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Biodegradability of Metal—-Organic Framework Nanoparticles in

Extremely Diluted Conditions

Ioanna Christodoulou,* Gilles Patriarche, Christian Serre, Cédric Boissiére, and Ruxandra Gref*

| NTRCDUCTI ON

Engineered drug nanocarriers are gaining increasing interest in
the treatment of severe diseases such as cancer and resistant
infections by protecting the incorporated drugs and ferrying
them to the target sites. Since the first design of a controlled-
release drug delivery system,' a great variety of nanoparticles
have been developed and proposed as potential candidates to
improve the drug bioavailability and reduce toxic side effects.”
Recently developed nanosized porous metal—organic frame-
works (nanoMOFs) showed high potential as drug carriers due
to their important drug payloads, versatility in terms of
composition and pore sizes, and convenient surface function-
alization.”™> In particular, the biocompatible iron carboxylate
nanoMOFs have drawn great attention thanks to their
biodegradability and lack of in vivo toxicity.®®

One of the most studied nanoMOFs in the field of
biomedical applications is the mesoporous iron trimesate
MIL-100(Fe) (MIL stands for Materials of the Institute
Lavoisier) that is built from the assembly of trimers of iron
octahedra and trimesate ligands, leading to mesoporous cages

delimited by microporous windows. Indeed, nanoparticles of
this MOF or nanoMOFs were capable not only of
encapsulating a variety of challenging drugs with high payloads
and yields close to 100% but also of releasing the drugs often in
a controlled manner.”~"* Some of the most important features
of these nanoMOFs are their biodegradability and their in
vitro'*™"* and in vivo biocompatibility.””'®'” Nanoparticles of
MIL-100(Fe) are chemically stable in aqueous and ethanolic
solutions but undergo degradation upon incubation in
biological media. Once the nanoparticles are in contact with
phosphate-buffered saline (PBS), phosphate ions from the

suspension media diffuse inside their pores and coordinate
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INTRODUCTION


strongly with the iron metal sites, substituting the organic
ligands and leading to a progressive disassembly of the
crystalline MOF structure.”'*~*° Recently, micron-sized MIL-
100(Fe) particles were studied to gain a better understanding
of their degradation mechanism."” Interestingly, the particles
were degraded in PBS without any significant size
modifications. It was found that degradation was initiated by
the diffusion of phosphate ions from PBS into the matrix and
that an inorganic shell made of iron phosphate was
progressively formed around a dense crystalline core of MIL-
100(Fe), leading to a passivation of the surface, slowing the
degradation of the particles. The degradation of the MIL-
100(Fe) was also studied in PBS enriched with bovine serum
albumin (BSA)."® BSA is the most abundant protein in the
bloodstream with a molecular weight of approximately 66 kDa
and dimensions of (140 X 40 x 40 A)”' This bulky
macromolecule was unable to penetrate inside the MOFs’
porosity but instead adsorbed at the MOFs’ surface, forming a
negatively charged protein corona. In the presence of BSA, the
detachment of the MOFs’ constitutive trimesate ligands was
slightly reduced, but the mechanism of degradation was not
explored. More recently, it was shown that in the same release
medium enriched in BSA, nanosized MIL-100(Fe) decorated
with Fe,O; maintained their global morphology during
degradation, without size changes.””

In addition, the pH of the degrading media plays a key role
in the degradation of the nanoMOFs. In vivo studies showed
that they possess unique pH-responsive properties. Once
injected into the bloodstream, nanoparticles of MIL-100(Fe)
immediately aggregated at neutral pH and, thus, preferentially
accumulated in the lungs where they released their drug
content to eradicate the tumor as a consequence of the passive
lung targeting.”’ Because of surface degradation, they
eventually disassembled and were well tolerated in vivo.

In vivo studies are crucial to assess the cytotoxicity and
biodistribution of nanoMOFs in living organisms. Yet, these
studies are complex as multiple phenomena occur simulta-
neously inside the body, hampering the deeper understanding
of the degradation mechanism of the nanoMOFs. Conversely,
in vitro conditions do not mimic the extreme diluted
conditions corresponding to nanoMOF injection into the
bloodstream. More generally, depending on the studied
species, different amounts of nanoparticles are injected, and
blood volumes can differ on a large scale (for example, the
volume of human blood is around 5 L, whereas in animal tests,
volumes can reach around 200 mL for rats and only S mL for
mice). Therefore, depending on the experimental setup, when
nanoMOFs are injected into the bloodstream, they can
experience extreme diluted conditions, which can, in turn,
tremendously affect their degradation kinetics.

It is worth mentioning that the experimental conditions are
also very different in in vitro investigations of nanoMOF
degradation.”*** Degradation and drug release are typically
monitored with a nanoMOF concentration in the range of
0.5—1 mg mL™"** Conversely, in the case of stability and
degradation studies followed by dynamic light scattering
(DLS) measurements, the typical concentration is only 0.1
mg mL™'.>° As a result, sometimes inconsistent degradation
kinetic data are reported according to the experimental
conditions. In addition, the investigation of nanoMOF
degradation using microscopy or chromatography is compli-
cated by the necessary steps (centrifugation, washings, and
dilutions) commonly required before the measurements. To

the best of our knowledge, no study has yet addressed the
degradation of nanoMOFs under extremely diluted conditions,
which they can experience when administered in vivo in
humans.

