di
Nunzio et al.,, 2013; Kundu and Roy, 2017; Rajendiran et al.,
2014; Ye et al., 2013) or in solid phase (Ferreira et al., 2015; Sko-
rupska et al., 2014; Upreti et al., 2011; Vogt and Strohmeier,
2012; Wulff et al., 2002). Here, although it proved much more chal-
lenging, we choose to employ solid-state NMR spectroscopy to directly
study the LPZ-loaded in their final state, as crystalline dried powders.

Using state-of-the-art NMR equipment and methods, including
high-field magnets (up to 20 T), ultra-fast (up to 60 kHz) magic-angle
(MAS) 'H NMR spectroscopy, complemented by 'H-1°F-13C triple-res-
onance
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NMR and !N NMR at natural abundance, new atomic-level insights
about the interactions between CTAB/LPZ and CD-MOFs, as well as the
localization and configuration of CTAB and LPZ in CD-MOFs have been
obtained. A special attention has been attributed to the competition of
LPZ and CTAB for the CDs in CD-MOFs. These data were further sup-
ported by molecular simulation, which allowed comparing the respec-
tive interactions between LPZ, CTAB and the CD-MOFs. In a nutshell,
the experimental data corroborated the simulations enabling gaining in-
sights on the mechanism of formation and locations of individual con-
stituents.

Finally, thermogravimetric analysis coupled to Fourier transform in-
frared spectroscopy (TGA-FTIR) was used to investigate the thermal de-
composition of LPZ as free drug or incorporated in CD-MOFs. The ther-
mal stability of the drug molecules was preserved after three years stor-
age.

2. Experimental
2.1. Materials and reagents

The chemical compounds, including y-CD, CTAB, potassium hydrox-
ide (KOH), methanol, isopropanol and ethanol were purchased from
Sigma-Aldrich Co. Ltd (France). (R)-LPZ was provided by Toronto Re-
search Chemicals and (=+)-LPZ was provided by Zhuhai Rundu Co. Ltd
(China). Water was filtered by a Milli-Q system (18.4 MQ cm, Millipore,
Milford, MA, USA). All chemicals were used without further purifica-
tion.

2.2. Synthesis of CD-MOF crystals with or without LPZ

CD-MOF crystals were synthesized as previously reported (Li et al.,
2017). Briefly, CD-MOFs were prepared by reacting y-CD (0.125 mM)
with KOH (200 mM). The solution was filtered through a 0.45 pm mem-
brane to remove any possible dust. Then, methanol was allowed to dif-
fuse in this reaction mixture placed in a vial at 50 °C for 6 h. To obtain
monodispersed crystals, 6.0 mL of the supernatant was transferred into
another vial with 48.0 mg of CTAB, then the suspension was incubated
for 3 h at room temperature. The crystals were finally harvested, washed
three times with isopropanol and dried at 50 °C overnight under vac-
uum. LPZ-loaded CD-MOFs crystals were synthesized in a similar way,
except that ()-LPZ or (R)-LPZ (80 mM) was added in the aqueous so-
lution of y-CD (0.125 mM) and KOH (200 mM). After purification, the
CD-MOFs loaded or not with LPZ were stored at 4 °C in closed vials until
further use.

The drug payload is defined as the percentage of LPZ in the
drug-loaded CD-MOFs and was calculated as Equation:

Encapsulated Drug (mg)

Payload (%) =
ayload (%) Drug loaded CD — MOF' (mg)

X100

2.3. Characterization of CD-MOFs crystals before or after LPZ
encapsulation

The morphologies of all synthesized CD-MOF crystals were observed
by scanning electron microscopy (SEM). SEM images were acquired on
a Zeiss SUPRA 55 VP field emission gun scanning electron microscope
fitted with an EDAX EDS analytical system. It was set to a low voltage
(1 kV) and low currant (a few pA) in order not to damage the samples
and to avoid any conductive coating that could bother direct observa-
tion of the samples. Secondary electron type detector was used to record
the images.

STEM associated with elemental chemical Energy-dispersive X-ray
spectroscopy (EDX) cartography was employed to characterize the ele-
mental (C, H, N, S, and Br) distribution in the particles. The MOFs sam-
ples were placed on a copper grid covered with a pure carbon mem-
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brane. The observations in STEM were made on a Titan Themis 200
microscope (FEI/Thermo Fischer Scientific) equipped with a geometric
aberration corrector on the probe. This microscope was also equipped
with the “Super-X” systems for EDX analysis with a detection angle of
0.9 sr. The observations were made at 200 kV with a probe current of
about 70 pA and a half-angle of convergence of 24 mrad. High-angle
annular dark-field (HAADF)-STEM images were acquired with a cam-
era length of 110 mm (inner/outer collection angles were respectively
69 mrad and 200 mrad).

