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Abstract: Nanoparticles of metal-organic frameworks (MOF NPs) are crystalline hybrid micro- or
mesoporous nanomaterials that show great promise in biomedicine due to their significant drug
loading ability and controlled release. Herein, we develop porous capsules from aggregate of
nanoparticles of the iron carboxylate MIL-100(Fe) through a low-temperature spray-drying route. This
enables the concomitant one-pot encapsulation of high loading of an antitumor drug, methotrexate,
within the pores of the MOF NPs, and the collagenase enzyme (COL), inside the inter-particular
mesoporous cavities, upon the formation of the capsule, enhancing tumor treatment. This association
provides better control of the release of the active moieties, MTX and collagenase, in simulated body
fluid conditions in comparison with the bare MOF NPs. In addition, the loaded MIL-100 capsules
present, against the A-375 cancer cell line, selective toxicity nine times higher than for the normal
HaCaT cells, suggesting that MTX@COL@MIL-100 capsules may have potential application in the
selective treatment of cancer cells. We highlight that an appropriate level of collagenase activity
remained after encapsulation using the spray dryer equipment. Therefore, this work describes a
novel application of MOF-based capsules as a dual drug delivery system for cancer treatment.

Keywords: MOF capsules; dual release systems; enzyme encapsulation

1. Introduction

Metal-organic frameworks (MOFs) are crystalline hybrid porous materials comprised
of metal ion nodes and organic linkers with exceptional structural and chemical diversity.
These have gained significant attention for various applications (e.g., separation, catalysis,
sensing, etc.) due to their attractive properties, which include high porosity, large surface
area and structural stability [1-3]. In biomedicine, biocompatible MOFs are attractive
candidates, particularly for drug delivery and imaging, due to their record drug loading
and, in some cases, controlled delivery under body fluid conditions [4].

Biocompatible MOFs possess pore sizes typically within the micro- or mesoporous
domain, e.g., within the 0.3-4 nm range, which restrict their ability to encapsulate large
bioactive molecules, such as proteins. Capping of the external surface of MOF NPs is still a
possibility, but such a strategy is associated both with challenges in surface modification to
avoid any burst release as well as loading limitations. Therefore, to overcome this, develop-
ing new drug delivery systems (DDS) comprising MOF capsules has been proposed very
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recently due to their desirable properties, including large cavities, selective permeability
and high stability [5,6]. This hierarchical system allows the incorporation of a large amount
of a drug while enabling the loading, within the capsule, of a significant amount of macro-
molecules, such as proteins, carbohydrates, lipids, nucleic acids and enzymes. This enables
the drug to be administered in combination with a bioactive molecule that acts in synergy,
such as a drug and a protein, thereby increasing the efficiency of the treatment.

MOF capsules with a controlled chemical composition can be synthesized using
several methods, including solid mold [7], liquid mold [5] and Pickering emulsion [8].
Such techniques are indeed not suitable for preparing a large amount of sub-micrometric
capsules. For instance, the use of emulsion to synthesize capsules is far from being straight-
forward to directly prepare reproducible capsules based on MOF NPs due to the complexity
of preparation using polar/nonpolar solvents and surfactants as well as stability issues.
Besides these limitations, the synthesis of MOF capsules still suffers from many additional
challenges, such as achieving good chemical and mechanical stability, without any coales-
cence as well as a robust simple and scalable production method of capsules associated
with a controlled superstructure.

The spray-drying method offers many advantages to sort out these issues. This method
allows the production of chemically homogeneous droplets containing pre-formed MOF
NPs with no need for any additional immiscible toxic solvents, surfactants, polymers or
the use of sonication [9]. Herein, we have selected spray-drying as a rapid, low-cost and
scalable green route for the synthesis of MOF capsules of a sub-micrometric size with
controlled hierarchical porosity. The technique has previously been used to produce dry
suspensions, encapsulate biomolecules for pharmaceutical applications [10] and synthesize
MOF NPs [11,12], and it is also suitable to develop a spherical hierarchical pore system
from a suspension of dispersed MOF NPs to produce small-size MOF NPs capsules. Fur-
thermore, spray-drying is a common technique used for the encapsulation of drugs and
bioactive molecules in materials capable of protecting them and increasing their stability,
releasing them in a controlled manner in the body, with the possibility of association with
other drugs [13].