To overcome these limitations, in situ ellipsometry was used
here to study nanosized MIL-100(Fe) degradation in real time
to gain a better understanding of their behavior under
extremely diluted conditions. Ellipsometry is an optical
technique based on the measurement of changes in polar-
ization upon reflection or transmission for the investigation of
the dielectric properties of the studied material. Thus, changes
in the nanoMOF optical properties arising from chemical
transformations upon degradation can be followed over time.
The main benefit of in situ ellipsometry is that it allows the
study of very diluted conditions. In addition, it enables
attenuation of the concentration gradients at the surfaces of the
nanoparticles to get accurate data. Furthermore, the geometry
of the investigation system is fixed so that artifacts which occur
due to the possible nanoMOF aggregation cannot alter data.
Last but not least, in situ ellipsometry presents a very good
temporal resolution, allowing fast and precise measurements,
even at early times.

Some of us reported for the first time the use of in situ
ellipsometry to study the dissolution of hybrid organosilica
nanoparticles in PBS at different temperatures and far from the
saturation conditions.”® It was found that the nanoparticle
chemical composition was one of the main factors affecting the
degradation kinetics. In a more recent study, the same authors
prepared coated mesoporous silica-based films for in situ
ellipsometry analysis in PBS with or without BSA.”” The
dissolution rate of silica nanoparticles was mainly controlled by
their freely accessible surface area, which regulated the
accessibility of the diffused ions in the internal porosity of
the particles.

Here, we propose for the first time an in situ analysis of the
degradation mechanism of nanoMOFs using spectroscopic
ellipsometry (SE). Nanoparticles of around SO nm of MIL-
100(Fe) were synthesized at room temperature (RT) to allow
one to obtain films of optical quality by dip-coating. First, the
film’s thickness was determined at RT by conventional SE, and
then film stability was evaluated in water and PBS at 37 °C.
Then, degradation was studied as a function of the pH of the
degrading medium in the presence or absence of BSA to assess
its contribution to the mechanism. These studies were
completed with ex situ investigations of morphology and
composition using high-angle annular dark-field scanning
transmission electron microscopy (STEM-HAADEF) coupled
with energy-dispersive X-ray spectroscopy (EDX) to monitor
the crystalline organization of the MOF and map their
elemental distribution. This required the use of larger-sized
nanoMOF particles (140 nm) prepared through a microwave
(MW)-assisted route. Finally, the release of the MOF
constitutive ligand followed, and it showed that the size of
the nanoparticles did not affect their degradation kinetics. The
main objective of this study is to compare ex situ and in situ
techniques to better understand the degradation mechanism of
nanosized MIL-100(Fe) under both diluted and nondiluted
conditions for a better vision of their design as therapeutic
vectors.

EXPERI MENTAL METHOD

Materials. All of the reagents and solvents were purchased from
commercial sources and used without any further purification.
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Iron(III) nitrate nine-hydrate [Fe(NO;);:9H,0] (Sigma-Aldrich),
iron(III) chloride hexa-hydrate (98%, Alfa Aesar, France) and 1,3,5-
benzene tricarboxylic acid (BTC or trimesic acid) (Sigma-Aldrich)
were used for the synthesis of nanoMOFs. Dulbecco’s phosphate-
buffered saline (DPBS 1X, pH 7.4) was purchased from Thermo
Fisher Scientific. It contains 1.47 mM KH,PO,, 8.59 mM Na,HPO,
7H,0, 137 mM NaCl, and 2.66 mM KCI. KH,PO,, Na,HPO,, NaCl,
and KCl (Sigma-Aldrich) were used for the preparation of PBS (pH =
5.4). BSA was purchased from Sigma-Aldrich. Absolute EtOH was
purchased from Thermo Fisher Scientific. Milli-Q water (resistivity,
18.2 MQ cm) was obtained from a Millipore apparatus equipped with
a 0.22 um filter. Silicon substrates were purchased from SolGelWay,
Paris, France. 200-mesh copper grids covered with a pure carbon
membrane were purchased from Ted Pella.

Synthesis of NanoMOFs. Nanosized MIL-100(Fe) was synthe-
sized by following two pathways. First, nanoparticles with mean
diameters of around 50 nm were synthesized from a mixture of 0.25 g
of trimesic acid, 0.72 g of Fe(NO;);-9H,0, and 90 mL of water,
which were mixed in a round-bottom flask at RT under stirring for 48
h. The synthesized particles were recovered by centrifugation
(14.000g, 15 min) and purified by washing twice with distilled
water and twice in absolute EtOH.>® The nanoparticles were stored as
suspensions in absolute EtOH until their final use. They are named
nanoMOFs (RT).

Second, larger-sized nanoMOFs (140 nm) were obtained using a
microwave-assisted hydrothermal synthesis, as previously re-
ported.zg’30 A mixture of iron chloride (2.425 g) and trimesic acid
(0.846 g) was placed in Teflon-sealed autoclave reactors with 20 mL
of deionized water and heated for 6 min at 130 °C under stirring. The
applied power was 800 W (Mars-S, CEM, US). The nucleation
reaction was stopped by placing the reactors in an ice bath for 10 min.
The resulting nanoparticles were recovered by centrifugation
(14.000g, 15 min) and were purified by washing with absolute
EtOH 6 times to remove the residual nonreacted organic acid. A last
centrifugation at 2000g was performed for 1 min in absolute EtOH to
sediment the largest particles and recover the supernatants as a
suspension of monodisperse nanoparticles. The synthesized product
was stored wet in EtOH until the final use. They are named
nanoMOFs (MW).

Characterizations of NanoMOFs. The nanoparticles were
characterized before and after degradation under physiological
conditions by a set of complementary techniques.

