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The Ti—Ca heterometallic MOF MUV-10 exhibits good dispersibility in
phosphate buffer and low phosphate-induced degradation in com-
parison to other MOF systems. It induces no cytotoxicity towards cells
of the immune system and no inmune response, making it an attrac-
tive candidate for biomedical applications and demonstrating its safe
use for other applications.

Metal-organic frameworks — porous hybrid structures composed
of metal clusters linked by multitopic organic ligands"” - have
garnered a tremendous amount of interest over the past 20 years
due to their intrinsic properties such as high porosity and
unlimited chemical and structural diversity, which have made
them attractive for a variety of applications related to porous and/
or functional materials, including drug delivery, antibacterial
coatings, gas storage and separation, water pollutant removal,
magnetism, heterogeneous catalysis and photocatalysis among
others. The variety of choice of metal and linker allows the design
of biocompatible MOFs, which together with their tunable size,
high loading capacity, easy surface modification and structural
stability has positioned them as attractive alternatives for nano-
scale and transdermal drug delivery systems (DDSs).

The first use of iron-based MOFs for healthcare applications
was reported in 2006,® and since then a tremendous amount of
work has been developed towards their bioapplication.*” Due to
their biocompatibility, iron-based MOFs are probably the most
widely explored MOF materials to date. Zirconium MOFs have
recently acquired attention as DDSs® as Zr is also biocompatible
and its hard Lewis acid-base coordination characteristics gener-
ally result in higher chemical stability than iron-based MOFs,
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making them more amenable to surface modification® and
resulting in higher physiological stability, a must for drug delivery
applications.®

Titanium-based MOFs - which are photoactive and often
have superior structural and chemical stability compared to
other MOFs*'° such as Zr and Fe-based MOFs - are emerging in
the literature."™"* Titanium has low cytotoxicity (better than
any other transition metal ion apart from Fe),> and it is
abundant. However, examples of Ti-based MOFs as DDSs are
surprisingly scarce in the literature,”>™*® and despite their
widely explored photocatalytic applications,"™'* which offer
the possibility for use in photodynamic therapy,'>*® reports
of their biocompatibility are difficult to find.

Assessing the biocompatibility of MOFs and the immune
response towards them is imperative not only for their bio-
application, but also for any safe industrial application that
involves contact with living beings or the environment. For
example, MOFs could not be safely used for water treatment or
surface coatings if they were not biocompatible or if they
generated an immune response. However, reports of biocom-
patibility or immune response in studies not related to bio-
medical applications are uncommon.

Herein, we report the remarkable biocompatibility and
negligible immune response of Ti MUV-10 heterometallic
MOFs of different sizes (1700 to 28 nm), demonstrating their
safe industrial application and high potential as a DDSs.

MUV-10, represented in Fig. 1a, is a highly-stable hetero-
metallic Ti(v)-MOF built from the assembly of tetra-
nuclear Ti",Ca",(15-0),(H,0)4(RCO,)s clusters connected to
eight neighbouring clusters by eight benzene tricarboxylate
(BTC) linkers forming a cubic structure with the unit formula
[Ti;Cas(13-0)s(Ha-CeH3(CO,)3)4(OH,)6 ). This microporous fra-
mework, with a surface area close to 1000 m> g * and a
micropore size of ca. 1 nm,'® is amenable to defect engineering
through the introduction of modulators, which also results in a
decrease in particle size to the nanometre range due to modul-
ator capping"® and allows simple functionalisation. Addition-
ally, the attachment of modulators as defect-compensating

This journal is © The Royal Society of Chemistry 2021
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(@) MUV-10 structure. Characterisation of MUV-10 MOFs with various particle sizes: (b) histograms of particle size distribution obtained using SEM

with a bin size of 5 nm for the smaller samples and 150 nm for MUV-10 1720 nm; (c) PXRD patterns; (d) N, adsorption/desorption isotherms.

ligands indicates that defect drug loading protocols could be
applied to the MUV-10 family.**">>

To study how MOF size affects the biocompatibility, inter-
nalisation and reactive oxygen species (ROS) production of J744
macrophages and peripheral blood mononuclear cells (PBMCs)
isolated from the blood of human donors, as well as the effect
on complement cascade activation that is indicative of an
immune response,”® we synthesised a series of MUV-10 MOFs
of different sizes (1700, 135, 56 and 28 nm) (Fig. 1b) by tuning
the linker: metal ratio and the reaction mixture pH through
modulation using acetic or hydrochloric acid (see ESIt Section
S.2 for detailed synthetic conditions).