Among all the MOFs nanocarriers reported to date, the mesoporous iron trimesate
MIL-100(Fe) (MIL stands for Materials from Institute Lavoisier) is one of the most promis-
ing MOFs in biomedicine due to its very high porosity, open metal sites as well as its lack of
toxicity due to its bio-friendly composition and biodegradable character [14,15]. Previous
studies indicated that MIL-100(Fe) NPs are stable in aqueous and ethanolic solution but de-
grade progressively in simulated biological media, particularly at pH 7.4 [16,17]. However,
we hypothesize here that aggregating MOF NPs to form a porous capsule by spray-drying
can interfere with the rate of degradation of the nanoparticles, and, thus, the release of
the drugs, while enabling the enzyme to be incorporated within the additional mesopores
from the capsule (interparticular and internal cavities). Moreover, the MIL-100(Fe) micronic
capsules should be ideal candidates for oral or intraperitoneal administration routes but
are not suitable for intravenous administration [18]. The closer system reported in the liter-
ature is a simple composite material made of ~125 nm MIL-100(Fe) submicronic particles,
aggregated with carbohydrates by spray-drying [19].

Herein, we propose the synthesis and processing of MIL-100(Fe) hierarchical sub-
micronic capsules as a dual drug delivery system coupling an efficient anticancer drug with
an enzyme, potentializing the drug efficiency in vivo. The material reported and tested
here is structurally more sophisticated than previously described spray-dried MOFs. The
encapsulated drug and enzyme are localized in different porous cavities of the capsule in
order not to interfere in terms of loading while slowing down their release. Methotrexate
(MTX) is an antimetabolite chemotherapeutic agent specific for growing cell populations,
such as tumor cells; collagenase (COL) is an enzyme that also acts as a protector against
tumor progression and metastasis due to its ability to enhance degradation of the dense ex-
tracellular matrix (ECM) surrounding tumor cells. MTX was encapsulated in the mesopores
of MIL-100(Fe) NPs from an aqueous solution prior to the uptake of collagenase directly
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into the interparticular cavities of MOFs colloids during the formation of the MIL-100
capsules by spray-drying. This resulted in the formation of MTX@COL@MIL-100 capsules
that may have a potential application in the selective treatment of cancer cells.

2. Results

In order to prepare the MIL-100(Fe) capsules, preformed MIL-100(Fe) NPs were syn-
thesized separately at ambient temperature, as previously reported by our group [20]. All
characteristics were, on the whole, in agreement with previous results, including a BET
surface area of 1300 m? g~!. The nanoparticles exhibited a mean diameter of 80 + 30 nm,
as determined by dynamic light scattering (DLS) (Figure S1), 66 £ 12 nm, as determined
by transmission electron microscopy (TEM) (Figure 1D) associated with a  potential
(deionized water) of —24 + 0.6 mV, consistent with the literature [16,17]. Furthermore,
the nitrogen physisorption of MIL-100(Fe) NPs exhibited BET surface area and BJH pore
size distribution according to what was previously reported in the literature, as shown in
Figure S2.

100 nm

Figure 1. (A) and (B) field emission gun scanning electron microscopy (FEGSEM), (C) transmission
electron microscopy (TEM) images of capsules and (D) MIL-100(Fe) NPs on the capsule surface.

The resulting MIL-100(Fe) capsules preserved the crystallinity of MIL-100, as con-
firmed by PXRD and FTIR studies, in comparison with the pre-formed MIL-100(Fe) NPs
(Figures S3 and S4). Nitrogen physisorption measurements on the capsules indicated
a porosity similar to that of the bare nanoparticles, with a measured surface area of
1613 m? g~!, with micropore and mesopore volumes of 0.64 (calculated via t-plot) and
0.85 cm? g~ (calculated via BET).
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A complete study of the morphology and structure evolution of the MIL-100(Fe)
capsule was performed by electron microscopy. The SEM and TEM images of MIL-100
capsules, shown in Figure 1, confirm the homogeneous non-hollow materials and reveal
the absence of any significant cracks or defects.

Figure 1A,B show the external structure of the spray-dried capsules. SEM shows
that the latter exhibit a spherical shape with an average diameter of 800 nm, as shown
in Figure S5. In addition, the constitutive MIL-100(Fe) NPs exhibit the same size and
morphology as the bare nanoparticles, being ca. 70 nm in diameter, as shown in Figure 1D.

In order to further investigate the microstructure of the capsule, focused Ga* ion
beam (FIB) SEM analysis was carried out. Hence, FIB/SEM is an ideal combination of
high-resolution nanoparticle imaging slices. A slice of the capsule was first produced,
leading to a plane cutting through it, and imaging evidenced the presence of large cavities,
as shown in Figure 2.

Figure 2. Focused ion beam scanning electron microscopy (FIB-SEM) of a MIL-100 capsule slice.