Powder X-ray diffraction (PXRD) analysis was carried out with a
D8 Advance Bruker Diffractometer in Debye—Scherrer geometry in
the 26 range of 2—40°. The diffractometer was equipped with a
Ge(111) monochromator producing Cu Ka1 radiation (4 = 1.540598
A) and a LynxEye detector. Infrared spectra were collected using a
Nicolet iSS FT-IR (Thermo Scientific, USA) from 4000 to 400 cm ™.
Porosity was evaluated by N, sorption isotherms obtained at 77 K by
using a Micromeritics Tristar apparatus. Before the analysis, around
30 mg of nanoMOF samples were activated by heating at 150 °C
under secondary vacuum for S h. The size distribution and the
polydispersity of nanoMOFs in suspension were determined by DLS,
and {-potential measurements were performed using a Malvern Nano-
ZS of the Zetasizer Nano series. To do so, nanoparticles from
ethanolic suspensions were washed twice with Milli-Q water and
finally resuspended in Milli-Q water at a concentration of 0.1 mg
mL™". Experiments were performed in triplicate at 25 °C.

The optical spectra of the nanoMOFs in the form of suspensions
and in a dried state were measured using a Varian Cary 300 Bio UV—
vis spectrometer equipped with an integration sphere in the diffuse
reflectance mode. The release of the trimesate ligand was quantified
using a reversed-phase high-performance liquid chromatography
(HPLC) system (Waters Alliance e2695 Separations Module, Waters,
Milford, MA) equipped with a UV—vis detector (Waters 2998), as
previously described.”® The system was controlled by Agilent
software. A SunFire-C18 reverse-phase column (5 pm, 4.6 X 150
mm? Waters) was employed. For the analysis of the constitutive
ligand, 1,3,5-benzenetricarboxylic acid or BTC, a mobile phase A
consisting of a buffer solution (0.04 M, pH 2.5), and a mobile phase B

MeOH (50:50) were used. The buffer (phase A) was prepared by
dissolving NaH,PO, (2.4 g 0.02 mol) and Na,HPO, (2.84 g, 0.02
mol) in 1 L of Milli-Q water. The pH was then adjusted to 2.5 with
H,PO, (>85%). The injection volume was SO uL, and the detection
wavelength was set at 225 nm. The column temperature was fixed at
25 °C.

The TEM/STEM studies were performed on a Titan Themis
microscope corrected for spherical aberrations on the probe. The
microscope was equipped with the “Super-X” analysis EDX system
with 4 silicon drift detectors, achieving a solid angle of 0.8 sr. The
observations were made at 200 kV with a sufficiently low probe
current, i.e., around 40—50 pA, so as to not degrade the sample. The
STEM—-EDX chemical maps are carried out under the same
conditions, for an acquisition time of approximately 15—20 min.
For the HAADF-STEM image acquisition, the half angle of
convergence of the probe was 17 mrad and the collection half angle
of the annular dark-field detector was 69 mrad (inner angle) and 200
mrad (outer angle). For the TEM grid preparation, a 2 uL drop of the
nanoMOF suspensions was placed on a 200-mesh copper grid.

Thin Film NanoMOF Deposition. For the thin film’s formation,
the nanoparticles were redispersed in absolute EtOH and centrifuged
at low speed (2000g, 1 min) to eliminate the largest aggregates. The
supernatant containing suspended small aggregates (3.7 mg mL™")
was used for the dip-coating procedure. The ethanolic dispersion of
nanoMOFs (RT) was dip-coated at RT on a silicon substrate with a
withdrawal speed of 8 mm s™'. Relative humidity was measured at
50%. The films were prepared by double-coating with nanoparticle
dispersions after thermal treatment at 130 °C for 5 min. They were
characterized by scanning electron microscopy (FEG-SEM Sigma
HD, Zeiss), and their thickness and optical properties were
determined by SE.

Spectroscopic Ellipsometry. SE experiments were performed
using an M2000 spectroscopic ellipsometer equipped with a UV-IR
detector in the 193—1690 nm spectral range. The acquisition time
was S s for each point. Data were analyzed with CompleteEASE
software. The imaginary part of the dispersion function of the film was
modeled with a single Cody—Lorentz and two Lorentz oscillators in
the 300—1000 nm wavelength range.

Ellipsometric analyses at an infrared angle were performed with a
MARK II IR-VASE instrument from Woolam within a closed cell
flushed with dry air. MOF films deposited onto the silicon wafer were
analyzed at a 75° incidence angle. The film thickness and refractive
index were determined at 0% relative humidity.

In Situ Ellipsometry. In situ dissolution experiments of
nanoMOFs (RT) were performed with a thermostated ellipsometric
liquid cell from Linkam. Data were collected every minute at an
incidence of 75° using the visible light wavelength range. The
ellipsometer acquisition conditions were one measure of 5 s every
minute. The experiments were performed at 37 °C, to mimic the
body’s temperature, and the media in contact with the films (100 mL
total volumes) were circulated within the analysis cell at a flow rate of
10 mL min~". The media used were Milli-Q water and 10 mM PBS
containing or not containing BSA. The pH of the PBS medium was
acidic (pH $.4) or neutral (pH 7.4), whereas the concentration of
BSA in PBS with a pH value of 7.4 was 3.7% w/v to mimic albumin
concentration in human blood.

Data were analyzed with CompleteEASE software. The imaginary
part of the dispersion function was modeled with a single Cody—
Lorentz oscillator in the 500—900 nm wavelength range.

