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Abstract: Development of a photosensitizing system that can
reversibly control the generation of singlet oxygen ('O,) is of
great interest for photodynamic therapy (PDT). Recently
several photosensitizer—photochromic-switch dyads were
reported as a potential means of the 'O, control in PDT.
However, the delivery of such a homogeneous molecular dyad
as designed (e.g., optimal molar ratio) is extremely challenging
in living systems. Herein we show a Zr-MOF nanoplatform,
demonstrating energy transfer-based ' O, controlled PDT. Our
strategy allows for tuning the ratios between photosensitizer
and the switch molecule, enabling maximum control of 'O,
generation. Meanwhile, the MOF provides proximal placement
of the functional entities for efficient intermolecular energy
transfer. As a result, the MOF nanoparticle formulation
showed enhanced PDT efficacy with superior 'O, control
compared to that of homogeneous molecular analogues.

The development of photosensitizers that can control the
generation of singlet oxygen ('O,) has gained increasing
attention in photodynamic therapy (PDT) research to reduce
nonspecific damage from undesirably generated '0,.! PDT is
a minimally invasive cancer treatment using cytotoxic 'O, that
is generated by energy transfer (EnT) from an excited
photosensitizer to molecular oxygen (*0,) upon appropriate
light irradiation.”” In this regard, the addition of an activation
step provides another layer of selectivity on top of the
localized nature of PDT, which is based on the directed light
placement at the tumor site. As such, PDT with an activatable
photosensitizer becomes an appealing therapeutic option
whose sensitizing ability is activated in response to target
stimuli."3 However, common activation mechanisms often
involve irreversible or passive means. Therefore, the capa-
bility of controlling 'O, generation in a non-invasive and
reversible manner is highly desired in photosensitizers.

To address this issue, a molecular dyad consisting of
a porphyrinic photosensitizer and a dithienylethene (DTE)
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derivative as a molecular switch to reversibly turn on/off the
'0, generation was reported.”! However, the delivery of such
a complex system with multiple components is a formidable
challenge in biological environments owing to the different
molecular properties of each component, resulting in distinc-
tive cell response or permeability.”!

As a promising class of nanocarriers, metal-organic
frameworks (MOFs) have captured extensive research inter-
est because of their high porosity, synthetic tunability, and
structural diversity.”) Recently, MOFs have been studied as an
efficient platform for energy transfer between linkers because
of the highly accessible and spatially discrete linkers in the
framework.” Herein we show energy-transfer-based 'O.-
controlled PDT using a Zr-MOF as a nanocarrier, in which the
photosensitizing system installed in the MOF pores can
control the 'O, generation using a photochromic switch. A
widely employed photosensitizer, porphyrin® and a DTE
derivative were successfully incorporated into the Zr-MOF
with adjustable ratios. Our strategy, therefore, allows opti-
mization of the energy transfer for 'O, control via fine-tuning
of the ratios between two dyes incorporated into the MOF, as
well as a successful delivery of the dyad into cells.

While incorporation of the desired functional molecules
as linkers of the MOF could be straightforward, there are
several major obstacles to be applied in living cells for the
desired 'O, control. First, porphyrin and DTE derivatives are
not suitable for constructing stable MOFs, compatible in
physiological environments owing to their large sizes.”!
Moreover, classical mixed-linker strategies to incorporate
multiple functionalities often employ labile coordination
bonds, resulting in an instability of the framework in aqueous
media.l'”! In particular, the mixed-linker strategy usually
yields a locked ratio between pre-designed functional mole-
cules in the framework when the linkers are not topologically
identical,"! which could inherently limit the tuning of the
system for targeted application. Therefore, a system, where
the ratio between photosensitizer and photochromic switch
can be tuned in the MOF, is highly desired to optimize the
controllability of 'O, generation.

We chose UiO-66 as a base platform to build a photo-
sensitizing MOF system that can realize a reversible control
of 'O, generation for PDT. As an archetype of Zr-MOF, UiO-
66 exhibits excellent chemical stability through coordination
bonds between high valent Zr" and carboxylate.'”? Mean-
while, 2,12-connected fcu-a net of UiO-66 allows for many
sub-networks, including bcu-a, reo-a, hxg-a, or high-defect
frameworks."® Accompanied with the reduced connectivity,
available coordination sites on Zrg clusters [Zr,O,OH,-
(COO),,] can be generated for the introduction of the
functionalities via postsynthetic modification.'" However,
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the narrow pore window and small pore size of UiO-66 hinder
the entrance of large DTE and porphyrin derivatives into the
framework when postsynthetically approached. Therefore, we
turned to an in situ insertion of these molecules into UiO-66
nanoparticles with a thermodynamic controlled synthesis.