After complete characterization of the material, the drug MTX and the collagenase
enzyme were incorporated into the MIL-100 capsule. The crystalline structure of the MOF
remained intact after the loading experiments with little changes in the PXRD patterns in
comparison with the starting nanoparticles (Figure S6A) [14].

The presence of MTX and collagenase in the structure of the capsule was further
confirmed by FTIR spectroscopy (Figure S6B). The spectrum of the MTX@COL@MIL-100
capsule (blue line in Figure S6B) shows bands of the drug, such as the one at 1616 cm™!
attributed to the C=0 stretching mode of MTX molecules. In addition, a band at 1504 cm~ L,
attributed to N-H bending of the amidic group, as well as the one of the -C-O stretching of
the carboxylic group of MTX, was displaced from 1268 cm ™! for the encapsulated material.
The IR spectrum of the MIL-100 capsules (red line in Figure S6B) was also similar to that
of the MIL-100 capsule with collagenase (blue line in Figure S6B), except for the latter
additional band characteristics of the enzyme, i.e., amide I at 1651 cm! (mainly from C=0
stretching), amide IT at 1547 cm~! and amide IIT at 1238 cm ™. This confirmed the presence
of collagenase in the MOF capsule, even after the washing steps.

The porosity of the capsule was also analyzed by N porosimetry and compared with
bare MIL-100(Fe) nanoparticle and also before and after the encapsulation, as shown in
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Figure 3. Figure 3B compares the pore size distribution (PSD) of the MIL-100(Fe) capsules
and the different loaded samples prepared. The two peaks correspond to the pore diameter
of MIL-100(Fe) meso- and micro-sized internal cavities (~2.4 and 1.58 nm).
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Figure 3. Nitrogen sorption isotherms (A) and pore size distribution curves (B) at 77K (Po = 1 bar) of
MIL-100 capsules (black), MTX@MIL-100 capsules (blue) and MTX@COL@MIL-100 capsules (red).

The SEM and TEM micrographs of the MTX@COL@MIL-100 capsule are shown
in Figure 4. The MIL-100 capsules showed well-defined particles with a homogenous
density, while moderately electron-dense spots could be seen through the MTX@COL@MIL-
100 capsule (Figure 4B), possibly associated with the presence of collagenase (or MTX
agglomerates) inside the MOF capsules.

Figure 4. (A) field emission gun scanning electron microscopy (FEGSEM) and (B) transmission
electron microscopy (TEM) images of MTX@COL@MIL-100 capsule.

The MTX entrapment efficiency (EE%) in MIL-100 NPs was 50.3%. The structural
integrity of the MOF was kept after encapsulation of MTX, while the residual porosity was
low due to the drug loading (see characterizations in the Supplementary section).
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In a second iteration, MTX@MIL-100(Fe) NPs were added to a collagenase ethanolic
suspension and the mixture was pumped into a spray dryer. The liquid fed into the spray
dryer produced fine atomized droplets. These droplets were injected into a drying gas
chamber, where vaporization occurred with outlet air temperature of 45 °C. Considering
that the residence time in the drying chamber is between two and three seconds (estimated
from the dry air flow rate and the volume of the drying chamber), the drying process
has a small impact and should not significantly denature the collagenase [21], which
was confirmed by the enzymatic activity experiment. After drying, MTX@COL@MIL-100
capsules were formed. The EE% of collagenase in the MIL-100 capsules was 91.74%, which
demonstrates the high encapsulation yield of this process. We, therefore, demonstrated the
ability of these MOFs capsules to be a high loading dual delivery system for active drugs
and enzymes, collagenase and MTX in this case. During this step of the experiment, we
carefully prepared capsules by spray-drying in a maximum period of 30 min, considering
that MTX would almost not be released during this process, as shown in the MTX release
curve in Figure 5.
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Figure 5. Release profiles of MTX at 37 °C from MIL-100(Fe) NPs and MIL-100 capsules in PBS at
pH 7.4 (A) and pH5 (B).

At pH 7.4 (Figure 5A), the drug release from MTX-loaded capsules exhibits a lower
degree of initial burst release when compared to the bare nanoparticles and, furthermore,
the drug continues to be released from the capsule after this period. In addition, the
cumulative drug release within 48 h reaches approximately 93% for the MIL-100 NPs,
against ca 50% for MIL-100 capsules. Nanoparticles have very large surface area to volume
ratios compared to the capsules, and, therefore, the hierarchical packing of MIL-100(Fe)
colloids into capsules can slow down the MIL-100(Fe) degradation from the phosphate
anions present in the medium associated with the drug release, ultimately resulting in
slower MTX release. At pH 5.0 in the first 4 h, only 12% and 21% of the drug were released
from the MIL-100 capsules and the bare nanoparticles, respectively, while the maximum
amounts of MTX released from the MIL-100 capsules and bare nanoparticles after 48 h were
only about 24% and 34%, respectively.

