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Although Metal-organic frameworks (MOFs) have received attention as drug delivery systems, their
application in the delivery of macromolecules is limited by their pore size and opening. Herein, we pre-
sent the synthesis of nanostructured MUV-2, a hierarchical mesoporous iron-based MOF that can store

Received 11th August 2023, high payloads of the macromolecular drug paclitaxel (ca. 23% w/w), increasing its selectivity towards

Accepted 8th September 2023 Hela cancer cells over HEK non-cancerous cells. Moreover, this NanoMUV-2 permits full degradation
DOI: 10.1039/d3tb01819a under simulated physiological conditions while maintaining biocompatibility, and is amenable to specific

surface modifications that increase its cell permeation, efficient cytosol delivery and cancer-targeting
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Introduction

Metal-organic frameworks (MOFs)"* have received notable atten-
tion as drug delivery systems,® as these porous crystalline hybrid
solids can store high drug payloads,”® enhancing their pharma-
cokinetics and reducing their side effects. Moreover, the virtually
infinite choice of metal and ligands enables fine-tuning of
their structure, serving as efficient platforms to incorporate
targeting units,”'® responsive polymers,"'* and even imaging
components for theragnostic purposes, while remaining
biocompatible.”>™” Nevertheless, the application of MOFs for
the delivery of specific large biomolecules is limited by their pore
size and window opening and the ease of in situ formation.'®*®

Paclitaxel (PTX), with a molecular size of ca. 18 x 15 x 8 A%,
is one of the most effective chemotherapeutics,” but due to its
reduced solubility, its commercial form, Taxol, has associated
side effects® that have led to the urgency of finding alternative
formulations.?>** MOFs have been considered as encapsulat-
ing PTX materials, but given the notable molecular size of this
drug, the number of reported studies of PTX@MOF formula-
tions remains limited.?*” For instance, theoretical studies
have reported that PTX can only be loaded into Zr-bdc (UiO-
66) if defective regions of missing clusters are present.>®

To overcome the size limitation, mesoporous MOFs such as
Zn-BPDC and Zn-azoBPDC,?° and the Fe-TCPP PCN-600,° have
been studied. However, despite these recent advances in MOF-
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effect, further intensifying the cancer selectivity of paclitaxel.

based PTX formulations, direct evidence of PTX pore loading
remains elusive and more importantly, a deficient therapeutic
effect prevails as compared with the free-administered drug.
Therefore, the development of new PTX@MOF formulations,
including a comprehensive study of the composite nature, is
desired to improve PTX therapeutic performance.

MUV-2 (MUV stands for materials of the University of Valen-
cia), represented in Fig. 1a, is an stable iron-based mesoporous
MOF built from the self-assembly of [Fe;(113-O)(COO)¢] clusters
and tetratopic tetrathiafulvalene tetrabenzoic acid (H,TTFIB)
ligands forming a 3,6-connected network with ttp topology and
formula (TTFTB);[(Fe;0)(H,0),(OH)],.>" This hierarchical meso-
porous MOF, with ca. 80% of calculated free volume, displays 1D
hexagonal channels of ca. 3 nm and orthogonal microporous
channels of ca. 1 nm.*** Despite exhibiting optimal biocompa-
tible composition, MUV-2 has not been reported for drug delivery
applications, mainly due to a lack of development in MOF
miniaturization. Thus, we postulate that the development of
mesoporous NanoMUV-2 shall be suitable for the storage and
effective release of macromolecules such as PTX.

Herein, we present a comprehensive study of NanoMUV-2 as
a PTX delivery system, thoroughly evaluating its colloidal and
physiological stabilities, cellular internalization, surface mod-
ification and the effect of these variables on selective PTX
delivery to cancer cells.

Results and discussion
NanoMUV-2 and its colloidal and physiological properties

The miniaturization of MUV-2 to the nanoscale was developed
by fine-tuning the reported synthetic conditions.*' Essentially,
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Fig.1 (a) Schematic representation of MUV-2 structure, showing the
hexagonal mesopores of 3.5 nm. (b) Scanning Electron Microscopy Image
of NanoMUV-2 nanoparticles. (c) PXRD patterns of activated NanoMUV-2
(closed form) and NanoMUV-2 immersed in DMF (open form) revealing its
breathing behavior. (d) Hydrodynamic diameter of NanoMUV-2 in PBS 10X
obtained by DLS analysis. (e) Kinetic profile of linker release from
NanoMUV-2 in PBS 10X. (f) HeLa and HEK cells’ viability upon incubation
with different concentrations of NanoMUV-2. Error bars represent the
standard deviation of 3 independent experiments, each of them with n = 4.