RESULTS AND DI SCUSSI ONS

Characterizations of nanoMOFs. MIL-100(Fe) presents
a highly ordered mesoporous 3D structure, resulting from the
self-assembly of iron trimers with trimesate ligands. This
results in a zeotype architecture of an MTN topology
composed of two types of interconnected mesoporous cages
of 25 and 29 A (Figure 1 upper panel), the larger cages being
accessible through microporous pentagonal and hexagonal
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Figure 1. Upper panel: schematic representation of the structure of
MIL-100(Fe) obtained by the self-assembly of BTC and iron, forming
super tetrahedra and then 3D mesoporous cages of 25 and 29 A,
accessible through microporous pentagonal windows of around 5 A
and microporous hexagonal windows of 8.6 A. Lower panel: typical
STEM-HAADF images of synthesized nanoMOFs (RT). (a)
Unprocessed image; (b) magnified image; (c) inverse fast Fourier
transform (FFT) filtered HAADF-STEM image, and (d) typical FFT
pattern which reveals the crystallinity of the particles.

windows of 5.6 and 8.6 A, respectively, and the small cages
being accessible only through pentagonal windows (Figure 1).

Whatever the synthesis method, crystalline nanoMOFs (RT)
and nanoMOFs (MW) were successfully obtained, as
demonstrated by a series of complementary investigations.
First, due to its ultrahigh image resolution, STEM-HAADF
performed on the nanoMOF (RT) sample enabled the direct
visualization of its crystalline structure, including its meso-
porous cages, as illustrated in Figure la—c. A well-faceted
octahedral morphology with an average diameter of 60 + 10
nm is observed, while the crystalline structure of individual
particles was indicated by their FFT patterns (Figure 1d). Yet,
the ultrasmall nanoMOFs synthesized at RT were prone to
aggregate rapidly in aqueous suspensions, as indicated by both
SEM and DLS investigations (Figure S1). To overcome this
limitation, we also synthesized nanoMOFs (MW) with average
sizes of 140 + 37 nm, measured by STEM-HAADF (Figure
S2). Sizes determined by DLS were higher (210 + 20 nm), but

the polydispersity indices were low (0.07). In contrast to
nanoMOFs (RT), nanoMOFs (MW) were more stable in
aqueous media, possibly because of their lower external
surfaces. Both nanoMOFs (RT) and nanoMOFs (MW)
exhibited a positive {-potential of +26 + 2 mV at acidic pH
(3.5) and a negative {-potential of —38 + 2 mV at pH 7.4, in
agreement with previously reported data.'”****

The synthesized nanoMOFs were further characterized by
PXRD, FT-IR spectroscopy, and N, porosimetry. PXRD
patterns were in agreement with data in the literature, showing
the successful synthesis of a highly crystalline product (Figure
§3).>%*" FT-IR spectroscopy allowed for the investigation of
the composition of the nanoMOFs. As shown in Figure S4, the
two bands at 1640 and 1380 cm™}, corresponding to the
asymmetric (C—O)s and symmetric ¥(C—O)s stretching
modes of the C=O0, indicate the coordination of the
carboxylate ligands with the iron sites in the framework. The
band at 1450 cm™ is related to the #(OH) flexural vibrations.
The spectra of MIL-100(Fe) also display two sharp bands at
760 and 710 cm™), attributed to the C—H stretching vibrations
of the benzene rings.32 The band at 620 cm™ is assigned to the
v(Fe;0) vibration. Finally, the typical band of unreacted BTC
at 1710 cm™" was negligible, indicating that purification was
successful with regard to removing the unreacted ligand.” ™
N, adsorption resulted in a BET surface area of 1450 + 60 m?/
g for nanoMOFs (RT) and 1720 + 40 m’/g for nanoMOFs
(MW), respectively, in line with previously reported data.’®*’

Degradation of NanoMOFs through Ex Situ Methods.
NanoMOFs (MW) were allowed to degrade in acidic (pH 5.4)
or neutral (pH 7.4) PBS at 37 °C. The pH corresponds to
physiological conditions (7.4) and to more acidic ones (5.4),
corresponding to intracellular endosomal compartments and to
diseased sites.'® An incubation time of 48 h was chosen to
ensure maximal degradation, according to previously published
data.'®'*?*%° The degraded nanoparticles were thoroughly
purified by washing to remove salts and were then investigated
by STEM-HAADF to evaluate their morphological and
dimensional changes (Figure S1).

NanoMOFs (MW) incubated in acidic PBS maintained their
faceted crystalline structures, as shown by the presence of well-
defined crystalline planes (Figure 2b) and FFT patterns
(Figure 2¢). On the contrary, after exposure to neutral PBS,
the nanoparticles’ crystallinity was rapidly lost, and the
crystalline planes disappeared in favor of an amorphous
structure with a random porosity (Figure 2d,e). Interestingly,
despite losing more than 90% of their constitutive trimesate
ligand, the nanoMOFs’ (MW) mean diameter changes were
only around 11% [140 + 37 nm (in H,0) and 125 + 11 nm
after degradation in PBS], in agreement with previous
studies.”' "%

STEM-HAADF-EDX allowed further information to be
gained about the degradation mechanism. Advantageously, it
allows mapping of the distribution of the nanoMOFs’ (MW)
constitutive elements: Fe, C, and O from the framework
structure and P from the coordinative interaction with PBS. It
should be mentioned that although the nanoparticles’ trimesate
constitutive ligand consists of C and O atoms, tracking these
elements is not a good option for STEM-HAADF-EDX
studies. Indeed, sample holders contain C, making it difficult to
separate information arising from C atoms in the grids from
the analyzed samples. Besides, nanoMOFs contain a non-
negligible amount of coordinated water molecules, which
cannot be removed even under high vacuum conditions.
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Figure 2. (ab) STEM-HAADF images of nanoMOFs (MW) after 48 h of degradation in PBS at pH S.4 and (d,e) in PBS at pH 7.4. The
concentration was 0.25 mg mL™". Red arrows show the appearance of large pores (red arrows) indicating degradation. (c,f) FFT patterns of
degraded nanoMOFs (MW) indicate the loss of crystallinity.

