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Herein, the synthetic methods for preparation of a novel light-
responsive metal-organic framework (MOF) UiO-AZB-F are
outlined. Upon irradiation with green light, the framework
demonstrates controlled release of chemotherapeutic drug cargo
with simultaneous breakdown into low toxicity small molecule
components.

In recent vyears, the field of nanomedicine has grown
tremendously in an effort to improve patient outcomes.!
Encapsulating therapeutics within nanocarriers can improve
drug pharmacokinetics, enhance therapeutic efficacy, and
reduce off-target effects through localized delivery of
payload.'22 Nanocarriers are particularly impactful in the field
of oncology, as they present a strategy to selectively deliver
cytotoxic anticancer drugs to the tumour region.!23 A wide
range of materials including peptides?*, polymers®, and inorganic
nanoparticles® have been developed towards this goal.
Recently, metal-organic frameworks (MOFs)? have garnered
interest as nanocarriers due to their chemical stability, high
surface area, and tunable pore environments.® Through
judicious choice of metal and linker, many low toxicity MOF
systems have been successfully developed.?

For MOFs and other nanocarriers, controlling the release of
therapeutic cargo can be challenging. To address this issue,
many nanocarriers are designed with intrinsic stimuli-
responsive elements. Internal stimuli, such as pH and redox
environment, have been demonstrated as triggers for drug
release.>® However, these parameters can vary from patient to
patient, limiting their general effectiveness.’® The use of
external stimuli (light, ultrasound, magnetic field, etc.) may be
more suited to a clinical setting, as it allows for spatiotemporal
control and provides the ability to tailor treatment regimens to
meet patient needs.1?
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Currently, there are several examples of FDA approved light-
activated therapies, including photodynamic therapy (PDT)
which is used for cancer treatment.?2 Through advances in light
technologies, the scope of phototherapy targets!3 has widened
in recent years. Lerch et al. developed a classification for organs
(Classes 1-5) based on their photodruggability (i.e., general
accessibility and ability to localize light delivery).13c Nearly all
organs can be treated through relatively non-invasive methods
such as endoscopy or minor incision.13 Red or near-IR
responsive materials are commonly used for therapeutic
applications to achieve maximum penetration into tissue. For
superficial tumours, using shorter wavelength light sources can
be beneficial.l* Indeed, studies found using green light instead
of red light as an irradiation source for PDT in the esophagus
mitigated deep tissue damage while maintaining a high degree
of clinical efficacy. Similar results are achieved in treating non-
muscular invasive bladder cancers (NMIBCs). A ruthenium-
based compound TLD-1433 has reached Phase Il trials as a green
light activated PDT photosensitizer.15

While many porphyrin-based MOF PDT photosensitizers1®
have been developed, light-activated
chemotherapy have been less explored in MOFs. In previous
work’, our lab developed the first light responsive MOF drug
delivery vehicle (DDV) utilizing an azobenzene- based
framework known as UiO-AZB. The zirconium framework
contains photoswitchable 4,4’-azobenzenedicarboxylic acid
(AZB) linkers. Upon irradiation with ultraviolet (UV) light, the
MOF structure is destabilized, allowing for photo-controlled
release of drug cargo. The design strategy allows for breakdown
of the carrier upon light Since unwanted
nanoparticle accumulation is a concern, the ability to
irreversibly degrade particles in vivo is advantageous for drug
delivery applications.

While our previous work demonstrates promising “proof-of-
concept,” the use of UV light hinders clinical relevance. To this
end, we developed a modified UiO-AZB framework that is
responsive to green light. Herein, we report the synthesis of a
new framework, UiO-AZB-F, which contains 4,4'-(diazene-1,2-
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diyl)bis(3,5-difluorobenzoic acid) (AZB-F) as the linker (Figure
1A). While some reports have utilized fluorinated azobenzene
as pendant groups in MOFs!8, this work is the first of its kind to
incorporate the compound into the backbone of a MOF.

