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We elucidate two annealing assisted mechanochemical methods
to achieve one-pot encapsulation of anti-cancer drug 5-fluoro-
uracil (5-FU) in the iron-based MIL-100 metal-organic framework
(MOF). We compare the structural and physicochemical proper-
ties of drug@MIL-100 systems derived from in situ manual and
vortex grinding, where the former technique exhibits a slower
drug release due to stronger guest-host interactions.

There has been a rising interest in the advancement of
environmentally and biologically friendly synthesis methods
exploiting  supramolecular bonds to yield porous
frameworks." Notably, metal-organic frameworks (MOFs)
have gained significant importance in recent years due to
their viability as porous vessels for the creation of bio-
oriented guest@MOF composite systems, which hold promise
as an effective carrier for the controlled release of various
therapeutic molecules.>

A few studies have reported the use of mechanochemistry
for the synthesis of MIL-100 (Fe) and other MOFs, where a
milling technique has been used to accomplish neat or
liquid-assisted grinding to fabricate this porous material.®
The mechanochemical approach can help to mitigate the
harsh conditions (i.e. high-pressure and -temperature paired
with the use of nitric (HNO;) and hydrofluoric acids (HF))
conventionally applied in the synthesis MIL-100 (Fe), while
greatly reducing the use of toxic and costly organic solvents.*
The use of these noxious compounds in material synthesis
can hinder the prospective bioapplications of this promising
host framework.
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Although the mechanochemical synthesis of pristine MIL-
100 (Fe) material has been demonstrated before, one-pot en-
capsulation of guest molecules into this Fe-based MOF via
mechanochemistry is less understood. Specifically, for MOFs
such as MIL-100 (Fe) possessing highly accessible
coordinatively unsaturated metal sites (CUS) that act as a
strong binding site for guest drug molecules, the solvent-free
encapsulation method can eliminate the competition drug
molecules might face against the polar solvents for the active
binding sites.’ This is particularly relevant when compared to
most commonly applied ex situ encapsulation method, based
on the immersion of a pre-synthesized (host) MOF into a sat-
urated solution of the (guest) drug for encapsulation by a
slow diffusion process.®

In this work, we report the detailed fabrication of a
drug@MOF composite system using an annealing assisted
mechanochemical approach. We compare two different
methods (i.e. manual grinding (MG) vs. automated vortex
grinding (VG)) to accomplish the in situ encapsulation of the
anti-cancer drug: 5-fluorouracil (5-FU), within the pores of
the MIL-100 (Fe) host framework, producing the 5-FU@MIL-
100 composite systems. Details of the synthetic routes are
presented in the ESL.f We demonstrate its feasibility as a fac-
ile solvent-free one-pot strategy. We have selected 5-FU, a
commercial anti-cancer drug, as a model guest molecule due
to its structural characteristics (i.e. active polar sites) and its
hydrophilic character, preventing it from passing through cell
membranes without the aid of a drug delivery system.” Very
recently, we have reported ex situ drug encapsulation of MIL-
100 (Fe), where water-based reconstruction was employed to
improve framework crystallinity.® Our manual and vortex
grinding strategies were adapted from Stojakovic et al.® and
Han et al.® to enable in situ drug encapsulation, not yet dem-
onstrated in the former studies.

Fig. 1a-g illustrate the in situ encapsulation process. For
the manual grinding approach, all reactants (i.e. organic
linker H;BTC, iron nitrate, and 5-FU) were manually ground
using a mortar and pestle. We have designed and 3D-printed
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Fig. 1 In situ encapsulation of 5-FU and structural characterization of MIL-100 (Fe) and drug@MOF composites. (a) Schematic representation of
the manual grinding process used to fabricate 5-FU@MIL-100_MG. (b) 3D-printed holder designed for the vortex grinding process which was
cured under UV light (c) to enhance mechanical properties. (d) A propylene container was inserted into the holder and the assembly (e) was
installed on a vortex mixer. (f) 4 mm diameter stainless-steel spheres used for the fabrication of 5-FU@MIL-100_VG as schematically represented
in (g). (h) Schematic representation of guest-host interaction of 5-FU to the unsaturated iron sites of MIL-100. (i) PXRD patterns of MIL-100 (Fe)
and drug-loaded counterparts. (j) FTIR spectra of MIL-100 (Fe) samples measured in ATR mode. Asterisks mark the position of the 5-FU peaks. Col-
our scheme: iron in orange, carbon in black, oxygen in red, hydrogen in white, nitrogen in purple, and fluorine in green.

a customized holder to couple a standard polypropylene con-
tainer to an automatic vortex mixer (Fig. 1b-e). This setup
allowed us to apply a higher number of rotations per minute
via the vortex mixer, increasing the number of collisions in-
duced between the solid reactants and the stainless-steel
spheres (Fig. 1f and g).