All the MOFs synthesized were highly crystalline and phase
pure fine powders (see ESI Section S.4 for detailed character-
ization information), as shown in their PXRD profiles (Fig. 1c);
their reflection signals broadened with decreasing particle size,
which was determined using scanning electron microscopy
(SEM). Full characterisation (ESI,} Section S.4) - including FT-
IR spectroscopy, thermogravimetric analysis (TGA) and N,
adsorption/desorption isotherms - confirmed the samples were
thermally stable (Fig. S6, ESIt) and porous (Fig. 1d). Gravi-
metric analysis of the thermal decomposition profiles showed
the samples were defective (see ESIT Section S.4)** with ca.
5-8 mol% missing linkers for samples synthesized using an
excess of linker (1720, 56 and 28 nm), whereas the sample
synthesised using a depleted amount of linker (136 nm) had
significantly higher defect promotion, with ~25 mol% missing
linkers. The BET surface areas ranged from ca. 1000 to ca.
750 m* g~ ', with the decrease being related to a reduction of
the particle size to ca. 28 nm.>® This was also observed in the
increase of external surface area and mesopore percent.
The total pore volumes (P/P, 0.9) ranged from 0.40 to
0.50 cm® g™, with the smallest sample displaying hysteresis
loops characteristic of inter-particle spacing (total pore volume
at P/P, 1 = 0.65 cm® g~ '). The appearance of slightly bigger
pores compared to the pristine MOF is possibly a consequence
of their defective nature (Fig. S8 and S9, ESIY).

Dynamic light scattering (DLS) measurements were per-
formed in phosphate buffered saline (PBS) 10x, where MOFs
are known to suffer higher aggregation than that in water.® The
MOFs were well-dispersed in PBS 10x without a protein spike and
displayed hydrodynamic diameters close to the particle sizes
determined using SEM, with the smaller samples (56 and 28 nm)
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displaying minor aggregation and hydrodynamic diameters twice
the particle size (Fig. 2a and Fig. S11-S14, ESIt). Good colloidal
dispersion is intrinsic for drug delivery applications, but this is
often not the case for MOFs and surface coatings are employed to
overcome this drawback.® MOFs are known to form a protein
corona under physiological conditions (ie. cell culture media and
blood current) that prevents them from aggregating® and spiking
PBS with bovine serum albumin has been shown to result in drastic
improvements in their colloidal dispersion,”” which indicates that
MUV-10 may not suffer significant aggregation in cell culture media
despite having unmodified surfaces.

The stability of the samples in PBS 10x (pH = 7.4) was
investigated using UV-vis spectroscopic determination of lin-
ker release (benzene tricarboxylate) for the largest (1700 nm)
and smallest samples (28 nm). A small burst of degradation was
observed for the largest particle size (~13%) after 15 minutes,
with similar release rates over the first hour to one day (ca.
20%) and a slightly faster release rate for the smaller sample,
which degraded significantly after 7 days (~90% for the
smallest and 65% for the largest sample, respectively)
(Fig. 2b). However, their degradation under these simulated
physiological conditions is remarkably slower than for other
MOF systems currently being investigated as DDSs, such as
Ui0-66 (Zr)® and MIL-101 (Fe),?® which release ~80% of their
linkers after a few hours and Zr-fumarate MOFs with a ~60%
linker release after 8 hours under comparable degradation
conditions.>® The degradation kinetics are comparable with
MIL-100 (Fe), which releases ca. 58% of its linker after 7days,
although its phosphate-induced degradation was performed
using phosphate solutions 10 times less concentrated than in
our experiments.®® These results are of higher importance if we
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Fig. 2 (a) Dynamic light scattering measurements. (b) Phosphate-induced

degradation profiles.
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consider that our degradation experiments are performed with-
out a dialysis bag, which prolongs the release profiles by adding
the molecule dialysis time. This is in agreement with the
increased bonding strength between metal ions and ligands,
where a smaller ratio of Ti"* ions results in stronger metal-O
bonds than that in analogous Zr*" MOFs."°

These results also indicate that MOFs composed of triden-
tate ligands might have low phosphate-induced degradation
compared to those composed of bidentate ligands, given that
more metal-carboxylate bonds have to be displaced.

To monitor the effect of MUV-10 particle size on its inter-
nalisation by cells of the immune system, we postsynthetically
loaded the MOFs with calcein, a carboxylate-containing fluor-
escent molecule that cannot efficiently cross the cell membrane
due to its hydrophilicity,*" and so it is an excellent probe for the
cellular internalisation of MOFs.?** Calcein was loaded in high
amounts from ca. 9.5 to 33.7 w/w%, the loading increased with
reducing particle size, which is possibly due to the greater
external surface: bulk ratio. Characterisation results (see ESIt
Section S.5) suggest that calcein is attached to the metal
clusters through its carboxylate units, which is in agreement
with reports of calcein-loaded Zr-based MOFs.%** These results
show that MUV-10 is an excellent candidate for the loading of
drugs or biomolecules. Using calcein as a model drug, we
measured its release in PBS 10x, which showed that MUV-10
is a good drug delivery system, releasing the full amount of
loaded calcein after 2 days, with a small burst release of ca. 30%
during the first hour despite not using a dialysis bag. MUV-10
of 28 nm released ca. 40% after one day of exposure whereas
MUV-10 of 1720 nm released ca. 75% of its loaded calcein
(Fig. S36, ESIf), while many bare MOFs previously reported
release their full cargo after a few hours in PBS.>°