The influence of substituents (specifically those occurring
ortho to the azo bond) on the photophysical properties of
azobenzene has been well documented in the literature.’® To
understand the role of ortho-tetrafluoro substitutions in our
system, both AZB and AZB-F were synthesized via modified
literature procedures (details available in ESIT).17.20 The
computational and experimental absorbance spectra of trans-
dominant AZB and AZB-F compounds were investigated (Figure
1B). The compounds are characterized by two absorptions in
the UV-Vis region of the spectrum. First, a strong m - n*
transition can be observed at wavelengths < 400 nm. Second,
the classic n—> m* absorption band occurs from 400-550 nm.
The parent AZB exhibits a m - m* transition maximum at 331
nm. In AZB-F, this transition is slightly blue-shifted and occurs at
319 nm. The blue shift is also observed in our calculations and
is due to destabilization of the HOMO (rt* orbital)!®. The molar
absorptivity (Figure S5) at these wavelengths is similar for the
parent and AZB-F derivatives (22,076 and 22,130 M1 cm™
respectively). For the n-> m* transitions, a weaker band is
observed at 460 nm in the parent (€ ~545 M1 cm) and 465 nm
(e ~1372 M1 cm1) in the fluorinated derivative. Ortho-fluorine
substitutions reduce electron density near the N=N bond?°,
resulting in a nearly 3-fold increase in absorptivity in the 400—
550 nm range. Therefore, we can utilize the n—> n* band for
green-light excitation. Indeed, after 15 min of constant
irradiation (515 nm), trans-AZB-F is completely converted to its
cis configuration, as evidenced by a change in the absorbance
spectrum (Figure S6). Over the same irradiation time, no
discernible trans-to-cis isomerization was observed for AZB with
the same wavelength.

With the green-light responsiveness of AZB-F confirmed, the
synthetic conditions for MOF preparation were optimized.
Addition of modulators (monotopic ligands) is a common
strategy employed to control MOF particle size during self-
assembly. Therefore, a modulator screening (further synthetic
details available in ESIT) was performed to determine optimal
conditions for production of nanoscale MOF particles. In a
general synthesis, 4,4'-(diazene-1,2-diyl)bis(3,5-difluorobenzoic
acid) (0.1 mmol), ZrCls (0.1 mmol), modulator (20-50 equiv.),
and DMF were heated in a sealed vial at 120 °C (further details
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Figure 1. A) An octahedral cage of UiO-AZB-F (Zr: cyan, C: gray, O: red, F: green, H:
white) B) Normalized experimental (solid) and simulated (dotted) absorbance
data for AZB-F (black) and AZB (red) linkers
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available in ESIt). The bulk structural purity of the resulting
MOFs was confirmed using powder X-ray diffraction (PXRD)
(Figure 2A and Figure S9). Interestingly, particles with higher
crystallinity were obtained with shorter reaction time (15 min).
SEM images revealed particles with octahedral geometry and
appropriate size (< 200 nm) are obtained with formic acid
modulation (Figure 2B). Consistently, dynamic light scattering
(DLS) showed an average particle diameter of 150 + 10 nm
(Figure S12). The particles also exhibited a BET surface area of
1740 £ 30 m? gl. Despite the presence of fluorine within the
pore space, the surface area is only slightly reduced (1900-2400
m?2 g for UiO-AZB'?) and pore volume is comparable, which
indicates the particles have sufficient porosity for storage of
drug cargo (Figure S13). Moreover, the modified pore
environment and polar hydrophobicity imparted by fluorine
atoms could enhance the affinity/uptake capacity of certain
drug compounds.2! Thermogravimetric analysis (TGA) shows
that particles degrade above 450 °C (Figure S14), ensuring
proper thermal stability of particles for our desired application.