reducing the quantity of acetic acid modulator toward a less
acidic pH (see section S2 in the ESIt) should promote the
nucleation and crystallization rates leading to a smaller particle
size.>® This resulted in homogeneous nanoparticles of 190 =+
59 nm, as determined by Scanning Electron Microscopy (SEM)
(Fig. 1b). In contrast to other reported flexible MOFs,*”
NanoMUV-2 retains its breathing behavior, as demonstrated
by the changes in the solvated and desolvated Powder X-Ray
Diffraction (PXRD) patterns (Fig. 1c). The material was thor-
oughly washed with DMF and ethanol, with its complete
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activation being confirmed by several characterisation techni-
ques (see section S3 in the ESIT for detailed characterisation).

To assess the suitability of NanoMUV-2 for drug delivery
applications, the colloidal stability of the activated material was
evaluated by Dynamic Light Scattering (DLS) in phosphate-
buffered saline (PBS) 10X medium. NanoMUV-2 dispersed well
in PBS 10X, showing average hydrodynamic diameters of ca.
220 nm (Fig. 1d), similar to the particle size determined by SEM
(190 £ 59 nm). The chemical stability of NanoMUV-2 in PBS
10X (pH = 7.4) was investigated by UV-Vis spectroscopic deter-
mination of linker release (H,TTFTB). A fast degradation with a
burst release of the linker occurs during the first 2 hours (ca.
60%), likely due to the high porosity and pore accessibility of
NanoMUV-2, reaching complete degradation after 24 hours, as
represented in Fig. le. This kinetic profile may be distinct
under different PBS concentrations, for instance in cell growth
media or the blood current, where MOFs are known to form a
protein corona that prevents their degradation.*®*”

Given the biocompatibility of its precursors, with the
sodium salt of the ligand exhibiting a 50% inhibitory concen-
tration (ICso) after 72 hours of 0.64 + 0.06 and 0.54 +
0.05 mg mL~" for cervix cancer HeLa and non-cancerous HEK
cell lines respectively (see section S3.8 in the ESIt), we assessed
the effect of NanoMUV-2 using the MTS assay (Fig. 1f). NanoMUV-
2 exhibited optimal biocompatibility for both HeLa and HEK cell
lines, with an ICs, of 1.92 + 0.31 and 2.02 + 0.32 mg mL ™"
respectively, after 72 hours of incubation. In this regard, the ICs,
of the maximum delivered ligand (corresponding to ca. 1.54 and
1.63 mg mL " of ligand, based on the molecular formula) is
higher than the one of the free ligand salt in both cases, suggest-
ing poor internalization and/or incomplete cytosol delivery.

Cellular internalisation of NanoMUV-2

To evaluate this possibility, we loaded NanoMUV-2 with calcein,
a carboxylate-containing fluorescent molecule that cannot effi-
ciently cross the cell membrane due to its hydrophilicity,
making it an excellent proof for MOFs’ internalization®® (see
section S4 in the ESIt for detailed characterisation). After
extensive washing, calcein loading was determined to be
17.0 &+ 0.5% w/w by UV-Vis and Thermo Gravimetic Analysis
(TGA), whereas the resultant Cal@NanoMUV-2 retains its crys-
talline structure as determined by PXRD (Fig. 2a). N, sorption
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(a) PXRD pattern of Cal@NanoMUV-2 compared to NanoMUV-2 (activated). (b) Pore size distribution obtained from N, adsorption isotherms of