Fluorescence assisted cell sorting (FACS) was used to moni-
tor the cellular internalisation of the calcein@MOFs by cells
of the immune system, such as macrophages and PBMCs (see
ESIt Section S.3 for detailed in vitro protocols). A drastic
increase in their cytoplasmic fluorescence was observed after
incubation with 250 pg mL™" of calcein@MOFs over two hours
in comparison to free calcein, with cellular internalisation
being higher for PBMCs (see ESI{ Section S.6). Given the
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different calcein loadings of the samples, as represented in
Fig. 3a, the mean fluorescence intensity was normalised by the
maximum amount of calcein delivered by each sample to
determine which particle size demonstrated the highest inter-
nalisation (Fig. 3b). Our results indicate that the largest particle
sizes were highly internalised both by J744 macrophages and
PBM cells, whereas the smallest particles (56 and 28 nm) were
significantly less internalised. This is of great importance if we
take into account that several reports show opposite trends for
the internalisation by cancer cells, indicating that smaller
particle sizes more easily escape uptake by cells of the immune
system while enhancing their internalisation by cancer cells.
This is because cells of the immune system typically internalise
particles through phagocytosis and recognise more signifi-
cantly particles of larger sizes, while cancer cells internalise
particles through endocytosis, where membrane permeation
plays an important role and hence smaller particles are inter-
nalised in a more efficient manner.>® Importantly, the MOFs
are able to deliver calcein with a more than ca. 20-fold increase
to macrophage and PBM cells. Once proven that the MOFs are
internalised by cells of the immune system, we assessed the
effect on their proliferation using the MTT assay. ]J744 macro-
phages and PBMCs were incubated with the MOFs for 24 and
72 hours (see ESIf Section S.3 for protocols and S.7 for
tabulated results of independent experiments). The results
show excellent biocompatibility, with a cell proliferation of
over 100% in all cases, even upon incubation with high con-
centrations of MOFs (up to 500 pg mL™ "), whereas incubation
with 500 ug mL™" of free BTC results in a decrease in J744
macrophage and PBM cell viability to ca. 80% after 72 hours
(Fig. 3c).

The reactive oxygen species (ROS) production was studied to
assess if MUV-10 induces oxidative stress in macrophages
(Fig. 4a). The cells were incubated with 250 ug mL™" of the
different MOFs for 2 hours. The 156 nm MOF induced mild
generation of ROS (ca. 150%) in J744 cells whereas all the other
MOFs did not induce any ROS generation, which is in contrast
with literature reports showing up to 200% ROS production
upon incubation with similar concentrations of UiO-66 (Zr).”"
The ROS production of the 156 nm MOF could be attributed to
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Fig. 3 Cellinternalisation (a) as a function of the maximum amount of calcein delivered by each MOF based on its calcein-loading (note that free calcein
for PBMCs and J744 overlaps) and (b) normalised using the calcein loading of each sample and towards the sample exhibiting the maximum
fluorescence/calcein loading ratio with **p < 0.01 and *p < 0.5 for a one-way ANOVA against free calcein. (c) Cytotoxicity of the MUV-10 samples
measured using an MTT assay towards J774 macrophage cells and human peripheral blood mononuclear cells isolated from human donors.
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Fig. 4 Immune response following incubation with 250 pgmL™t of
MUV-10. (a) Reactive oxygen species generation in macrophage cells,
normalisation using the untreated control (negative). (b) Complement
cascade activation of the C3 complement component averaged following
incubation with plasma from five different donors. A normal concentration
for the C3 complement is 90-180 mgmL™%.

its higher defectivity (ca. 23.5% missing linkers) compared to
the other MOFs (ca. 5-8% missing linkers), which often lowers
the energy of the unoccupied d orbitals and increases the
likelihood of charge transfer.>*

The activation of the complement cascade (C3 and C4)-a
part of the immune system that eliminates foreign pathogens,
often resulting in activation of phagocytic cells and
inflammation®*-was investigated following the incubating of
blood plasma from five different human donors with the MOFs.
Fig. 4b shows the averaged data for the C3 concentrations of the
five donors after incubation with 250 pg mL™" of the MOFs
(see S.7, ESIt for the C4 complement), together with a control
in which the blood plasma was incubated with a PBS solution
(see 8.7, ESIT for the C3 and C4 values of each individual donor)
that showed no complement cascade activation upon treatment
with each of the MOFs.

Taken together, the improved physiological stability towards
phosphate-induced degradation, dispersion in PBS and immune
system compatibility compared to iron- and zirconium-based
MOFs suggests that MUV-10 is an excellent candidate for further
investigation as a drug delivery device, with fine control over
particle size and functionality made possible through the intro-
duction of modulators. Additionally, this study demonstrates the
safe use of MUV-10 for other applications given its excellent
biocompatibility.
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