The synthesized particles were further cut into thin sections for fur-
ther STEM observations. Briefly, the dried CD-MOFs powder samples
were embedded in epoxy resin (Delta microscopie — France) and poly-
merized 48 h at 56 °C. Sections were performed in an ultramicrotome
(Leica UC6) using a diamond trim (LFG France). The section thickness
was between 100 and 200 nm and the sections were directly collected
on 300 mesh carbon grids.

Elemental analysis was performed to quantify the C, H, N, S, and Br
elemental weight contents in the CD-MOFs particles loaded or not with
LPZ. LPZ and CTAB powders were used as controls. N and S are present
only in LPZ but not in CD-MOFs. Moreover, N and Br are in CTAB but
not in CD-MOFs. Therefore, the amounts of Br and N found in empty
CD-MOFs was used to quantify CTAB content. The amount of S was
used to determine the amount of LPZ, and Br for CTAB in LPZ loaded
CD-MOFs. The amounts of C, H, and N were used to confirm the results.
Briefly, the determination of C, H, N was performed with a combustion
method using an Elemental Analyzer (Perkin-Elmer 2400 CHNS/O Se-
ries II System). Sample elements were converted to gases at 1050 °C.
The quantification of Br was performed using a combustion method to
decompose organic samples. Then a potentiometric titration was applied
using Titroprocessor (835 Titrando) and ion chromatography analysis
was performed on Dionex IC system. Sulfur was determined by a com-
bustion method, followed by gravimetric titration and ion chromatogra-
phy analysis (Dionex IC system).Inductively coupled plasma mass spec-
trometry (ICP-MS) analysis was used to further confirm the payload. Af-
ter CD-MOFs digestion using aqua regia (15 min under ultrasonic bath),
an ICP-MS equipped with a triple quadrupole (Agilent 8800, Agilent
Technologies, Japan) was used for the analysis. Operation conditions
were daily optimized using a tuning solution. S isotopes were detected
using “mass shift mode” (*8s0 ™, 4°SO" and °SO ™) after their reaction
with oxygen in the cell. Dwell time for each of the targeted isotopes was
1s. S was quantified using external calibration prepared with certified
1000 mg L~ S standard (Merck, Germany).

The vibrational infrared (IR) absorption and VCD spectra of
CD-MOFs were measured using a Fourier-transform infrared spec-
troscopy (FTIR) spectrometer (Vertex 70, Bruker) equipped with a VCD
module (PMA 50, Bruker). The IR radiation was filtered by a low-pass
filter cutting at 2000 cm™1, linearly polarized, and then modulated by a
50 kHz ZnSe photo-elastic modulator (Hinds). The signal was measured
by a Mercury-Cadmium-Telluride (MCT) IR detector equipped with a
BaF, window and cooled with liquid nitrogen then demodulated using a
lock-in amplifier (Stanford Research Systems SR 830). A spectral resolu-
tion of 4 cm~! was used for both absorption and VCD spectra. The align-
ment of the spectrometer was controlled by checking the mirror-im-
age relation between the VCD spectra of the two enantiomers of cam-
phor (0.3 M in CCly). The samples were prepared by mixing the stud-
ied system with KBr with a mortar and pestle and pressing 200 mg pel-
lets. KBr was first grinded in a mixer mill (MM 400 Retsch) at 20 Hz
during 30 min and kept dry in an oven at 80 °C, as usually done for
the studies of solid samples (Declerck et al., 2019; Pérez-Mellor
and Zehnacker, 2017). Two concentrations were used for each system,
with the following amounts for 1 g of KBr: 3.8 or 4.3 mg for LPZ, 2.5
or 5 mg for bare CD-MOF, and 4.5 or 5.5 mg for CD-MOF loaded with
LPZ. The artefacts due to the birefringence were eliminated following
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the procedure proposed by Merten (Merten et al., 2008), derived from
that introduced by Buffeteau (Buffeteau et al., 2005). It consists in
rotating the sample in the plane perpendicular to the light propagation
axis for each side of the pellet and averaging the spectra obtained for the
pellets at 0°, 90°, 180°, 270°. The measurements were repeated twice.
The final spectrum was obtained by adding 2100 scans for each sample
position and averaging all the positions so that the total acquisition time
was 4 h.