Figure 3. (a,d) STEM-HAADF images of nanoMOFs (MW) after 48 h of incubation in PBS at pH 5.4 and pH 7.4, respectively. (b,c,e,f) Elemental
analysis reveals the homogeneous distribution of P after degradation. Yellow and green rectangles represent the selected regions by STEM-
HAADE-EDX.

Therefore, information on O distribution arises both from On the other hand, the atomic P/Fe ratio brings valuable
coordinated water and trimesate ligands (Figure S5). insights into the evolution of the chemical composition due to
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degradation in PBS. It is worth noting that Fe remains
associated with the nanoMOFs (MW) all over the degradation
process as no Fe was detected in the PBS release media at pH
747" On the contrary, phosphate ions from PBS pro-
gressively penetrate inside the matrix and coordinate with the
iron sites.'”*” Therefore, determining the atomic P/Fe ratio is
indicative of the nanoMOFs’ degradation.

Thus, our attention was focused on the quantification of the
Fe and P atoms. First, the distribution of P atoms within the
nanoMOFs was homogeneous. In Figure 3a,d, the selected
regions of interest for the quantification of the elements are
represented by yellow rectangles, while the green one
represents the integral region (numbered 1). The normalized
atomic percentage (at. %) of P was calculated for each region.
In the case of incubation in acidic PBS (Figure 3a), the median
calculated P (at. %) was 2.4 + 0.7. In contrast, for neutral
environments, P (at. %) was as high as 7.4 + 0.5. These results
show that P is evenly distributed with a much higher % in the
case of pH = 7.4. Second, the P/Fe atomic ratios were
calculated for multiple regions of the nanoMOFs (MW). The
P/Fe ratio was found to be almost three times lower for
particles degraded at pH 5.4 than for those degraded at pH 7.4
(0.3 £ 0.1 as compared to 0.7 = 0.4.) (Figure 3). In a nutshell,
these results suggest the lower degradation of the nanoMOFs
(MW) under acidic conditions as compared to neutral ones.

In addition, we took advantage of the STEM-HAADF
methodology to assess the local P/Fe ratios and confirm that
the degradation of the studied nanoMOFs (MW) was
complete after 48 h (pH = 7.4). Indeed, after 72 h of
degradation, the P/Fe ratio remained stable (0.7 + 0.4) and
similar morphologies were obtained to those at 48 h (Figure
S6).

To complete the study, the amount of BTC ligand released
from nanoMOFs (RT) and nanoMOFs (MW) upon
incubation in acidic and neutral PBS was measured at different
time points by HPLC. In agreement with STEM-HAADEF-
EDX investigations, the nanoMOFs (MW) progressively
released their constitutive ligand in neutral PBS. The amounts
of released BTC were 76 + 7, 95 + 8, and 100 + 3 wt % after
1.5, 6, and 24 h, respectively, whereas under acidic conditions
(pH S5.4), the degradation kinetics was much slower and
partial, with 23 + 1, 30 + 1, and 38 + 1 wt % BTC loss at the
same time points.

To further assess the stability of the nanoMOFs (MW) in
pure water, trimesate release also followed upon nanoparticle
storage. After 2 days of incubation, less than 2 wt % of the
ligand was lost. This negligible loss could probably correspond
to the unreacted residual ligand that remained trapped in the
nanoMOF pores after their synthesis. Interestingly, whatever
the synthesis method (RT or MW), similar degradation
patterns were observed, suggesting that whatever their size, the
nanoMOFs were stable in water (Figure 4). Another important
point was the fast ligand release in the first minutes after the
start of the degradation studies in both acidic and neutral PBS
(40 +2 and 12 + 1 wt %, respectively). This suggests that the
degrading phosphate ions from PBS diffuse fast inside the
nanoMOFs, coordinate with the unsaturated iron site, and lead
to ligand displacement.

As previously reported, MIL-100(Fe) particles were found
to be more stable in acidic environments as compared to
neutral ones.”” This observation can be explained by the
complexation of the phosphate ions with the iron metal sites of
the framework. In PBS at pH = 7.4, H,PO,” and HPO,*~

% BTC release

T T i T T

0 10 20 30 40 50
Time (h)

~—4&—PBS 7.4 (MW) - -@--PBS 7.4 (RT) —&— PBS 5.4 (MW) --@~-PBS 5.4 (RT) —— water (MW)

Figure 4. Trimesate release during nanoMOFs’ incubation in PBS
(pH 7.4 and 5.4) and in water evaluated by HPLC. The sample
concentration was 0.5 mg mL™",

species are in equilibrium at a similar concentration (5 mM).
On the other hand, in the range of pH = 4—6, H,PO,™ anions
are predominant compared to HPO,*~ (99:1 at pH 5.4). At
both studied pH values, 5.4 and 7.4, phosphate ions diffuse
into the nanoMOF porosity and coordinate with the iron sites.
By looking at the speciation diagram of Fe(IIl) in water, we
observe that it is very poorly soluble at pH 7.4 [the pH at
which Fe(OH); precipitates] and slightly soluble at pH 5.4,
mostly as Fe(OH)?" monocations.*’ This fact cannot explain
the faster degradation at pH 7.4 of nanoMOFs. As a
consequence, the faster dissolution probably comes from the
superior chelating strength of the HPO,’” anion for iron
centers, which replaces carboxylate functions of the nano-
MOFs.