Cal@NanoMUV-2 compared to NanoMUV-2 (activated). (c) Kinetics of calcein release from Cal@NanoMUV-2 in PBS 10X. (d) Normalized cytoplasmic
fluorescence of Hela and HEK cells upon incubation with different concentrations of free calcein and Cal@NanoMUV-2. Error bars represent the
standard deviation of 3 independent experiments. The normalization is performed as fold-increase towards the untreated cells control.
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studies confirmed calcein loading into the pores, as deduced by
analysis of the pore size distribution where the pores larger
than calcein molecular size (13 A)*® were absent (Fig. 2b). Using
calcein as a model drug®® we measured its delivery in PBS 10X
(Fig. 2¢), revealing the expected fast release and completeness
after 4 hours, in agreement with MOF degradation.
Flow-assisted cell sorting (FACS) was used to monitor the
cellular internalization of Cal@NanoMUV-2 by HeLa cervix
cancer and HEK non-cancerous cells (see section S5.1 in the
ESIt). Between a 3- and 4-fold increase in calcein internaliza-
tion was confirmed by FACS after 2 hours of incubation with
free calcein and Cal@NanoMUV-2, which was consistent
through different concentrations (Fig. 2d) and further con-
firmed by confocal microscopy (see section S5.2 in the ESIT).
Comparison of normalized cytoplasmic fluorescence deter-
mined through FACS upon incubation with Cal@NanoMUV-2
at 37 °C and 4 °C indicates that the MOF is mainly internalized
through active transport such as endocytosis. Interestingly, the
normalized cytoplasmic fluorescence upon incubation with Cal@-
NanoMUV-2 was slightly higher for HeLa than for HEK cells,
ranging from 1.1- to 1.5-fold increase. Lysotracker was used to
stain lysosomes and determine if Cal@NanoMUV-2 can undergo
efficient calcein cytosol delivery.*® Manders’ colocalisation coeffi-
cients indicate high colocalisation of calcein and lysosomes for
both HeLa and HEK cells, which is in agreement with the reduced
effect on cell viability when compared to the free linker salt.
The exceptionally large pores of MUV-2 make it an interest-
ing candidate for the delivery of macromolecular therapeutic
agents such as PTX. Essentially, we loaded PTX into NanoMUV-
2 by a simple impregnation method revealing ca. 22% w/w
loading after extensive washing as determined by UV-Vis (see
section S6 in the ESIT). PXRD confirmed the structural integrity
of the resultant PTX@NanoMUV-2 composite material (Fig. 3a).
As control studies, we evaluated the well-studied MIL-100(Fe)®
and UiO-66(Zr)® MOFs for PTX delivery (see section S7 in the
ESIY), confirming negligible PTX inclusion as expected for the
molecular size limitation.”® This was further confirmed by FT-
IR and TGA,*' where PTX features were observed only for MUV-
2 and not for the other MOFs, with TGA revealing similar
loadings (ca. 23% w/w) to UV-Vis determination (Fig. 3b).
Moreover, N, sorption analysis unequivocally confirmed the
successful loading of PTX into NanoMUV-2 pores (see section
S6 in the ESIt), as deduced from the pore size distribution
analysis where the small mesopore contribution is reduced
after loading together with a complete disappearance of pores
ranging from 15.5 to 20.3 A corresponding with the PTX
molecular size (18.2 x 15.2 x 7.9 A® (Fig. 3c).*°
After confirmation of significant PTX pore loading, we
evaluated the cytotoxic effect of PTX@NanoMUV-2 and free
PTX in cervix cancer HeLa cells and non-cancerous HEK cells
(Fig. 3d). PTX@NanoMUV-2 was less cytotoxic than free PTX
towards both cell lines, in agreement with partial lysosome
colocalisation, but its anticancer selectivity was slightly
increased (see section S8 in the ESIt), possibly due to the
enhanced internalization of cancer cells. At low concentrations
(0.02 mg mL ™" of MOF, corresponding to a maximum delivery

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) PXRD pattern of PTX@NanoMUV-2 compared to NanoMUV-2

(activated). (b) TGA profiles of PTX@NanoMUV-2 compared to NanoMUV-
2 (activated). (c) Pore size distribution obtained from N, adsorption
isotherms of PTX@NanoMUV-2 compared to NanoMUV-2 (activated).
(d) HelLa and HEK cells’ viability upon incubation with different concentra-
tions of free PTX and PTX@NanoMUV-2 as a function of the maximum PTX
concentration that could be delivered by the MOFs. Error bars represent
the standard deviation of 3 independent experiments, each of them with
n =4

of PTX of ca. 4.4 ug mL™" as represented in Fig. 3d), PTX@Na-
noMUV-2 reduced HeLa cells’ proliferation to 60 + 9% cell
viability, but had no negative effect on HEK cells (119 + 6% cell
viability), whereas for a concentration of 4 pg mL™" of free
Taxol, HeLa cells’ viability is reduced to 19 4+ 6% and HEK cells
to 42 + 5%. Calculating the anticancer selectivity based on the
ICso values of PTX delivery reveals an increase in selectivity
from ca. 1.26 for free PTX to ca. 1.76 for PTX@NanoMUV-2.

Surface modifications of NanoMUV-2

Given these encouraging results, we functionalized the surface of
NanoMUV-2 samples with the aim to tune its degradation and
drug release kinetics as well as increasing cell internalization and
selectivity through fine-tuning of the cellular internalization
routes.”> For this purpose, we have chosen 8-Br octanoic acid
(Oct) and folic acid (FA) as surface coatings, both containing
carboxylate groups for attachment leading to NanoMUV-2-Oct and
NanoMUV-2-FA, respectively. On the one hand, alkanes are highly
hydrophobic and thus shall promote cell permeation.*’ Folic acid,
on the other hand, is hydrophilic, but it is known for its cancer-
targeting effect since cancer cells typically over-express the folate
receptor,*® and it is also established to tune internalization path-
ways towards more efficient cytosol delivery.’