Fig. 1h shows a schematic representation of the encapsu-
lation of the drug guest molecules, yielding guest-host inter-
action of 5-FU with the CUS located on the iron trimers of
MIL-100 (Fe) host to form the C=O-'Fe coordination. In-
deed, similar interactions involving organic molecules bind-
ing to the CUS of MIL-100 (Fe) have been reported.’* Fig. 1i
shows the powder X-ray diffraction (PXRD) patterns of pris-
tine MIL-100 (Fe) and drug@MIL-100 systems, confirming
the successful synthesis of crystalline MIL-100 (Fe) through
both annealing assisted mechanochemical approaches. The
effect of the different synthesis/encapsulation technique on
the material crystallinity has been monitored via analysis of
the PXRD data. The evolution of the relative peak intensity
corresponding to the two most intense Bragg peaks [ie.
(022):(357) ratio] (Fig. 1i) and the changes in the full width at
half maximum (FWHM) of the (022) peak at 20 = 4° (Fig. S1,
ESIt) have been monitored as a function of the grinding tech-
nique used. The ratios of the relative intensity of the
(022):(357) planes showed consistency across all the samples.
There was no significant difference found between the pris-

This journal is © The Royal Society of Chemistry 2020

tine samples of MIL-100 (Fe) MG and MIL-100 (Fe) VG. Simi-
lar results were observed in the drug-loaded counterparts.
However, further assessment of the samples crystallinity via
analysis of the FWHM of the (022) peak (Fig. S1a, ESIT) shows
that 5-FU@MIL-100_VG and 5-FU@MIL-100_MG present rela-
tively sharper peaks (higher crystallinity) compared with their
pristine counterparts. This might be attributed to the role
played by 5-FU molecules in the deprotonation of the H;BTC
organic linkers, because the nitrogen atoms of 5-FU are pro-
ton acceptor sites (see Fig. S1bt). The PXRD patterns of the
MG and VG samples before and after the annealing step are
shown in Fig. S2.f The comparison reveals that the mechani-
cal stress from grinding was responsible for the formation of
MIL-100 (Fe) structure, while the subsequent heat treatment
by annealing only helps to enhance the sample crystallinity.
Noteworthy, our result is different from that reported by
Kuroda et al.'®> who used the annealing step after mechano-
chemical grinding (of a coordination polymer) to yield a new
phase with a different crystalline structure. Conversely, we
found the basic structure of MIL-100 (Fe) has remained
unaltered after annealing (Fig. S27).

The attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) spectra of all the samples are presented in
Fig. 1j. The vibrational data allow us to investigate in detail
the chemical structure of the samples in the mid-infrared re-
gion. The characteristic bands of MIL-100 (Fe) (i.e. v(C-H) in
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the organic linker at 707 cm™" and 760 cm™, ¥(O-C-0O) and
5(0-H) at 1371 em™" and 1441 em ™', and v(C=O0) in the car-
boxylic group at 1623 cm')"® were detected, confirming
retainment of the chemical bond integrity after 5-FU loading
by both encapsulation techniques. The spectrum of the
unencapsulated 5-FU enables the identification of the drug
bands in the drug@MOF systems from experiments and the-
ory (density functional theory calculations) (Fig. S3t). The
spectra of 5-FU@MIL-100_MG and 5-FU@MIL-100_VG display
changes in the regions of 800-1300 ecm™ and 1680-1800
em™', in comparison to the spectrum of pristine MIL-100
(Fe), confirming the presence of drug molecules in the
drug@MOF assemblies. However, there are salient differ-
ences between the spectra of the two different drug-loaded
systems, indicating distinct guest-host interactions resulting
from the two encapsulation techniques. In 5-FU@MIL-
100_VG spectrum the modes at 945 cm™*, 995 em™, and 1140
em™ associated with 6(N-H) and v(C-N-H), respectively, are
evident. In contrast, in the 5-FU@MIL-100_MG spectrum
these modes are more suppressed while the vibrations at 810

11210 em™, and 1247 cm™, associated with J-ring and
V(C-F), respectively, are apparent (see Fig. S3 and S4 in the
ESIt for details and schematic representation of the vibra-
tional modes). These observations suggest the higher efficacy
of the manual grinding encapsulation process towards the
successful confinement of 5-FU drug molecules within the
MIL-100 (Fe) pores.