2.4. Solid-state NMR characterization of CD-MOFs crystals with or without
LPZ

The 'H — 1°F - 13C cross polarized magic angle spinning (CPMAS)
NMR spectra were recorded on a Bruker 500 MHz WB NMR spectrome-
ter using a 'H-1°F-X triple-resonance 2.5 mm probe (Martineau et al.,
2011). The initial 'H — 1°F CP was used to reduce the repetition de-
lay, taking advantage of short T;('H) compared to T;(*°F) (Yu et al.,
2015). The '3C CP experiments were recorded on a 9.4 T magnet (*H
and '3C Larmor frequency of 400 and 100 MHz, respectively) with a
Bruker spectrometer, using a 4 mm double resonance MAS probe. The
13C chemical shifts are referenced to TMS. The contact time was set to
3.5 ms, the recycle delay was set at 3 s, the initial 90° pulse on 'H to
2.5 ps with a Radio Frequency (RF) field of 70 kHz. 'H SPINAL-64 de-
coupling was applied during the 13C acquisition. The "H MAS NMR spec-
tra were recorded at a magnetic field of 18.8 T, using a Bruker 850 MHz
WB NMR spectrometer and a HXY 1.3 mm probe in double-resonance
mode. The spectra were acquired using Hahn echo pulse sequence, with
a 90° pulse duration of 2.5 ps, an inter-pulse delay synchronized with
one rotor period and a spinning rate of 60 kHz. The recycle delay was set
to 5 s and 16 transients were recorded for each sample. The 'H chemical
shifts were referenced to TMS. The 'H-'H 2D MAS exchange NMR ex-
periment was recorded with a recycle delay of 2 s and two different mix-
ing times (5 and 10 ms). 700 t; slices with 16 transients were co-added.
The States procedure provides a phase sensitive 2D NMR spectrum.

15N CPMAS NMR spectra were recorded on a Bruker 400 WB NMR
spectrometer using a 4 mm probe head and spinning at 10 kHz. 10,240
and 75,776 transients were accumulated for LPZ and LPZ loaded
CD-MOF, respectively. Similar 15N CPMAS NMR spectra were recorded
at 8 kHz MAS frequency on a Bruker 600 SB NMR spectrometer using
a novel cryogenically cooled 3.2 mm HCN CPMAS probe (Biosolids Cry-
oProbe™) (Hassan et al., 2020). 528 and 122 888 transients were ac-
cumulated for LPZ and LPZ loaded CD-MOF, respectively. In all cases,
acquisition time is 20 ms. No apodization was applied on the LPZ spec-
trum, while a 30 Hz Lorentzian apodization was applied on 1°>N CPMAS
NMR spectrum of LPZ loaded CD-MOFs. All the samples were finely
ground into powders and packed into a zirconia rotor of the appropriate
size. The NMR spectra were acquired using TopSpin 3.5 Bruker Software
and processed with the DMfit program (Massiot et al., 2002).

2.5. Molecular simulation

The crystal structure of CD-MOFs was extracted from the single crys-
tal structure of MOF-1 as reported in the literature (Forgan et al.,
2012). In the docking model, an expanded non-periodic structure was
used, where the OH™ ion was replaced by H,O and the K™ ion was
deleted in PyMOL 2.2.0. The molecular structure of y-CD was extracted
from reported CD-MOFs structures (Forgan et al., 2012). The structure
of CTAB was obtained from the PubChem of National Center for Biotech-
nology Information (PubChem CID: 5974; https://pubchem.ncbi.nlm.
nih.gov). AutoDock was then applied using docking program AutoDock
Vina 1.1.2 (Allouche, 2012) to optimize their molecular structures.
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Lamarckian Genetic Algorithm (LGA) in combination with a
grid-based energy evaluation method was used to pre-calculate grid
maps according to the interatomic potentials of all atom types present
in the host and guest molecules, including the Lennard-Jones poten-
tials for van der Waals interactions and Coulomb potentials for elec-
trostatic interactions. A grid map of dimensions 30 A x30A x30A
and 10 A x 10 A x 10 A, with a grid spacing of 0.375 A, was placed
to cover the CD-MOF and y-CD models, respectively. With the help of
AutoDockTools (Zhao and Sanner, 2007), the atomic partial charges
were calculated by the Gasteiger-Marsili method (Gasteiger and Mar-
sili, 1980). The parameters used for the global search were an initial
population of 50 individuals, with a maximal number of energy evalu-
ations of 1,500,000 and a maximal number of generations of 50,000 as
an end criterion. Other docking parameters were set as default.

2.6. Thermal degradation analysis

Thermal decomposition of LPZ loaded CD-MOFs was investigated
using a PerkinElmer thermogravimetric analysis Fourier transform in-
frared spectroscopy (TGA-FTIR) system which consists of a TGA 4000
coupled to a FTIR (Spectrum Two) by TL8000 interface. Samples masses
ranging from 6 to 10 mg were heated from 25 to 600 °C at a rate of
10 °C/min in a N, atmosphere. The flow rate was approximately 60 mL/
min applied by the TGA 4000 internal mass flow controller and further
monitored by TL8000 to ensure the constant flow rate and avoid the
gas mixing in the cell. The heated line that transfers evolved gases from
the TGA to the FTIR was set at 260 °C and the IR gas cell was held at
270 °C. IR spectra were recorded with a 4 cm™ resolution in the range
of 4,000-500 cm~!. Pure LPZ and CD-MOF particles were used as con-
trols.