An additional indication of the nanoMOFs’ degradation was
the change in their surface charge, related to their {-potential
values. The initial positive {-potential value for nondegraded
nanoMOFs (MW) dispersed in H,0 (+26 + 2.1 mV)
dramatically changed to negative after 24 h of degradation
(=15 + 1.3 and —37 £+ 2.1 mV in PBS 54 and 74,
respectively). This could be explained by the coordination of
the phosphate ions with the unsaturated iron sites at the
external surface of the nanoMOFs and is in line with previously
reported studies.'®

In agreement with these findings, a rapid loss of crystallinity
was observed upon degradation in PBS, as shown by the PXRD
patterns of nano-MOFs (Figure S7). After only 1 h in neutral
PBS, the crystallinity was totally lost, whereas in acidic PBS,
the main characteristic Bragg peaks of MIL-100(Fe) were still
observed after 2 days of incubation. This clearly shows that the
structure was more stable at pH 5.4 than at pH 7.4.

Moreover, FT-IR spectroscopy showed changes in the
chemical composition of the nanoMOFs upon 48 h of
incubation in PBS (Figure S8). Whatever the pH, a broad
band at 1050 cm™ was observed, corresponding to asym-
metrical P—O stretching.""** In a more acidic environment
(PBS 5.4), the intensity of the stretching bands at 1380 and
1640 cm™!, corresponding to the symmetric and asymmetric
vibrations of the trimesate, slightly decreased. Thus, it can be
concluded that nanoMOFs maintained their composition to a
high extent, in agreement with the STEM-HAADF results.
However, in neutral PBS, the typical bands of the ligand were
either broadened (1380 and 1450 cm™) or disappeared (1640,
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Figure 5. (a,e) STEM-HAADF images of nanoMOFs (MW) after 48 h of incubation in PBS—BSA at pH = 7.4 (0.25 mg mL™"). The formation of
“holes” represented by pink arrows suggests the degradation of the particles. (b—d) STEM-HAADF-EDX elemental analysis of Fe, P, and N of

nanoMOFs (MW).

760, and 710 cm™"), suggesting the substantial release of the
ligand and, consequently, the formation of amorphous
degraded nanoMOFs. These observations are in line with the
massive trimesate loss at pH 7.4, as quantified by HPLC
(Figure 4).

The N, adsorption isotherms for the degraded nanoMOFs
(MW) revealed a strong decrease in their surface area upon
degradation (Figure S9), which correlates with the loss of the
trimesate constitutive ligand due to the phosphatation of the
framework. The initial BET surface area (1720 + 40 m*/g)
decreased to 960 + 20 and 200 + 40 m’/g for nanoMOFs
degraded in PBS at pH 5.4 and 7.4, respectively.

To conclude, nanoMOF particles partially lost their
crystalline structure in PBS, depending on the acidity of the
medium. In a complementary study, PBS solution (pH 7.4)
was enriched with BSA (3.7% w/v) to investigate its
contribution to the degradation mechanism of nanoMOFs.

Degradation of NanoMOFs in the Presence of
Protein. NanoMOFs (MW) were immersed in neutral PBS
containing BSA at a concentration corresponding to the
standard one in blood.”” Figure 5 presents the morphology and
the distribution of elements (Fe, P, and N) as observed by
STEM-HAADEF-EDX after 48 h of incubation at 37 °C. Of
interest, nitrogen mapping is indicative of the location of BSA
as this element is only present in the protein.

NanoMOFs (MW) kept their faceted structures (Figure
Sa,e) and some of the initial crystalline planes (Figure Se), but
“holes” in their structure similar to those observed in PBS 7.4
without BSA (Figure 2e) also appeared (Figure Se). Figure 5d
shows an even distribution of N (from BSA), which coincides
with the location of the nanoparticles, suggesting that they
were homogeneously covered by this protein (the N/Fe ratio
was found at 0.5 + 0.3) after 48 h of degradation. This is in
line with data in the literature, showing that albumin readily
adsorbs on nanoMOFs (MW).*”** However, in our case, the
presence of BSA did not impede the nanoMOF degradation in
PBS, as indicated by the high amounts of phosphorus (and
thus phosphates) found in the degraded samples (Figure Sc).
Indeed, calculated P/Fe ratios were 0.7 + 0.3, similar to the
ones found in the case of nanoMOF degradation in PBS 7.4
without BSA (0.5 + 0.3). Most likely, BSA formed a
noncompact corona around the external surface, leaving free
pathways to the phosphate ions to diffuse in the core of the
particles. To gain a further understanding of the degradation
process, constitutive trimesate loss was comparatively followed

by HPLC in the case of nanoMOFs (MW) incubated in PBS
with and without BSA. The presence of BSA on the surface of
nanoMOFs led to a slight decrease in degradation kinetics for
the short times until the total degradation (24 h) (Figure S10).
This suggests that the protein corona slows down the
nanoparticles’ degradation, but it does not impede the
phosphates’ diftusion, which is in agreement with STEM-
HAADEF results.

To sum up, nanoMOFs, whatever their size, degrade under
simulated physiological conditions by releasing practically the
total amount of their constitutive ligand, regardless of the
presence of BSA in the degradation medium due to the rapid
diffusion of phosphate ions in their porous structure. However,
nanoMOFs globally maintained their shape despite a dramatic
change in their composition.