To incorporate the photosensitizing system (dyad), deri-
vatization of DTE and porphyrin cores to 1,2-bis(5-(4-
carbonxyphenyl)-2-methylthien-3-yl)cyclopent-1-ene
(BCDTE) and a free-base tetrakis(4-carboxyphenyl)-porphy-
rin (TCPP; Figure 1a,b) was implemented for their potential
coordination to Zrs cluster. Because the energy-transfer
efficiency for switching on/off the 'O, generation is highly
dependent on the molar ratios between the photosensitizer
and photochromic switch,*” we designed photosensitizing
systems in UiO-66 nanocarriers (1-6; Figure 2) by increasing
the feed ratio of the BCDTE switch at a constant amount of
TCPP for fine-tuning of the photosensitization and switching
ability.

Interestingly, the optimized synthetic condition modified
from the reported synthesis of UiO-66 nanoparticles,' where
TCPP and BCDTE were simply added with other starting
materials, could produce a pure phase of UiO-66 nano-
particles rather than a mixture of different MOFs. It is
reasoned that the superior thermodynamic stability of UiO-66
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Figure 1. a) Chemical structures and photoisomerization of BCDTE.

b) Chemical structure of TCPP. c) UV/Vis absorption spectra of BCDTE
(30 um) and TCPP (2 um). Inset: photographs of solutions of BCDTE
open (left) and closed (right) isomers. d) Proposed scheme of 'O,
control via competitive energy-transfer pathways upon photoisomeriza-
tion.
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inhibits possible formation of BCDTE-Zr-MOF, while the
growth of TCPP-Zr-MOF, despite its high thermodynamic
stability, was controlled by the low dose of TCPP.'! There-
fore, the single phase of UiO-66 can be targeted regardless of
the complexity of the system. Meanwhile, both TCPP and
BCDTE, containing multiple carboxylates, can readily par-
ticipate in the coordination of Zr, clusters by partially
substituting terephthalate linkers during the growth of UiO-
66 (Figure 2a). Once TCPP and BCDTE were installed inside
the framework, the “ship-in-a-bottle” effect resulting from
the small pore windows of UiO-66 and the robustness Zr-
COO bonds can prevent the leaching of the inserted
functionalities, thus maintaining the desired ratio after the
synthesis.'”! More importantly, since TCPP and BCDTE are
not serving as the linkers, our design allows for tuning the
molar ratios between two dyes upon varying synthetic
conditions, as well as the proximity of the dyes within the
MOF nanoparticle for efficient energy transfer.

TEM and SEM images of 1-6 show approximately 70 nm
of spherical nanoparticles with a high uniformity and a narrow
size distribution (Figure2b and Figures S10-S12 in the
Supporting Information). After confirming the phase purity
of 1-6 (Figure 2d), the ratio between BCDTE and TCPP in
each sample was then determined by UV/Vis spectra
(Table S6). Adjustable ratios of the incorporated molecules
were further confirmed by XPS and EDS data (Supporting
Information Sections 11 and 12). The homogeneity of the
dyad in the samples was also confirmed by UV/Vis spectros-
copy showing linear responses of each compound in the MOF
(Figures S13 and S14) and TEM/EDS mapping results (Fig-
ure S5).

The 'O, generation controllability of the photosensitizing
systems 1-6 was tested upon photoisomerization. A proposed
mechanism for the control of 'O, generation is centered on
competitive energy transfer pathways of TCPP emission
between closed BCDTE and *O, (Figure 1d). Representative
photoisomerization of BCDTE isomers was shown in Fig-
ure 1c, exhibiting distinctive changes in absorption profile.
Depending on the form of BCDTE isomers, therefore, the
excited energy of TCPP can take different energy-transfer
routes as shown in Figure 1d. For instance, when the BCDTE
switch is in the open form, the energy transfer occurs from
STCPP* to 30,, resulting in 'O, generation."™) On the other
hand, the closed BCDTE upon UV irradiation quenches the
'0, generation due to possible EnT pathway to the closed
BCDTE over *0,. To validate the feasibility of photoisome-
rization of BCDTE in UiO-66 nanoparticles, we prepared
a sample only with BCDTE in UiO-66 (7) using the same
synthetic strategy. Upon UV irradiation (4 =302 nm) on the
open form of BCDTE at UiO-66, the maximum absorbance
of BCDTE was observed in 10-15s, while prolonged UV
irradiation led to a decrease in absorbance (Figure 3a). The
reverse reaction was also tested with a visible irradiation (A >
450 nm) and a near complete recovery was achieved in 15 min
(Figure 3b). It is worth noting that sample 7 shows much
faster photoisomerization than that of other reported MOFs
in which the photochromic molecules were incorporated as
the linker."*!*! Knowing this, sample 6 was also tested for the
photoisomerization. The reversible photoisomerization was
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Figure 2. a) Defective structure of UiO-66 with inserted TCPP and BCDTE, and a proposed
binding scheme of TCPP and BCDTE to a Zrg cluster. b) SEM image of sample 6. Scale
bar=100 nm. c) UV/Vis absorption spectra of samples 1-6, normalized at the same concen-
tration of TCPP. d) PXRD patterns of UiO-66 nanoparticles and samples 1-6.
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Figure 3. a) Changes in the UV/Vis absorption of sample 7 upon UV irradiation at 302 nm and