After MOF characterization, the photo-switching behaviour
of AZB-F bound within the crystalline lattice was investigated.
MOF particles were placed in DMSO solution and irradiated with
a 515 nm LED or heated at 37°C (normal physiological
temperature) and kept in the dark. The absorbance of the
supernatant was monitored via electronic absorption
spectroscopy. In the irradiated sample, absorbance bands
consistent with that of free AZB-F in solution appear over time
(Figure 3A), indicating decomposition of UiO-AZB-F into its small
molecule component (AZB-F). When the MOF was heated
under physiological conditions, negligible absorbance was
observed over the course of 8 h, demonstrating the stability of
particles under non-irradiative conditions at body temperature.
The concentration of degraded MOF can be calculated over
time (equation and further details available in ESIt). The
percent degradation of the MOF was calculated by monitoring
the absorbance at the isosbestic point to ensure total AZB
concentration is measured. MOF degradation approaches 15%
after 8 h, at which point the value plateaus due to reaching the
solubility limit of AZB-F in solution. In vivo the degradation rate
is unlikely to plateau, as the body experiences continuous flow
due to the presence of biological fluids.

To demonstrate DDV capability, 5-fluorouracil (5FU) was
selected as a model cargo. 5FU is a broad spectrum
chemotherapeutic. Its small molecular size lends itself to
successful incorporation within MOF pores.
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Figure 2. A) PXRD of UiO-AZB-F (formic acid, 20 eq.) compared to the simulated

(black) crystal pattern (CCD #: 889532). B) SEM image of UiO-AZB-F particles (scale

bar: 300 nm)
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Figure 3. A) UV-Vis spectra used to probe degradation of UiO-AZB-F particles upon
irradiation with green light. Over an 8 h period, the absorbance gradually increases,
indicating release of free AZB-F into DMSO. B) Quantitative fluorine 1°F NMR spectra
show a growing 5-fluorouracil peak (-169 ppm) with increased irradiation time. The
internal standard peak (-115 ppm) was used to quantify the amount of 5FU released into
aqueous solution. C) Plot of 5-fluorouracil release from UiO-AZB-F (as quantified by 1°F
NMR) after green light irradiation (black) or heating in the dark (red). D) Dynamic light
scattering (DLS) analysis of average particle size after various time points during the
irradiation cycle. After 2 hours, the average particle diameter decreases by nearly 50%.

Three different loading procedures were explored to optimize
5FU incorporation. Drug loading was quantified using 1°F NMR
spectroscopy, as both the MOF linker (AZB-F) and 5-fluorouracil
contain fluorine. The first loading procedure was a post-
synthetic impregnation method wherein MOF particles were
suspended in a 3.5 mg/mL solution of 5FU and stirred for several
days. The resulting loading values did not exceed 6 wt%. The
second method employed ultrasonication during post-synthetic
impregnation (further details in ESIT). The method achieved
measurable loading with significantly decreased reaction times.
A maximum loading of 10 wt% 5-FU was achieved after a 20 h
sonication. The last method relied on an in-situ encapsulation
method (details available in ESIT). 5FU was added to the
reaction vial prior to MOF synthesis. PXRD of the resulting
particles (Figure S17) showed that crystallinity was maintained
during the modified procedure and further structural
characterizations confirm retention of particle morphology
(Table S2). Based on 1°F NMR spectroscopy, in-situ
encapsulation gave comparable 5FU loadings (14 + 4 wt%) to
the ultrasonication method. A sharp decrease in available
surface area was observed in drug loaded samples, which is
consistent with drug molecules residing within the MOF pores
rather than bound to the surface (Figure S18). With the
substantial time savings (15 min vs. 20 h) the in-situ method
provided, further studies used this method of loading. By
eliminating the need for diffusion of cargo through a preformed
structure, we propose that in-situ encapsulation may be a
superior method to load other thermostable molecules.
Particles were further functionalized with amine-terminated
PEG to increase aqueous stability and impart stealth properties.
An amine moiety was selected due to its ability to coordinate to
unsaturated Zr4* sites within the framework. Addition of an
amine functionality also allows for further modification of the

This journal is © The Royal Society of Chemistry 20xx
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particle surface to achieve selective uptake in cancer cells.
Targeting moieties such as folic acid can be easily conjugated to
the polymer through EDC/NHS coupling procedures (Figure
S22). Particles were suspended in polymer solution for 24 h to
achieve a maximum of 30 wt% coating (determined by *H NMR
on an acid digested sample, Figure S23). The PXRD pattern
(Figure S17) of PEGNH,-UiO-AZB-F+5FU is broadened due to the
significant contribution of amorphous polymer on the surface
but maintains sharp diffraction peaks corresponding to MOF.