These findings prompted us to explore the nanoMOFs’
degradation under extremely diluted conditions, by in situ
ellipsometry. To do so, nanoMOFs were deposited onto a
silicone surface, forming thin layers assimilated to films. It is
worth noting that in situ ellipsometry is a sensitive technique,
allowing us to gain insights into the compositional changes
underway in nanoMOFs upon their degradation while avoiding
the constraints of saturation and aggregation that occur under
bulk conditions.

In the first step, thin films were prepared and studied under
well-controlled conditions of temperature and flow.

Thin Film Characterization. The thin films of optical
quality were successfully prepared using an ethanolic
formulation of nanoMOFs (RT) by a dip-coating process. As
observed by SEM (Figure 6), the films are made of stacks of
small MOFs’ aggregates. Indeed, similar voids have also been
reported for silicon substrates coated with other types of
nanoparticles.”® Although the size of these aggregates impedes
the formation of a homogeneous film, the obtained coating
scatters very little light once it is soaked in water, enabling the
in situ ellipsometrical measurements. Indeed, during in situ
ellipsometrical measurements, we observed no light depolari-
zation, proving that in these conditions, MOFs’ films have
good optical quality.

The film thickness and refractive index were determined in
the visible region by SE, as described in Section 2.5. The mean
film thickness was measured at 200 + 20 nm on 10 films. The
reproducibility of the films enabled further studies by in situ
ellipsometry to compare their degradation under various
conditions.
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Figure 6. SEM images of nanoMIL-100(Fe) (RT) thin films.

In Situ Ellipsometry. First, films were incubated in water,
where very limited evolution occurred (Figure S11a). Indeed,
the film thickness was reduced by only 1.5% after 200 min.
This limited modification correlates well with the HPLC

PR — B [— N

suggesting a good nanoMOF chemical stability in water.
Similar results were obtained in PBS at pH = 5.4 with a
thickness decrease of about 3% after 200 min. By contrast, a
rapid mean thickness decrease of 5—6% was observed as soon
as the films were soaked in PBS solution at pH = 7.4. The
colloidal layer tended to stabilize after about 100 min (Figure
S11b,c). These data support the rapid structural evolution of
nanoMOFs (RT) described in the first part of this article.
Second, studies were carried out in PBS enriched in BSA, as
was done previously. At early times (less than 1 h), the film
thickness calculated by in situ ellipsometry follows the same
tendency as that in PBS at pH = 7.4 devoid of BSA. Then, a
constant increase in the thickness was measured, most likely
related to the adsorption of protein onto the particles” surface
(Figure S11d), which seems favored after 75 min, after the
formation of a phosphate-rich layer on nanoMOFs’ particles.
Changes in the thicknesses of the films certainly give us a
strong indication of possible changes in the nanoMOF (RT)
structure upon degradation but cannot prove their chemical
transformation. The resulting values can be attributed only to a
mechanical contraction of the film or a physical rearrangement
of the colloids to achieve better stacking due to the constant
flow of the liquid media. Thus, to gain further insights, we
determined the imaginary part of the refractive index
(extinction coefficient k), which quantifies the absorption of
electric waves propagating within the films. This parameter is
proportional to the light absorption coefficient and is indicative
of modifications of the electronic environment of the iron
metal. UV—vis diffuse reflectance of the original nanoMOF
(RT) powder presents two absorption peaks at 440 and 540
nm, while that of the totally transformed material presents only
one absorption shoulder at 440 nm followed by a smooth
absorption decrease with increasing wavelength (Figure S12).
By this technique, it is impossible to follow in situ the
evolution of the UV-—vis spectra. The advantage of the
ellipsometric measurement is that one can follow the same
region of interest and amount of matter with no need to use
normalization procedures (such as the Kuberka—Munk data
treatment used for powder absorption analyses, for example).
This approach does not suffer from the usual preparation bias

of powders (grinding homogeneity of the powder, dispersion
quality of grains within BaSO,, etc.) that makes the estimation
of the absolute absorption amplitude (thus the comparison of
powders) sometimes difficult.

When analyzing in situ the degradation of nanoMOFs, we
followed by visible ellipsometry the evolution of the extinction
coeflicient k as a function of time. By modeling the absorption
band centered at 540 nm, the evolution of k at 540 nm in
different environments could be observed (Figure 7). This
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Figure 7. Evolution of the extinction coefficient at 540 nm,
normalized at t = 0 and, taking into account the film thickness
variations, calculated by in situ ellipsometry for nanoMOF (RT) film
incubated in water (orange), PBS 5.4 (yellow), PBS 7.4 (gray), and
PBS 7.4 containing BSA (blue). Fitted polynomes were superimposed
onto PBS 5.4 and PBS 7.4 curves for easing their discrimination. They
are only guides for the eyes.

experimental approach measures the optical properties of
nanoMOF films per unit volume. This offers the immense
advantage of taking into account and compensating for the
possible film thickness variations due to particle packing during
experiments.

After normalization of the extinction coefficients, it was
found that nanoMOFs (RT) on their support exhibited very
little evolution in water. On the contrary, an immediate drop in
k in the first 5—10 min in PBS at pH 7.4 was noticed. This fast
response of optical absorption witnesses the formation of iron
phosphate species that are known to have no discrete
absorption band at 540 nm wavelength.** As a consequence,
this is likely due to the rapid chemisorption of phosphate
anions on iron centers.