The collagenase release profiles from collagenase-loaded MIL-100 capsules (pre-loaded
with MTX) at pH 7.4 and pH 5 are shown in Figure 6.
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Figure 6. Collagenase release profiles from free enzyme and collagenase-loaded MIL-100 capsules at
pH7.4 (A)and pH5 (B).

In detail, one can observe a tiny burst release at the early stage of the delivery, with
about 15.4% of the collagenase released from the MIL-100 capsules within the first 8 h.
Between 8 and 12 h, the release profile was stabilized, and, after 12 h until the end of the
assay (72 h), an 18% increase in the enzyme release was observed. At pH 5.0, the initial
burst release was decreased to only 3.8%, while, after 24 h, the maximum amount released
was only 26.9%, which is 8% less than the value obtained at pH 7.4. The tumor tissue
environment is moderately acidic compared to healthy cells; therefore, a pH-responsive
drug delivery system may reduce the undesirable effects related to drug transport in blood
circulation and improve anticancer drug delivery to the tumor tissue.

The kinetic MTX and COL release profiles were further fitted using the following
mathematical models, using the Sigma Plot10.0 software (Systat Software, San Jose, CA,
USA): Korsmeyer—Peppas, Higuchi, Hixson—Crowell, first order and Weibull. The kinetic
release values are shown in Tables S3-S5. The MTX and COL release from the MIL-
100 NPs and MIL-100 capsules at both pH values showed a strong correlation with the
Korsmeyer-Peppas model. Values of 1 between 0.45 and 0.89 represent cases of anomalous
or non-Fickian transport.

In vitro activity experiments were carried out to verify the properties of the dual
MOF capsule carrier system. The enzymatic activity of collagenase released from the
MTX@COL@MIL-100 capsule on gelatin degradation was first measured, as shown in
Figure 7. It was found that pure gelatin solidifies back to a hydrogel at 4 °C (group 1).
In addition, gelatin could still form a steady hydrogel at low temperature even after co-
incubation with empty MIL-100 capsules (group 2), free MTX (group 5) and MTX@MIL-100
capsules (group 6) for 24 h, indicating that these samples could not degrade gelatin. How-
ever, gelatin co-incubated with free collagenase (group 4) remained in a liquid state after 3 h,
while the one co-incubated with COL@MIL-100 capsule (group 3) or MTX@COL@MIL-100
capsule (group 7) maintained a liquid state for between 12 and 24 h from the beginning of
the assay.
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12h

24h

Figure 7. Gelatin solution cocultured with each sample at 37 °C and then stored at 4 °C for 3, 12
or 24 h; (1) pure gelatin; (2) MIL-100 capsule; (3) COL@MIL-100 capsule; (4) collagenase; (5) MTX;
(6) MTX@MIL-100 capsule and (7) MTX@COL@MIL-100 capsule.

To confirm the possibility of using this system for drug delivery, cytotoxicity tests
were performed using the resazurin assay, which estimates the metabolic activity of living
cells by the quantitative conversion of the reagent into a fluorescent indicator. These tests
were carried out between concentrations of 0.586 nug/mL and 150 pg/mL, and the ICs5 and
selectivity index (SI) values obtained in this study are shown in Table 1.

Table 1. Results of the ICsq (1ug/mL) and selectivity index (SI).

IC50 SI
Sample

A-375 HaCaT HaCaT/A-375
MTX 10.37 5.1 >150.00 = 0.0 >14.46
MIL-100 capsule 69.33 5.5 >150.00 4 0.0 >2.16
MTX@MIL-100 capsule 16.29 + 2.0 >150.00 &= 0.0 >9.21
MTX@COL@MIL-100 capsule 13.06 =79 >150.00 = 0.0 >11.48
COL@MIL-100 capsule 18.99 £+ 14.7 >150.00 4 0.0 >7.90
Collagenase >150.00 4 0.0 >150.00 & 0.0 1
DMSO >150.00 = 0.0 >150.00 = 0.0 1

All the samples revealed toxicity (ICsq values) in the A-375 cell line; however, for the
normal cell line, HaCaT, no toxicity was observed, even at the highest concentration tested,
confirming its safety. The hollow MIL-100 capsule showed an ICs( value of approximately
70 ug/mL for the A-375 cell line, and, after encapsulation of MTX or collagenase, the ICs
decreased, as expected, to 16 and 19 pg/mL, respectively. Furthermore, the ICs value for
the capsule with the dual encapsulation of collagenase and MTX was 13 pg/mL for the
tumor cell line, in agreement with a synergetic effect of both MTX and collagenase.