3. Results and discussions
3.1. Synthesis and characterization of LPZ loaded CD-MOFs

CD-MOFs crystals were successfully obtained displaying a crystalline
structure with regular cubic morphology and diameters around 5 pum
(Fig. 1A), in agreement with previously reported data (Li et al., 2017).
The (%)-LPZ or (R)-LPZ loaded CD-MOFs were prepared with a similar
procedure except the addition of the drug directly in the reaction mix-
ture composed of y-CD, KOH and CTAB.

LPZ was reported to degrade rapidly within 6-8 h in basic condi-
tions, especially at high temperature (e.g. 60 °C (Battu and Potta-
bathini, 2015) or 80 °C (Shankar et al., 2017)). In this study, LPZ
was incorporated in CD-MOFs at lower temperature (50 °C) and during
a 6 h procedure, in the presence of KOH (200 mM). LPZ was extracted
from the prepared CD-MOFs and its integrity was assessed by HPLC,
showing exactly the same retention time peak without the appearance of
degradation products, out ruling a possible degradation during CD-MOF
preparation. Possibly, CDs played a protective role, as it has been ob-
served in previous studies (Pasic, 2008).

Three complementary methods were used to assess drug loading: i)
elemental analysis (determination of “N” and “S” contents in loaded
samples) showed that the (+)-LPZ payload reached 21 + 2 wt% (Table
1); ii) HPLC-UV-vis allowed determining payloads of 22 *+ 2 wt% and
iii) ICP-MS showed payloads of 20 = 2 wt%. It was concluded that there
is a good agreement between the three methods. Moreover, no signif-
icant drug loading differences were observed when (R)-LPZ was incor-
porated instead of (#)-LPZ (less than 2% differences, as quantified by
ICP-MS, showing (R)-LPZ payload of 20 + 1.5 wt%). Interestingly, de-
spite the high LPZ loadings, the CD-MOFs’ morphology and size were
not affected by LPZ incorporation (Fig. 1B and C).

HAADF-STEM images confirmed the regular morphologies of the
CD-MOFs possessing sharp edges, loaded or not with the drug (Fig.
1D). When coupled with EDX, this method gave insights on the element
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Table 1

International Journal of Pharmaceutics xxx (Xxxx) XXX-XXX

Elemental analysis of CD-MOFs loaded or not with LPZ. Free LPZ and CTAB were used as controls.

Sample C (%) H (%) S (%) N (%) Br (%) LPZ (%) CTAB (%)
A? A A Bb A B A B

LPZ 51.8 + 0.4 33+03 9.1+03 8.7 £ 0.3 11.15 + 0.3 - 98 + 3(N) 100 + 3(S) -

CTAB 62.9 * 0.4 12.2 + 0.3 - - 3.8 = 0.1 22.4 * 0.5 - - 100 + 3 (N)
101 + 2 (Br)

CD-MOF 42.4 + 0.4 6.8 + 0.3 - - 0.6 * 0.1 3103 - - 14.8 = 3(N)
14.1 = 2(S)

LPZ loaded CD-MOF 42.0 = 0.4 5.5+ 0.3 2.0+ 0.3 2.1+ 0.1 2.6 + 0.1 0.3 + 0.1 23 + 3(S) 24 + 3(S) 0.05 + 0.02 (N)
1.4 = 0.5 (Br)

A: The experiments were performed with a combustion method using an elemental analyzer; B: The results were obtained by ICP-MS.

distribution inside the particles. The homogeneous distribution of K in
the CD-MOFs (Fig. 1E) indicates their homogeneity in terms of compo-
sition. Indeed, sulfur (S) is only present in LPZ and not in the CD-MOFs
matrix. Fig. 1F shows the high homogeneity in terms of drug distribu-
tion in the particles. Control samples (Fig. S1) shows that there is no
residual S in the empty CD-MOFs. Fluor (F) is a lighter element com-
pared to S, present in LPZ and not in CD-MOFs. Fig. S2 shows that this
element diffracted more at the particle edges in thick samples, as con-
firmed also by the mapping of C and O.

Thus, to circumvent possible artefacts due to the thickness of the
samples and gain deeper insights on the element distribution inside the
CD-MOFs, these were cut into slices of 100-200 nm thick and analyzed
again by HAADF-STEM. Fig. S3 shows the mapping of all the CD-MOF
components (F, C, O, S, K), supporting the homogeneous drug distribu-
tion within their structure.