Controlled release of 5FU from PEGNH,-UiO-AZB-F+5FU was
investigated. Particles were suspended in aqueous solution and
irradiated with 515 nm light for 2 h. After, the amount of 5FU
released (Figure 3B) was quantified using 1°F NMR spectroscopy
(with a known amount of 2,6-difluorobenzoic acid used as an
internal standard). Only polymer functionalized particles were
tested in these experiments, as surface modification mitigates
large burst release upon immersion in solution.1’? The release
profile is show in Figure 3C. At time zero, particles show ~10%
release of 5FU, which is attributed to burst from uncoated
particles in solution. However, upon irradiation the rate of 5FU
release increases dramatically, and 77 + 10% of the
encapsulated cargo was released in 120 min. The initial release
rate from the PEGNH,-UiO-AZB-F+5FU sample was calculated to
be 0.91 + 0.13% of total cargo per min. Comparatively, a control
sample (kept in the dark with heating at 37 °C) shows minimal
release of 5FU during the treatment window, demonstrating
the stability of particles under non-irradiative conditions.
Moreover, the data suggests that most cargo can be delivered
within a few hours, making this method suitable for timely
outpatient treatment.

To further probe the degradation mechanism, aliquots were
taken for DLS analysis to measure the particle size at various
timepoints throughout the treatment. The average particle
diameter is presented in Figure 3D. Over the course of a two-
hour treatment, the average particle size decreases by nearly
half, supporting that particles photo-exfoliate upon
isomerization of the incorporated ligand. The approach is
clinically promising as the particles will break down in a timely
manner rather than accumulate within organs.

With the success of our approach in solution, we sought to
test the in vitro toxicity of our particles. A human colorectal
cancer cell line (HCT-116) was selected. The colon is considered
a Class 2 phototherapy target!3c, and easily accessible for light
treatment. HCT-116 cells were seeded in a 96 well plate and
treated with PEGNH,-UiO-AZB-F (50, 100, and 200 pg/mL), or 20
wt% 5FU loaded PEGNH,-UiO-AZB-F (50, 100, and 200 pg/mL).
The cells were kept in the dark or subjected to cyclic irradiation
treatment (further details available in ESIt) for 72 h. Cell
viability was assessed using a CCK-8 assay, and the results are
presented in Figure 4. Both PEGNH,-UiO-AZB-F and PEGNH,-
UiO-AZB-F+5FU samples showed cell viability of ~80% in the
dark, demonstrating minimal leakage of 5FU without
irradiation. As MOF concentration increases, no differences in
cell viability are observed, confirming the nontoxic nature of our
under control conditions (Figure S34). Under
irradiative  conditions, PEGNH2-UiO-AZB-F+5FU  samples
showed a sharp decrease in cell viability (<10%).
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Figure 4. Cell viability data for HCT-116 cell line after treatment with PEGNH,-UiO-
AZB-F, PEGNH,-UiO-AZB-F+5FU, or 5FU under dark (black) or irradiative (red)
conditions.

In a 50 pg/mL sample loaded at 20 wt%, ~10 pg/mL of 5FU
should be released into solution. The cell death observed from
treatment with 50 pug/mL of drug loaded MOF and 10 pg/mL
5FU is within error, verifying that near quantitative payload is
delivered. To evaluate if nanoparticles entered the cells or
released 5FU extracellularly, we examined the cellular uptake of
MOFs by ICP-MS (Figure S35). As the concentration of MOF
increases, cellular uptake increases. Indeed, the cellular uptake
of 200 pg/mL is around 2-fold higher than 50 pug/mL. These
results verify that the MOFs enter cells.

In summary, we have detailed the preparation of a novel
visible-light-activated MOF (UiO-AZB-F) that degrades into small
molecule components upon green-light irradiation. The
framework shows affinity for select chemotherapeutic cargo
(5FU) and exhibits on-demand release. In vitro studies show
light-induced drug release and cytotoxicity against a colorectal
cancer cell line HCT-116. This study highlights the promise of
MOF-based DDVs, specifically the precision and control that can
be achieved using an external stimulus.
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