The level of guest encapsulation was evaluated by
Brunauer-Emmett-Teller (BET) surface area from N, adsorp-
tion isotherms (Fig. 2a), and further estimated by
thermogravimetric analysis (TGA) (Fig. 2b). The surface area
of the pristine MIL-100 (Fe)_MG (793 m* g™') and MIL-100
(Fe)_VG (753 m*> g™') are in good agreement with the values
of other reported mechanochemically synthesized MIL-100
(Fe) samples (Table S2, ESI{).*”'*'* We have determined the
drug loading in 5-FU@MIL-100_MG and 5-FU@MIL-100_VG
to be 20.2 wt% (0.25 g/g MOF) and 18.3 wt% (0.22 g/g MOF),
respectively. The BET surface area of the drug@MOF samples
was found to be greatly reduced to 333 m> g™* (reduction of
~58%) and 697 m” g™' (reduction of ~7.5%), respectively.
These results further indicate that although the vortex grind-
ing is very effective for the synthesis of pristine MIL-100 (Fe)
MG, the manual grinding process appears to be more effi-
cient for the encapsulation of 5-FU within the MOF pores. As
indicated by the FTIR vibrational data, we hypothesize that
the C=O0---Fe coordination strongly limits the displacement
of nitrogen atoms, thus suppressing the §(N-H) and v(C-N-
H) modes in 5-FU@MIL-100_MG (Fig. 1j). Conversely, the
identification of drug molecule “free” motions in the
5-FU@MIL-100_VG spectrum suggests that 5-FU molecules
could be adsorbed onto the external surfaces of the MIL-100
crystals by weaker intermolecular interactions (e.g. n-n inter-
actions between 5-FU and BTC linker).

An increase in the thermal stability of 5-FU@MIL-100_MG
and 5-FU@MIL-100_VG was observed when compared to
MIL-100 (Fe) MG and MIL-100 (Fe) VG samples (see Table S3
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Fig. 2 (a) Nitrogen adsorption (filled symbols) and desorption (empty
symbols) isotherms of MIL-100 (Fe) and drug loaded counterparts. The
comparison between samples under study shows clear decrease in ac-
cessible surface area upon guest encapsulation. (b) TGA plots of MIL-
100 (Fe) samples and drug@MOF composites showing material decom-
position as a function of increasing temperature. Insets show the de-
rivative weight change with respect to temperature. Note that the de-
crease of the temperature in the TGA plots over 300 °C is due to
highly exothermic process related to the departure of the organic
linker, exceeding the set program temperature. The furnace tempera-
ture thus decreases in order to follow the initial program
temperature.®

in the ESIf for further detail). This can be attributed to the
improved crystallinity presented by the drug@MOF systems
in comparison to their pristine counterparts (see Fig. 1i).

The samples morphology was examined via scanning
electron microscopy (SEM) as presented in Fig. S5 and S6.f
SEM images show no significant changes upon 5-FU loading.
The nature of the grinding process appears to favour the for-
mation of fragmented aggregates of MIL-100 (Fe) crystals,
which have a non-uniform size distribution (ca. 2-30 pm).

Fig. 3 shows results of the drug release study of 5-FU from
MIL-100 (Fe), conducted in a phosphate buffered saline (PBS)
of pH 7.4 used to simulate physiological conditions. We
tracked the evolution of the 266 nm absorption band of 5-FU
using UV-vis to construct a calibration curve (Fig. 3a and b)
to determine the cumulative release of the drug molecules.
Drug release profiles obtained for the drug-loaded samples
are presented in Fig. 3c. Interestingly, 5-FU@MIL-100_MG
shows a significantly slower release of 5-FU. During the first
release stage (initial 5 hours), we detected a drug release of
~60% from the vortex grinding sample in comparison to

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Drug release studies. (a) UV-vis spectra collected for 5-FU solu-
tions at different concentrations, highlighting the 5-FU band at 266 nm
used to establish the calibration curve presented in (b). The calibration
equation was used to transform the UV-vis absorbance into the cumu-
lative drug release. (c) Drug release profiles of 5-FU@MIL-100_MG (red
trace fit) and 5-FU@MIL-100_VG (blue trace fit) revealing the cumula-
tive release over a period of 72 hours.