It has been previously reported (Li et al., 2017) by some of us
that the Raman spectra of different individual CD-MOFs particles per-
fectly superimposed, suggesting the homogenous composition of the
drug loaded CD-MOFs particles. However, element mapping (Fig. S3)
gave even deeper and clearer insight.

As reported by Furukawa et al (Furukawa et al., 2012), the addi-
tion of CTAB during the synthesis of the particles is needed to control
their size and achieve regular cubic morphologies. However, no study
has been performed yet to elucidate the possible interference of CTAB
with drug loading inside CD-MOFs. To do so, CTAB residual amounts in
empty and loaded CD-MOFs was determined by both elemental analysis
and ICP-MS (Table 1).

As described in materials and method section, CTAB contains Br
and N, whereas CD-MOFs do not. Elemental analysis of control samples
(CTAB and LPZ) shows that their composition can be retrieved from el-
emental analysis data (Table 1). Therefore, the accurate quantification

A
CTAB
CD:CHCH; 1

CD: OH )"\~ " CTaB
CD-MOF /U ||

of Br and N in the synthesized CD-MOFs allows for determining their
residual CTAB content.

The amount of CTAB in empty CD-MOF crystals was as high as
15 = 1.4 wt% (corresponding to molar ratio of 2:3 between CTAB and
v-CD). This suggests that CTAB was incorporated in high amounts in
CD-MOFs, possibly poisoning crystals growing and thus allowing for the
formation of small crystals. Surprisingly, the amount of residual CTAB in
LPZ-loaded CD-MOFs was practically undetectable (less than 0.1 wt%)
despite the fact that the same amount of CTAB was used in the prepara-
tion procedure as in the case of empty CD-MOFs.

In contrast, the contents of LPZ in the CD-MOFs were similar,
whether CTAB was used or not in their preparation procedure (payloads
of 21 + 2 wt% and 23 *+ 2 wt%, respectively).

It can be concluded that the addition of LPZ during the CD-MOF for-
mation competed with CTAB, and LPZ substituted CTAB in the final par-
ticle.

3.2. Solid-state NMR characterization

Magic-angle spinning (MAS) solid-state NMR spectroscopy measure-
ments were performed in order to get further information about the in-
teraction of CTAB and CD-MOF as well as the modification of LPZ struc-
ture upon encapsulation.

3.2.1. Solid-state NMR characterization of CD-MOF

Fig. 2 displays the 1D 'H and '3C solid-state NMR spectra of pris-
tine y-CD and of the CD-MOF. The 'H MAS spectrum of y-CD shows a
single broad featureless resonance while the spectrum of the CD-MOF,
acquired under the same experimental conditions, contains three sets of
peaks: the hydroxyl protons at 5.20 ppm, the CH groups and the CHj
groups at 3.49 and 3.06 ppm, respectively (Bekiroglu et al., 2003).
IH-13C 2D NMR experiments validate our line assignment (Fig. S5).
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Fig. 2. TH MAS (A) and 13C CPMAS (B) NMR spectra of CD-MOF (top) and y-CD (bottom). The CTAB and CD molecules are shown on the right. The NMR lines are assigned.
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The lines corresponding to the y-CD appear narrower on the CD-MOF.
This might be due to the intrinsic porosity of the CD-MOF, which in-
creases the 'TH-'H distances, hence reduces the homonuclear dipolar in-
teraction and the linewidth. An additional set of peaks is noticed at
1 ppm which corresponds to the aliphatic protons of the CTAB used in
the CD-MOF synthesis and trapped in their final structure. This is con-
firmed by the 3C CPMAS NMR spectrum, which contains, in addition
to the peaks of the y-CD (at 102.2, 82.3, 73.5 and 61.8 ppm), peaks of
smaller intensity that correspond to the CTAB. This validates the incor-
poration of CTAB in the CD-MOFs detected by the elemental analysis
(Table 1).

TH-'H 2D MAS NMR homonuclear correlation spectra were recorded
to get further insights into the possible location of the CTAB in the
CD-MOFs. The 2D 'H-'H NMR spectrum of the CD-MOFs recorded
with a short mixing time (Fig. 3A) contains cross-correlation peaks of
high intensity between the CTAB and the CH/CH, of the y-CD, while
the intensity of the cross-peaks between the CTAB and the OH of the
y-CD are of a much smaller intensity. This is due to shorter distance
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of the CTAB with the inside protons of the y-CD, which indicates that
part of the CTAB is very likely located inside the y-CD cavity.