NanoMUV-2 retains its crystalline structure after both sur-
face coatings (see section S9 in the ESIt). Importantly, FT-IR
and TGA revealed the successful attachment of both surface
coatings, whereas different characterisation techniques such
as Energy-Dispersive X-Ray (EDX), Proton Nuclear Magnetic
Resonance ("H NMR), and TGA*" confirmed similar weight
per cent for both coatings, 11.8 £ 0.8% w/w of Oct on

J. Mater. Chem. B, 2023, 11, 9179-9184 | 9181
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Fig. 4 (a) Linker release from functionalized and uncoated NanoMUV-2 in
PBS 10X. (b) HelLa and HEK cells’ viability upon incubation with different
concentrations of functionalized NanoMUV-2. Error bars represent the
standard deviation of 3 independent experiments, each of them with n = 4.

NanoMUV-2-Oct and 8.9 % 0.1% w/w of FA on NanoMUV-2-FA.
N, sorption studies suggested inner and outer surface coating,
which is expected due to the large, accessible pores of MUV-2.
The great colloidal stability of uncoated NanoMUV-2 in PBS
10X, was maintained for NanoMUV-2-Oct and further enhanced
upon FA coating. Partial pore blockage by the surface coatings
slows the degradation kinetics in PBS 10X due to the formation
of a phosphate corona (Fig. S66 and S80, ESIt) that prevents
further degradation,’® leading to a maximum of ca. 40% linker
release for the hydrophobic-coated NanoMUV-2-Oct after 8
hours and to a maximum of ca. 70% linker release in the case
of the hydrophilic NanoMUV-2-FA, as represented in Fig. 4a.
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NanoMUV-2-Oct and NanoMUV-2-FA displayed a decrease in
cell proliferation compared to the precursor NanoMUV-2
(Fig. 4b), which aligns with the cytotoxicity of the free ligand
salt (see section S10 in the ESIT) and hence suggests higher cell
internalization and/or more efficient cellular uptake routes
towards cytosol delivery. The associated cytotoxicity was in general
more pronounced for HeLa cervix cancer cells, and, nevertheless,
none of the MOFs had a negative effect on cell proliferation up to
0.3 mg mL ™", whereas, at this concentration of PTX@NanoMUV-
2, there is negligible cell viability for both cell lines.

Effect of surface modifications on selective PTX delivery

To evaluate the effect of surface coatings on cell internalization
efficiency and selectivity, as well as on drug release kinetics, we
coated Cal@NanoMUV-2 leading to Cal@NanoMUV-2-Oct and
Cal@NanoMUV-2-FA (see section S11 in the ESIt). Full char-
acterisation confirms structural integrity and successful surface
coating attachment and like the effect on degradation kinetics,
the surface modifications led to the formation of a phosphate
corona through partial pore blockage, which hindered further
drug release after ca. 60% calcein release up to 3 hours.
Flow-assisted cell cytometry confirmed efficient calcein
delivery into cells by the surface-modified drug delivery systems
(see section S12.1 in the ESIT). Both surface coatings enhanced
internalization by HeLa cells, with no statistical significance
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experiments. (c) Confocal microscopy images of Hela cells upon treatment with 0.2 mg mL™! of calcein-loaded MOFs for 2 hours. (d) Confocal
microscopy colocalization studies upon treatment with 0.05 mg mL™2 for 2 hours (right HeLa cells, left HEK cells). () Manders' correlation coefficients
extracted from colocalization studies. Error bars correspond to the standard deviation of 5 independent images.
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between the coated MOFs among high concentrations (Fig. 5a).
However, the internalization of Cal@NanoMUV-2FA was more
significant at low concentrations (0.005 and 0.05 mg mL ™" of
MOF), with a ca. 13-fold increase compared to Cal@NanoMUV-
2, whereas a ca. 3-fold increase was observed for Cal@Nano-
MUV-2-Oct, considering in both cases the calcein loading of the
systems. For higher concentrations, the enhancement com-
pared to Cal@NanoMUV-2 ranged from ca. 1.5 to 2-fold
increase for both surface-coated MOFs.