The extinction coeflicients measured in different media
diverged progressively over time (Figure 7). At pH 5.4, the k
values progressively converged through the k curve of colloids
in water and then stabilized, meaning that no drastic change
seems to occur after an initial fast transformation. In contrast,
at pH 7.4, k values exhibited a slow decrease from 40 to around
140 min, followed by a drastic decrease. This is an indication of
a progressive structural transformation taking place in the
immediate environment of iron sites. As most of the ligand is
released after 2 h (about 70—80%, Figure 4), the fast optical
transformation observed after 140 min may be related to the
final displacement of trimesate ligands from the coordination
sphere of iron centers, allowing a local rearrangement of the
iron centers and phosphate anions.

Finally, in the presence of BSA, a moderate evolution of k
during the first hour was noted. No sign of short-term
phosphate adsorption is visible in that case. Then a rapid
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acceleration of optical transformation, which reaches a k
decrease rate similar to that of pure PBS 7.4, was observed.
This last point suggests that PBS does not significantly change
the final transformation rate of the colloids, in agreement with
the ex situ studies previously discussed in this study for the
degradation of nanoMOFs (MW) (STEM-HAADF, EDX,
HPLC, PXRD, and FT-IR).

Characterization of the Degraded Films. After the
degradation mechanism of the thin films was explored by in
situ ellipsometry, IR spectroscopy was further applied to gain
additional information on their chemical composition (Figure
8). To note, the films incubated in PBS were washed three
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Figure 8. Infrared spectra of films after in situ measurements in water
(black), PBS 5.4 (blue), and PBS 7.4 (red).

times in Milli-Q water to remove the excess of the remaining
salts, which could recrystallize on the surface during the drying
process.

Upon incubation in aqueous media, where no degradation
occurred, the spectrum of nanoMOFs (RT) with the typical
bands of the carbonyl group of the ligand coordinating with
the iron sites of the framework was obtained. This spectrum is
a strong indication of the successful coating of the substrate
with nanoparticles as well as its stability upon incubation in
water. When the film was in contact with PBS 5.4 (more than 2
h), a new band appeared at around 1050 cm™', denoting the
anchoring of the phosphate ions within the framework. As for
the FT-IR of nanoMOFs (MW) before deposition (Figure S8),
typical bands of the carboxylate ligand were still found,

showing that the vibrational structure of the MOFs remained
mostly intact in this acidic environment in the presence of
phosphate ions, even after 2 days of incubation. In the case of
neutral PBS, where a fast degradation was observed, IR
spectroscopy was applied to a film that was in contact with
PBS 7.4 for only S min. This time point was selected to study
the influence of phosphates on the degradation mechanism of
nanoMOFs (RT) at short times. Indeed, the band at 1050
cm™!, corresponding to P—O stretching, was found.® It is
worth noting that the typical carbonyl bands of trimesate at
1380, 1450, and 1640 cm™" severely decreased, designating the
quasi-instant chemical transformation of nanoparticles.

To conclude, both the evolution of the extinction coefficient
k and the IR spectroscopy of the films showed fast chemical
changes in the nanoparticles occurring within a few minutes,
depending on the degradation media. Based on these results,
degradation kinetics following a two-step mechanism can be
proposed; first, an almost instant fixation of phosphates to the
iron centers of the matrix, and a slower second step, where the
organic trimesate ligand is progressively substituted by the
phosphates.

CONCLUSI ON

The degradation of nanoMOFs in extremely diluted conditions
mimicking their intravenous administration has been scruti-
nized by using a series of complementary characterization
methods. Special emphasis was put on ex situ studies by
STEM-HAADF microscopy, and for the first time, an in situ IR
ellipsometry method was used. NanoMOFs were deposited on
silicon wafers, resulting in thin films of high optical quality.
Remarkably, nanoMOFs adhered onto the wafers during the
experiments, allowing the detection of any thickness or
compositional change occurring as soon as the particles came
in contact with various media.

From these advanced characterization techniques, a two-step
degradation mechanism was proposed: a fast first step, where
phosphate ions diffused in the framework and adsorbed very
quickly onto iron centers (within S min), and a slow second
step, leading to the progressive displacement of the constitutive
trimesate ligands, leading to structural transformation. It was
also found that the degradation process was pH-dependent and
that nanoMOF particles were readily degraded under neutral
conditions. On the contrary, the nanoparticles partially
maintained their global chemical composition in acidic
conditions, despite the incorporation of phosphates in their
internal porosity. Finally, the presence of a protein coating
layer did not impede the degradation process, suggesting that

2 days

Start L Phosphates

fast diffusion

T— Total

degradation

Figure 9. STEM-HAADF images of nanoMOF particles upon incubation in water, under acidic conditions (PBS 5.4), under neutral conditions
(PBS 7.4), and in the presence of BSA protein (3.7% w/v). In all cases, incubations were performed at 37 °C for 48 h. Scale bars represent 20 nm.
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CONCLUSION


the internal porosity of the nanoMOFs was still permeable by
the phosphate ions (Figure 9).

The methodology presented here paves the way for
numerous possible applications, such as the study of
nanoMOFs’ degradation in more complex media such as
serum and blood. In future studies, it could be intriguing to
further investigate the degradation mechanism of nanoMOFs
as a function of their coating. Indeed, a variety of materials
(functionalized polymers, lipids, and cyclodextrins) were used
to functionalize the nanoMOFs.'>*° It will be of interest to
determine if some of these coatings could influence the
nanoMOF core (loaded or not with drugs) degradation. It has
been shown that certain drugs such as topotecan stabilize the
nanoMOFs toward degradation.10 Therefore, it will be
important to study their degradation mechanism in situ by
the method that has been set up to better understand the
influence of loaded drugs and coatings.
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