3.2.2. Solid state NMR characterization of LPZ loaded CD-MOF

The 'H and 13C MAS NMR spectra of LPZ loaded CD-MOFs were dis-
played in Fig. 4 along with those of pure LPZ. The first observation
was that the intensity of the CTAB resonances has strongly decreased (in
the 25 ppm region and slightly above 50 ppm), indicating that the drug
loading process has expelled most CTAB molecules from the system, as
observed by elemental analysis (Table 1).

Several 13C NMR experiments were performed to identify and quan-
tify the various carbon atoms (Fig. S6): a CP with short contact time
(50 ps) allows selection of the proton bearing carbon atoms while a
quantitative CP (Johnson and Schmidt-Rohr, 2014) allows the deter-
mination of the number of carbon atoms contributing to each 13C res-
onance (which can arise from the overlap of several C atoms). Care-
ful analysis of these experiments showed that all '3C resonances of the
drug are found in the LPZ loaded CD-MOF sample, supporting he HPLC
data which showed that the drug remained intact after the encapsula-
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Fig. 3. 'H-'H 2D MAS NMR correlation spectra of CD-MOF recorded with mixing time of 5 ms (A) and 10 ms (B). The dash lines indicate spatial proximity between the protons of the

CTAB and those of the y-CD.
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tion process, presumably because it was stabilized inside the MOF par-
ticles. Stability of LPZ inside the particles is further supported by the
13C liquid-state NMR spectrum of the CD-MOF dissolved in D0, which
shows the absence of degraded LPZ (Fig. S4).

Finally, the quantitative analysis 'H-'H and 'H-'3C 2D NMR data
(Fig. S7) indicate a ratio between the LPZ and y-CD close to 1:1, cor-
roborating the ICP-MS, elemental analysis and HPLC data.

One can notice that the 13C resonances corresponding to the car-
bon atoms C11 and C20 (overlapped with one CD resonance) of the LPZ
have different chemical shifts in the pure and loaded drug (Figs. 4 and
5). Notably, C11 and C20 are flexible sp® carbon atoms, the observed

C5 C6 (9 C11C12Cl4C15C16

Chemical Shift Variation (ppm)

Fig. 5. 13C chemical shift variation (ppm) of the carbon atoms of LPZ pure and loaded in
the CD-MOFs.
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shifts hence very likely correspond to a bending of the drug once it is
loaded in the CD-MOFs.

Besides C11 and C20, C5 and C6, which belong to the imidazole ring,
also show significant shift of their 13C resonance upon loading. These
shifts are correlated to the disappearance of the N-H proton of the pure
drug (*H chemical shift of 11.5 ppm Fig. 4A), when it is loaded in the
CD-MOF and with a strong shift of the 1°N resonance in the 15N CPMAS
NMR spectrum (Fig. 6). All these features indicated that the LPZ mole-
cules are deprotonated when loaded in the CD-MOF, possibly because of
their basic inner microenvironment.

Despite the relatively small amount of drug loaded (below 25%)
and broadness of the signals (due to chemical shift distributions), the
15N CPMAS NMR spectrum of the drug-loaded samples could be ob-
tained at natural abundance in less than 48 h due to significant signal
enhancement provided by the novel cryogenically cooled 3.2 mm HCN
CPMAS probe (see experimental section), while no signal could be ob-
tained in a week in an usual NMR spectrometer (Fig. S8). In formulated
drugs, significant 15N NMR sensitivity gain have been obtained using dy-
namic nuclear polarization (DNP-MAS) NMR (Ni et al., 2017). How-
ever, CD-MOFs are unstable in the solvents that are required for per-
forming DNP-MAS studies. Hence, the cryoprobe technology is so far the
only technology that allows probing the state of a low API content in
formulations that are not amenable to DNP-MAS NMR. Note that the CP-
MAS CryoProbe has been used so far for biomolecules (Hassan et al.,
2020), and we reported here its first use in the field of materials science.

Despite using a high magnetic field (20.0 T) and fast MAS (60 kHz),
the 'H MAS NMR spectrum of LPZ loaded CD-MOFs only showed broad
peaks with extremely low resolution (Fig. 4A and S9), hence 2D 'H-'H
NMR appeared of limited use. Therefore, to get insights into the inter-
actions between the drug and the CD-MOFs, we used the 1°F nucleus as
a spy. The advantage of 1°F is that there is only one fluorine atom in
the compound, which belongs to the drug. We therefore recorded, us-
ing a dedicated 'H-1°F-X probe, a 'H-1°F-13C double CPMAS NMR ex-
periment. The initial 'H-!°F was used to benefit from the shorter relax-
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Fig. 6. >N-CPMAS NMR spectra of pure LPZ and loaded LPZ showing the deprotonation of the imidazole ring upon drug loading in the CD-MOF.
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ation T; of 'H (shorter than 1 s) compared to the one of 1°F (>5 s). This
experiment allows the selection of the carbon atoms in the vicinity of the
fluorine atom. The resulting 13C NMR spectrum (Fig. 7) was compared
to the 'TH-'3C CPMAS NMR spectrum, in which all 13C atoms are present
(since both the drug and the y-CD have protons to transfer magnetiza-
tion to the carbon atoms). The spectra were normalized to the CD peak
at 73 ppm. In the 1°F-13C CPMAS, one can notice that the CF3 and C20
carbons of the LPZ have higher intensity, which is an expected result as
these are the closest C atoms to the 1°F nuclei. There is also a signifi-
cant signal for the 13C of the y-CD, indicating its close spatial proximity
to the drug. Among the 13C signals of the y-CD, the one labeled C6 in
Fig. 2 (which corresponds to the CH,OH) has higher intensity than the
other y-CD carbon atoms (Fig. 7). This indicates that the CFj3 is in close
contact with the CHyOH of the y-CD, i.e., the molecule is most probably
bend so that the CF3 groups get located outside of the CD cavity.