The hydrophobic Cal@NanoMUV-2-Oct was less selective for
HeLa cells than the hydrophilic Cal@NanoMUV-2-FA, observing
for the later a reduced uptake for non-targeted HEK cells, more
pronounced at higher concentrations (Fig. 5a). This explains the
differences in the selective cytotoxicity of the surface-modified
samples, with more cancer-selective internalization for Cal@Na-
noMUV-2-FA leading to more selective cytotoxicity. As cell inter-
nalization is enhanced for both HeLa and HEK cells in the case of
Cal@NanoMUV-2-Oct, the cytotoxicity of NanoMUV-2-Oct towards
both cell lines is more similar.

Confocal microscopy of HeLa Cells upon incubation with
0.2 mg mL ™" dispersions of MOFs for 2 hours agreed with the
results obtained through FACS, showing an enhancement in the
internalization of calcein (Fig. 5b). Moreover, more diffuse pat-
terns of calcein were observed (Fig. 5¢), suggesting efficient cytosol
delivery and less endosome/lysosome trapping. This was con-
firmed by colocalisation studies using Lysotracker (Fig. 5d). HeLa
cells showed a decrease in colocalized calcein, with diffusion
patterns across the cytosol, whereas, in the case of HEK cells, the
co-localization was similar, as represented by the differences in
Manders’ coefficients (Fig. 5e) (see section S12.2 in the ESIY).

Surface modifications were performed on PTX@NanoMUV-2
following similar procedures and optimal surface coating was
confirmed by a number of techniques including "H NMR, FT-
IR, EDX and TGA among others, leading to PTX@NanoMUV-2-
Oct and PTX@NanoMUV-2-FA with minimum PTX leaching
(see section S13 in the ESIf). The effect of the coated
PTX@MOF systems on cell proliferation was in agreement with
the increase in internalization efficiency and cytosol delivery
evaluated on the coated Cal@NanoMUV-2 analogues for HeLa
cells (see section S14 in the ESI{).

Comparing the effect on cell proliferation of the three PTX-
loaded MOFs as a function of the maximum concentration
of PTX that could be delivered (Fig. 6a) reveals an increase in
the cytotoxicity towards HeLa cells for both coated MOFs,
possibly given that both systems can scape lysosome formation,
leading to efficient cytosol delivery. As a result, the proposed
NanoMUV-2 formulations reach similar PTX therapeutic effects
in HeLa cells as compared to free PTX.

The cytotoxicity towards HEK cells was slightly reduced,
possibly due to the reduced lysosomal scape for HEK cells.
Thus, the anticancer selectivity of the drug-loaded materials
based on the determined ICs, values (Fig. 6b) was increased
from ca. 1.3 for free PTX and ca. 1.7 for PTX@NanoMUV-2, to
ca. 8 for the surface-coated materials, suggesting that efficient
cytosol delivery plays a more important role than selective
internalisation.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

b) 16 - I Free PTX
[ PTX@NanoMUV-2

—e— PTX@NanoMUV-2
—e— PTX@NanoMUV-2-Oct

100 /Yf—l —e—PTX@NanoMUV-2FA | 14 { Il PTX@NanoMUV-2-Oct
I —e—Hela —o—HEK T [ PTX@NanoMUV-2-FA
80 \l\l B Hela

{ A Hek

IC,, (ngmL™)

5 10 15 20
PTX concentration / pgmL™"

Fig. 6 (a) HeLa and HEK normalized cell viability upon incubation with
different concentrations of PTX@NanoMUV-2, PTX@NanoMUV-2-Oct and
PTX@NanoMUV-2-FA as a function of the maximum concentration of PTX
reached upon total delivery, in comparison with PTX@NanoMUV-2. (b)
ICs0 values of the different PTX-loaded MOFs in comparison with free PTX.

Conclusions

In conclusion, we have assessed the suitability of the meso-
porous NanoMUV-2 for drug delivery applications, presenting a
synthetic route to obtain nanoparticles. NanoMUV-2 exhibits
optimal colloidal stability, great biocompatibility (with IC5, of
ca. 1.9 mg mL "), fast degradation kinetics that shall avoid
accumulation in the body, and is internalized by cells.

The superior pore size and opening of MUV-2 allows sig-
nificant pore loading of big biomolecules such as PTX
(ca. 22% w/w), one of the most widely applied chemotherapeu-
tics. Moreover, NanoMUV-2 has been proven to be versatile for
surface modifications, which further enhance its colloidal
stability, chemical stability towards degradation and drug
release kinetics as well as cell permeation, efficient cytosol
delivery and cancer targeting effects. Ultimately, we have shown
that surface functionalization greatly enhanced PTX selectivity,
opening the door for PTX resistance studies.
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