~26% released from the manual grinding counterpart. The
percentages were calculated by considering the total loading
of the drug in the drug@MOF systems, determined by TGA.
The second release stage (i.e. up to 72 hours) happened in a
considerably slower fashion, which stabilizes after 48 hours.
62% and 34% of the 5-FU loaded into 5-FU@MIL-100_VG
and 5-FU@MIL-100_MG were released, respectively. Fitted
curves of the release profiles revealed that the release process
follows a generalized hyperbolic curve for both samples (see
Table S4 in ESIt for further details). We assessed the stability
of the host framework during the release experiments (Fig.
S7 and S87) to ensure the ongoing stability of the host mate-
rial during the release of the guest molecules. UV-vis spectra
of the supernatant of MIL-100 (Fe) in PBS (Fig. S81) show no
changes in the absorbance bands associated with the MIL-
100 host during the drug release measurement. Likewise,
PXRD patterns of the host collected after the release experi-
ment (Fig. S7at) display no signs of MIL-100 (Fe) degrada-
tion. The FWHM measured before and after the release pro-
cess (Fig. S7bt) shows a slight broadening of the (022) peak.
However, no evidence of amorphization was found.

The data from the 5-FU drug release study indicate that
the manual grinding technique provides a more effective
nanoconfinement of 5-FU within the pores of MIL-100 (Fe),
while the vortex grinding approach appears to yield weaker
guest-host interactions due to adsorption of guest molecules

This journal is © The Royal Society of Chemistry 2020
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outside the cages of the host framework. Specifically, this ex-
plains the large difference in the amount released in the first
hour (doubling that of the vortex ground sample). A slower
diffusion at the molecular level throughout the pores is usu-
ally associated with strong guest-host interactions.’® Conse-
quently, the slower release kinetics of 5-FU from 5-FU@MIL-
100_MG indicates stronger guest-host interactions, further
supporting the notion that the 5-FU molecules are bound to
the CUS through C=O0---Fe coordination. The conditions for
the establishment of such strong coordination seem to be
favoured by the continuous and homogenous grinding pro-
vided by the manual grinding approach but disfavoured by
the localized collisions that occur during the vortex grinding
process (see ESIt for further discussion, section 3.8).

In summary, we have demonstrated that mechano-
chemistry offers new opportunities for the fabrication of
complex MOFs such as MIL-100, and more specifically it is a
promising strategy for the nanoconfinement of guest drug
molecules within the MOF porosity. By leveraging two
annealing assisted mechanochemical based techniques (i.e.
manual and vortex grinding) for the encapsulation of 5-FU
anti-cancer drug in MIL-100 (Fe), we show modifications in
the vibrational behaviour of each drug@MOF assembly, re-
vealing the underpinning intermolecular interactions arising
from each encapsulation technique. The outcomes are
reflected in the release kinetics of 5-FU from the MIL-100
host, in which the stronger guest-host interactions of the
manually ground system led to a slower release of the 5-FU
drug. Finally, we found that while the vortex grinding ap-
proach demonstrated is very effective for the fabrication of
pristine MIL-100 (Fe), a manual grinding/milling route yields
the enhanced incorporation of drug guest molecules in the
MOF pores. Nevertheless, we acknowledge the limitations un-
derlying the reproducibility of the manual grinding approach.
The reported findings serve as a proof of concept, to illustrate
how different mechanochemical environments can give sig-
nificantly different outcomes in the quest of fabricating a
drug@MOF composite system. Crucially, one should appreci-
ate the complexity underpinning the mechanochemical route,
where a deeper understanding of the mechanism of incorpo-
ration and the role of mechanical stresses (e.g. shear, colli-
sion impact, viscous response) are warranted to precisely con-
trol the capture of drugs and other large guest molecules.
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