To investigate the fate of the LPZ molecules once incorporated in
CD-MOF crystals, the synthesized particles were characterized by VCD
spectroscopy. (R)-LPZ loaded particles were successfully synthesized,
reaching the payload of 20 + 1.5 wt%. Prior to the VCD spectra, IR
spectra was recorded for (R)-LPZ, empty CD-MOFs, and drug loaded
CD-MOFs. All the bands of CD-MOFs appear unmodified in the IR
absorption spectrum of loaded MOF, indicating that the structure of
the crystals was preserved after LPZ loading. Several intense bands of
(R)-LPZ also appeared in this spectrum, at 1167, 1267 and 1585 cm™!
(Fig. S11). They were not modified in frequency or intensity relative
to (R)-LPZ. This confirmed the successful drug loading in the particles.
In contrast, the region of other intense bands of (R)-LPZ, between the
bands at 1040 and 1115 ecm™}, was modified in the loaded CD-MOF rel-
ative to the pure drug (R)-LPZ. This observation points to a modification
of the structure of LPZ upon inclusion in the CD-MOFs.

The VCD spectra of (R)-LPZ, bare CD-MOF, and loaded CD-MOF
were recorded. As shown in Fig. 8, the spectrum of (R)-LPZ is intense,
of the order of 5 x 10™*. Indeed, intense VCD spectra are often ob-
served for crystalline samples. Most bands present in the VCD spectrum
of the drug-loaded MOF are due to the CD-MOF itself, further prov-
ing that the structure of CD-MOF was kept intact. For example, the IR
absorption band of (R) LPZ at 1167 cm™~! (shown in Fig. S11) corre-
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sponds to an intense negative band in the VCD spectrum of (R)-LPZ. Al-
though this band is observed in the IR absorption of loaded CD-MOF, it
is absent in its VCD spectrum. These data indicate again that the LPZ
structure was changed upon inclusion in CD-MOFs. HPLC and NMR data
clearly ruled out a possible degradation of the drug. A possible expla-
nation of VCD data could be LPZ deprotonation, as is suggested by the
solid-state NMR data.

3.3. Molecular simulation

Molecular simulation was carried out to gain insights into the com-
petition between CTAB and LPZ to insert into the available cavities of
CD-MOFs. First, the interaction of the two molecules with free y-CDs
were studied. Fig. 9 (A,B) shows that both LPZ and CTAB crouch in the
hydrophobic y-CD cavity [14].

In contrast, inside the CD-MOF structures, both LPZ and CTAB pref-
erentially locate in the y-CD pairs of CD-MOF rather than in the cage of
CD-MOF (yellow sphere in Fig. 9 C, D).

As shown in Fig. 9, part of the CTAB molecule is nonetheless lo-
cated inside the CD-cavity of CD-MOF, which is in agreement with the
'H-1H MAS NMR spectra reported in Fig. 4. When one LPZ molecule is
inserted in the system, the CF3 group tend to locate outside the y-CDs of
CD-MOF, in between two of them, which is also in agreement with the
19F.13C CPMAS NMR experiments.

LPZ possessed a stronger interaction free energy with both y-CD
(-5.3kcalmol™}) and CD-MOF (-7.5kcallmol™’) than CTAB
(-2.9 kcal-mol~! and —4.0 kcal-mol~! for y-CD and CD-MOF, respec-
tively).