Int. J. Mol. Sci. 2022, 23,7670

9of 15

3. Discussion

The synthesis of the MOF capsule was possible due to some intrinsic properties of
MIL-100(Fe) NPs. Therefore, the negative surface charge, attributed to the free carboxylate
groups from the trimesic acid linkers exposed on the outer surface of the MOF NPs,
suggests that electrostatic repulsion forces helped to avoid rapid aggregation on the capsule
formation process during the spray-drying.

The spray-drying method enabled the formation of hot water droplets containing
the MIL-100(Fe) NPs and the drugs loaded. The process starts with the atomization of
the precursor solution to form micron- and submicron-size droplets using a two-fluid
nozzle (mixing fluid and air). Precursor droplets came into contact with a turbulent
hot gas stream with outlet air in 45 °C, promoting a rapid solvent evaporation. In each
droplet, all the constituents move both by diffusion and convection, while the droplet
diameter decreases with evaporation, resulting in the rapid formation of capsules made of
MIL-100(Fe) NPs stacked concentrically with each other. To benchmark our spray-drying
technique with results previously reported by some of us [11], we initially focused on
the most important input parameters, such as the solid concentration (1 mg-mL~!), the
drying gas inlet temperature (80 °C), the solvent type (ethanol) and the drying gas flow rate
(0.05 mL-min~!), aiming to form nano-micrometric and spherical capsules. The adjustment
in the gas inlet temperature influences the evaporation rate, thus transfer of suspended
constituents from the surface to the deepest area inside the drop, and this can create hollow
spaces in the particle. In this study, the temperature used, outlet temperature of 45 °C, was
judiciously low, high enough to evaporate the aqueous suspension and low enough for
limiting the degradation of the enzyme [22].

The TEM and SEM images, as shown Figures 1 and 4, confirm that the selected
low-temperature spray-drying conditions enabled the gentle aggregation of pre-formed
MIL-100(Fe) NPs without using emulsion, most commonly used in the literature [12,23].

We highlight here that this processing procedure produces non-hollow particles, which
allows adjusting the final particle size simply by adjusting the concentration of the MIL-100
nanoparticle suspension. This point is of crucial importance for it allows easily tuning the
aerodynamic diameter of the particles if optimized lung delivery is targeted, which is not
the case in the article previously reported, in which dextran and alpha cyclodextrine/MIL-
100 spray-dried particles, as reported previously, are hollow and, thus, for which the density
is not a priori predictable and changes with the particle diameter [19]. In addition, nitrogen
physisorption measurements, shown in Figure 3 and S2, confirmed that the spray-drying
process does not affect the textural quality of the previously synthesized MOFs. The N,
sorption isotherm of the MIL-100 capsules is associated with a combination of the intrinsic
micro/mesoporosity of the bare nanoparticles and the additional interparticular porosity
of the voids between the nanoparticles aggregates delimiting the capsules. The FIB/SEM
of the capsule slice also showed large cavities (Figure 2), which are of a strong interest for
carrying large active biomolecules, such as collagenase.

These cavities, combined with the intrinsic micro/mesopores from the MIL-100 consti-
tutive particles, comprise a promising hierarchical pores carrier for the controlled delivery
of a large variety of drugs and biomolecules to treat cancer. As a proof of concept, we first
selected MTX, a folate antimetabolite and potent anticancer molecule that interacts with
the reduced folate carrier and the folate receptor, which is overexpressed on the surface of
several types of cancer cells [24,25]. Furthermore, to take advantage of the large voids from
the capsule, we also selected the COL, which is part of a group of enzymes called proteases
that have the ability to hydrolyze peptide bonds. These enzymes are used in cancer thera-
pies to degrade extracellular proteins and tumor cell growth factors, thereby preventing
tumor progression and metastasis [26]. Therefore, this MOF-based capsule system with a
multi-modal porosity represents a promising strategy to associate two bioactive molecules
into a single material, known as a dual delivery system [27,28].