In summary, the interaction free Gibbs energy of CTAB is weaker
than that of LPZ either with CD-MOF or with y-CD, which explains the
experimental observations that LPZ molecules are preferentially incor-
porated in the CD-MOFs when both CTAB and LPZ are used for their
preparation. This is likely due to the presence of more nonpolar alkyl
groups in CTAB than in LPZ. Moreover, simulations were performed to
study the competition between LPZ and CTAB molecules for the CD cav-
ities in CD-MOFs. To do so, one LPZ molecule and one CTAB mole-
cule was placed in contact with one CD Inside the CD-MOF. Based on
the free Gibbs energies AG and the Eq. (1), at a temperature of 300 K,
with R = 8.314 J mol™! K™! and e = 2.71828, the probability that LPZ

cD
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Fig. 7. 'H - 13C (red) and '°F — 13C (blue) CPMAS NMR spectra of LPZ loaded CD-MOF. The spectra are normalized to the '3C resonance of y-CD at 73 ppm. The lines are assigned. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. (A) VCD spectrum of (R)-LPZ (red), bare CD-MOF (blue), and (R)-LPZ loaded
CD-MOF (black), together with their absorption spectrum (B). The vertical scale of the
VCD spectra is multiplied by 10%. (For interpretation of the references to colour in this fig-
ure legend, the reader is referred to the web version of this article.)

forms an inclusion complex was 40 times higher than for the CTAB:CD
complex. This again supports the fact that during CD-MOF synthesis,
LPZ molecules replace CTAB ones and only trace CTAB is found in the
final LPZ-loaded CD-MOFs.

AG

K=e¢ = €y
3.4. Thermal stability of LPZ as free or encapsulated form

Once demonstrated that LPZ was embedded inside the y-CDs of the
CD-MOFs, it was interesting to study if this peculiar configuration allows
improving its stability inside the dried particles stored at room tempera-
ture up to three years. To do so, thermal decomposition was investigated
by TGA-FTIR analysis, combining the TGA ability to accurately and mea-
sure weight loss during heating and FTIR allowing to chemically identify
the nature of the gas evolved from the sample decomposition.

TGA weight loss thermograms and the corresponding derivative
curves (DTG) for LPZ, CD-MOF, and LPZ loaded CD-MOF crystals are
shown in Fig. 10A and B. Free LPZ degraded in two steps, with specific
temperatures of around 190 °C and 315 °C, respectively. Total IR ab-
sorbance spectra were recorded when these degradation events occurred
(Fig. S12). As illustrated in Fig. 10C, the FTIR spectra correspond-
ing to the first gas departure at 190 °C corresponds well to 2,2,2-tri-
fluoroethanol (CyH3F30). The FTIR spectra of the second departure at
around 315 °C showed bands at around 1476 cm™!, which were assigned
to the departure of LPZ aromatic rings (Fig. S13).
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In contrast to LPZ, CD-MOF crystals exhibited different thermal
degradation stages with two weight loss regions at around 55 °C and
300 °C. First gas departure at around 55 °C in CD-MOFs thermograms
was attributed to isopropanol traces (Fig. S14), as this solvent was used
to wash the particles. CD-MOF particles decomposed at around 300 °C.

Finally, three decomposition steps were observed for LPZ-loaded
CD-MOFs (Fig. 10, blue curves). The first departure corresponds to iso-
propanol traces, as in the case of empty CD-MOFs. The 2,2,2-trifluo-
roethanol vapor production corresponding to LPZ decomposition was
identified in both second and third departures (around 200 and 310 °C,
respectively). Remarkably, the departure of 2,2,2-trifluoroethanol from
LPZ-loaded CD-MOFs was dramatically delayed as compared to the pure
LPZ (190 °C & 310 °C for pure LPZ and LPZ-loaded CD-MOFs, respec-
tively). This delay corresponds to an increased in the stability of the
drug upon decomposition which could be attributed to its embedding
inside the CD-MOF matrix. These results are in line with the protective
effects of LPZ embedding in native CDs upon thermal decomposition of
LPZ (Lu et al., 2012).

4, Conclusion

LPZ-loaded CD-MOFs were successfully synthesized displaying regu-
lar cubic morphology, uniform size of around 5 pm and high LPZ pay-
loads up to 23 * 2 wt%, which corresponds to a molar ratio of 1:1 be-
tween LPZ and y-CD in the CD-MOFs. The drug was uniformly distrib-
uted inside the particles as assesses by STEM-EDX in the whole particles
and in thin slices of them. Solid NMR enabled deciphering drug loca-
tion and configuration inside CD-MOFs, which was well corroborated by
molecular simulations and VCD studies.

The drug LPZ was well incorporated inside the constitutive y-CDs
cavities of the CD-MOFs, filling practically all of them. LPZ competes
for the y-CDs with the CTAB surfactant used to modulate the size of the
CD-MOFs and replaces it, leading to the formation of crystals devoid of
CTAB, but maintaining their high LPZ payloads, which is an advantage
for biomedical applications.

Remarkably, the CD-MOF matrix protected the drug upon degrada-
tion, even after three years storage at room temperature.
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