The MTX encapsulation was higher than what has been previously reported in the
literature by other nanocarriers. For example, Trotta et al. reported an EE% in liposomes
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of 39.6%, while another group showed an EE% of only 10.2% for silver nanoparticles
coated with PEG [29]. These results confirm the excellent capacity of MIL-100 NPs to
incorporate a large amount of this drug. The structural integrity of the MOF was maintained
after encapsulation of MTX, while the residual porosity was low due to the drug loading
(Figure S6 and Table S2). Besides that, the high encapsulation of collagenase in the MIL-100
capsules demonstrates the ability of these MOFs capsules to be a high loading dual delivery
system for active drugs and enzymes, collagenase and MTX in this case.

The porosity of the capsule analyzed by N, porosimetry properties (please see Table 52)
showed a decrease in the specific surface area of the capsule, which can be justified by the
incorporation of a large amount of MTX and collagenase. Besides that, the incorporation of
the drug and collagenase led to an even stronger decrease in pore volume, as expected.

The SEM and TEM micrographs of the MTX@COL@MIL-100 capsule, presented in
Figure 4, show that the spherical morphologies of the capsules were maintained after drug
and enzyme encapsulation.

In drug release experiments, whose results are shown in Figures 5 and 6, the higher
release in MIL-100 NPs is justified by large surface area to volume ratios compared to the
capsules, and, therefore, the hierarchical packing of MIL-100(Fe) colloids into capsules can
slow down the MIL-100(Fe) degradation from the phosphate anions present in the medium
associated with the drug release, ultimately resulting in slower MTX release. At pH 5.0,
an even slower and lower MTX release rate is observed in comparison with the profile at
pH 7.4, as expected from these iron MOFs that are more stable under acidic conditions.
Briefly, the amount of drug released in a more acidic environment was approximately
half the amount of drug released at pH 7.4. This is mainly due to the greater stability of
MIL-100 in an acidic medium, which is in line with previous studies that showed that MOF
NPs progressively release their ligand in neutral PBS, whereas, in acidic conditions, the
degradation kinetics was much lower [16,17]. Therefore, these results highlight that MTX is
released slowly from the MIL-100 capsules in a simulated physiological medium, in favor
of their use as advanced controlled release systems.

Noteworthily, in both cases, at pH 7.4 and 5, the release profiles are, on the whole,
in agreement with a very slow release of collagenase. Further, the collagenase is in the
interparticle space MIL-100(NPs), suggesting that it may be located more superficially
or deeper in the capsule. The initial release can tentatively be attributed to the presence
of the enzyme in cavities close to the outer surface of the capsule. The release profile
stabilizing between 8 and 12 h of the experiment is due to the enzyme located within
the internal cavities of the capsules. After 12 h, the increase in the enzyme release is in
agreement with the slow diffusion of the enzyme through the cavities of the capsule. At
pH 5.0, the kinetics of release was overall slower than the one observed at pH 7.4. Such
a difference in release profiles could be due to the greater stability of the constitutive
MOF (and, thus, MOF capsule) in the acidic medium, releasing only a small amount of
collagenase present inside the MIL-100 capsule and more pronounced degradation in a
neutral PBS, which, consequently, led to a higher collagenase release [17]. This longer
sustained release of the enzyme, which fits well with the one of MTX under the same
conditions, can be explained by its localization within the core of the capsule. It is known
that collagenase, as a large biomolecule 11.5 nm in diameter [30], cannot diffuse through
the MIL-100(Fe) microporous windows; therefore, to be released, it must diffuse through
the routes of inter-particular spaces.

The quantitative interpretation of the in vitro release values obtained is facilitated
by using equations that mathematically translate the release profile according to some
parameters, as shown in Tables S3-55. Mathematical modelling has been an important
tool regarding the physical-chemical processes involved during the drug release process
in the studied matrix. The MTX and COL release from the MIL-100 NPs and MIL-100
capsules showed a correlation with the Korsmeyer-Peppas model and with anomalous
or non-Fickian transport. The non-Fickian diffusion includes more than one physical-
chemical process in release mechanisms simultaneously, such as swelling, diffusion and
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system dissolution [31]. Thus, the release of MTX must occur by diffusion and erosion as
the MIL-100 NPs degrade in the medium, likely to be associated with a change in their
surface chemistry with the attack of the phosphate present in the medium [17].

Finally, in vitro collagenase activity experiments, whose photos are presented in
Figure 7, showed that the MOF capsule carrier system with COL, as it was co-incubated with
gelatin, maintained a liquid state, indicating that the gelatin was degraded, which demon-
strated that the collagenase maintained an appropriate level of enzymatic activity after
encapsulation to be used in association with the MTX to be used in antitumor application.

The cytotoxicity test results, shown in Table 1, highlight the strong selectivity of our
system for the tumor cell line used in the experiment. The hollow MIL-100 capsule already
showed tumor selectivity; however, it increased by nine times after MTX encapsulation
and seven times after collagenase encapsulation. In addition, the SI assay showed that the
multidrug incorporation of MTX and collagenase led to an even higher selectivity (x11),
suggesting that the MTX@COL@MIL-100 capsule may have a potential role in the selective
treatment of cancer cells. Therefore, such dual drug delivery systems developed based on
MIL-100 capsules are promising candidates for multimodal antitumor treatment.

4. Materials and Methods
4.1. Production of MIL-100(Fe) Capsules by Spray-Drying

The spray-drying procedure was conducted on a laboratory scale (Mini Spray Dryer
B290) with two concentric fluid nozzles (fluid and air). The key parameters controlling the
final particle size are the spray mesh size, concentration of solids, pump flow and aspirator
and inlet temperature [13]. The pre-formed MIL-100(Fe) NP suspension was injected
simultaneously with hot air in the spray-drying apparatus with a nozzle orifice diameter of
0.5 mm. After a comprehensive investigation and studies previously carried out by some
of us, the parameter settings were established, specifically a suspension concentration of
1 mg-mL~!, inlet air temperature of 80 °C, outlet air temperature 45 °C, dry air pressure of
50 bar and pump flow rate 0.05 mL-min~!.

4.2. Characterization

Powder X-ray diffraction patterns (PXRD) were obtained by a Bruker D8 Advance
diffractometer (0-26) using Cu K« radiation (A = 1.5418 A). Transmission IR spectra were
recorded in the range of 400-4000 cm ! on a Nicolet iS5 iD7 ATR spectrometer. N, sorption
isotherms were obtained at 77 K using an ASAP porosimeter (accelerated surface area
and porosimetry system, model 2013; Micromeritic) connected to a computer. Prior to the
analysis, samples were evacuated at 120 °C under primary vacuum. Brunauer-Emmett—
Teller (BET) surface area and pore volume were estimated at a relative pressure ranging from
0.05 and 0.25. Field emission gun scanning electron microscopy (FEGSEM) observations
were obtained by using a TopconSM-300 microscope with a secondary electron detector
and an electron acceleration voltage of 10 kV. Dual beam focused ion beam scanning
electron microscope (FIB/SEM) images were obtained by using an FEI microscope (HELIOS
NANOLAB 600i) with a gallium ion column. HRTEM images were recorded on a FEI Tecnai
G? F20 transmission electron microscope (TEM) operating at 200 kV, equipped with an
electron scattering transmission emission. Samples were prepared by the deposition of one
droplet of colloidal suspension onto a carbon-coated copper grid, which was left to air dry.

4.3. Methotrexate Encapsulation and Release

Methotrexate was loaded by soaking 60 mg of MIL-100 NPs in 40 mL of an aqueous
solution of MTX (1 mg-mL~!) under constant stirring at 37 °C overnight. The suspension
was then centrifuged (14,000 rpm, 10 min) and the supernatant was removed. The solid
was washed two times with water, recovered by centrifugation (14,000 rpm, 10 min) and
dried under vacuum overnight. The drug in the supernatant was measured in triplicate
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by UV-Vis spectroscopy (Cary 60 Spectrophotometer; Agilent, Australia) at 306 nm. The
entrapment efficiency (EE%) was calculated according to Equation (1).

weight of drug in MIL — 100 nanoparticles

weight of drug fed initially x 100 (1)

Entrapment efficiency (EE%) =

The MTX release profiles were obtained by using simulated physiological media
(phosphate buffered saline (PBS) solution 0.1 M) at pH 5.0 and pH 7.4, representing the
cancer environment and the physiological pH, respectively. MTX@MIL-100(Fe) NPs and
MTX@MIL-100 capsules (10 mg) were suspended in PBS solution (10 mL) and incubated at
37 °C under constant stirring, prepared in triplicate. Samples were removed after 0.5, 1, 2,
3,4,6,7,8,12,24 and 48 h, and an identical volume of fresh PBS was immediately replaced,
keeping up the MTX concentration far from saturation.

The release of MTX was quantified in triplicate by UV-Vis spectroscopy (Cary 60 Spec-
trophotometer; Agilent, Sidney, Australia) at 306 nm.

4.4. Collagenase Encapsulation and Release

Collagenase was loaded into the capsule through a spray-drying technique. Colla-
genase (10 mg) was added into 50 mL of an MTX@MIL-100 capsule ethanolic suspension
(1 mg-mL~1). The mixture was quickly subjected to spray-drying using the parameters
described in Section 4.1. Low-temperature dry air was used for limiting enzyme denatura-
tion. After obtaining the MTX@col@MIL-100 capsules by spray-drying, the material was
washed three times with water to remove any free collagenase present at the outer surface
of the capsules. The presence of collagenase in the supernatant was determined in triplicate
through UV-Vis spectroscopy (Cary 60 Spectrophotometer; Agilent, Australia) at 258 nm.

The release of collagenase was studied by suspending 10 mg of the drug-loaded MOF
capsule powder in 30 mL of PBS (pH 7.4 and pH 5). This suspension (in triplicate) was kept
under constant stirring for 48 h at 37 °C. At each time point, a 0.5-mL aliquot of supernatant
was recovered following centrifugation (14,000 rpm, 10 min) and replaced with the same
volume of fresh PBS, keeping up the total volume of solution. The release of collagenase
was quantified in triplicate by UV-Vis spectroscopy (Cary 60 Spectrophotometer; Agilent,
Australia) at 258 nm.

The in vitro release data were analyzed according to various kinetic models, including
zero order, first order, Korsmeywer—Peppas and Huguchi models, to determine the most ap-
propriate release models that described the release patterns of the drug and enzyme. Model
selection was based on the highest correlation coefficient (r) of the assessed parameters, as
suggested by Burnham and Anderson (Table S1) [32].

4.5. Enzymatic Activity

The enzymatic activity of collagenase after encapsulation within the MOF capsules
was investigated according to the procedure previously described by Wang et al. (2018) [33].
First, 30 mg/mL of an aqueous solution of gelatin type B (from bovine Sigma-Aldrich
G9391) was prepared at 37 °C. The gelatin solution was divided into seven groups: pure
gelatin, MIL-100 capsules, free collagenase, free MTX, MTX@MIL-100 capsules, col@MIL-
100 capsules and MTX@col@MIL-100 capsules. The collagenase concentration was equal in
all samples, based on the amount encapsulated in the MOF capsules. For each time interval
(3,12 and 24 h), the sample was stored at 4 °C for 30 min before an image was obtained
using a digital camera.

4.6. In Vitro Toxicity Assay

The cell viability of HaCaT (human keratinocytes) and A-375 (human melanoma) cell
lines was determined by resazurin redox assay according to the procedure described by
Pagé and coauthors [22] and adapted by Pavan and collaborators [34]. Cells were cultured
in DMEM-HG supplemented with 10% FBS (Gibco) and 1% antibiotic gentamicin sulfate
(50 mg/L) and antimycotic solution, amphotericin B (2 mg/L), at 37 °C, with 5% CO, and
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95% humidity. Cells were seeded into 96-well microplates (TPP) to achieve a concentra-
tion of 1 x 10° cells/well, then incubated under standard culture conditions for 24 h to
allow cell adhesion. The free MTX, MIL-100 capsule, MTX@MIL-100 capsule, collagenase,
collagenase@MIL-100 capsule and MTX@collagenase@MIL-100 capsule treatments were
prepared and incubated in serial dilutions starting at a concentration of 150 ug/mL. The
positive control consisted of wells containing cells and the negative control consisted of
only culture medium. The microplates were again incubated for 24 h. After this period,
the culture medium was removed and 50 pL of 0.01% resazurin was added. The plates
were again incubated for 2 h, then the fluorescence was read in a Synergy H1 microplate
reader (excitation at 530 nm and emission at 590 nm). The resulting fluorescence signals
were normalized to the fluorescence signal of the negative control. The IC5; was defined
as the highest concentration that allowed 50% cell viability. All experimental points were
assessed in duplicate, and bars represented the standard error of the mean.

5. Conclusions

Spherical metal-organic capsules, based on MOF MIL-100(Fe) capsules, were suc-
cessfully synthesized through a gentle green and scalable low-temperature spray-drying
process, starting from pre-formed small-size nanoparticles (<100 nm). The sub-micron-size
(800 nm) capsules revealed good stability and large internal voids (30 nm), which combined
to the intrinsic porous character of the MOF NPs, making them promising as a dual drug
carrier system. The capsules could successfully concomitantly encapsulate a high loading
of the anticancer drug MTX and collagenase associated with a controlled release in PBS
over a few days, slower than what was achieved for the bare nanoparticles. The loaded
MIL-100 capsule was found to be safe when applied to normal cells, while the drug loaded
capsules showed a synergetic effect between MTX and collagenase, known to enhance the
degradation of the dense extracellular matrix (ECM) around tumor cells through in vitro
activity tests. This confirms the high potential of such porous MOF capsules as multimodal
antitumor therapies.
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