40

b) recovery of UV/Vis absorption of 7 upon visible irradiation (. >450 nm with long pass filter) in
DMF. c) Emission spectra of open and closed isomers of 6. A, =420 nm. d) Changes in emission
intensity of 6 at 650 nm over few cycles of photoisomerization. A, =420 nm.
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clearly observed on a similar time
frame while showing characteristic
bands of both TCPP and BCDTE
(Figure S4).

Because the emission of TCPP
could strongly indicate the results of
proposed energy transfer, the viability
of regulating energy-transfer pathways
in our system was then evaluated by
fluorescence spectroscopy. The photo-
sensitizing system 6 was chosen
because the highest ratio of BCDTE
over TCPP would result in the greatest
quenching ability. The system was
excited at the Soret band (4 =420 nm)
of TCPP to avoid possible intervention
of the switching operation (Fig-
ure S28). The emission spectrum of 6
with the open switch (denoted as 6-0)
shows an emission maximum at
650 nm. To this sample, UV irradiation
was applied to close the BCDTE switch
in 6. As expected, the emission at
650 nm was quenched upon UV irradi-
ation, suggesting energy transfer oc-
curred to the closed BCDTE as pro-
posed (Figure 3¢). Reverse photoiso-
merization of BCDTE was subse-
quently carried out with visible irradi-
ation (A >450 nm), and a recovery of
emission was achieved in 15 min, con-
sistent with UV/Vis spectroscopic stud-
ies. Next, reversibility of the system
was monitored by recording changes in
emission intensity at 650 nm by alter-
nating cycles of switching on/off. Slight
loss of fatigue resistance was observed
as cycles proceeded, which may be
attributed to the substituent effect on
DTE switch as studied in literature."
Nevertheless, in system 6, the BCDTE
to TCPP ratio can be as high as around
11:1, in which the emission of TCPP
can be sufficiently quenched by a high
concentration of the closed form of
BCDTE.

After validating the reversible
nature, [BCDTE]-dependent 'O, con-
trollability was then examined with the
closed form of BCDTE in each sample
to compare the quenching efficiency of
'0, generation. The generated 'O, was
monitored by turn-on fluorescence of
singlet-oxygen sensor green (SOSG).
Samples 1-6 (closed forms) were irra-
diated by 420nm (100 mWcm?) to
generate 'O,. As expected, the 'O,
quenching efficiency was proportional
to the concentration of BCDTE switch

Angew. Chem. 2016, 128, 7304-7309


http://www.angewandte.de

GDCh
~~—

(=3
~

Zuschriften

open switch in 6 (Figure4e).
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Switching ability of 6 was then
validated by the cells incubated
with the closed 6 (denoted as 6-c),
which shows a negligible fluores-
cence as a result of the proposed
energy transfer to the closed form of
BCDTE (Figure 4f). In addition,
cell viability tests show low cytotox-
icity of materials 1-6 to B16 cells at
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48 h (Figure S27).

Next, in vitro PDT efficacy was
examined in B16 melanoma cells.
While various control groups
showed no apparent phototoxicity,
sample 1 showed a significant PDT
efficacy (Figure 4b). In particular,
the cells treated with 6-¢ showed
almost no PDT efficacy, clearly
supporting our hypothesis that
energy-transfer-based control of
'0, generation was indeed realized
in cell model (Figure 4b). To further
confirm this concept, we directly

T
20

Closed 6

FL Intensity (a.u.)

Distance Distance Distance

Figure 4. a) Irradiation time-dependent SOSG fluorescence response incubated with the closed form
of samples 1-6 upon 420 nm irradiation for photosensitization. A, =504 nm, L., =550 nm.

b) In vitro PDT efficacy of sample 1 and 6-c at various concentrations in B16 melanoma cells.
Incubation time =24 h. Irradiation time =30 min. c—f) CLSM images of B16 cells treated with 20 um
of samples 1 and 6, respectively (middle row). Cells treated with c) FBS free DMEM as a control;

d) sample 1; e) sample 6-0; f) sample 6-c for 60 min. The corresponding DIC images are shown at
top row. Fluorescence intensity profiles within the line across B16 cells are shown at bottom row.

Scale bars =20 pm.

in each system (Figure 4a). In particular, 6 showed almost
a near complete quenching of 'O, upon turn-off operation,
suggesting energy transfer to °0, was indeed more efficiently
inhibited by the higher concentration of the closed BCDTE in
6.

Having confirmed their 'O, controllability as well as
effective photosensitization, we then evaluated the applic-
ability of the systems in live cells. First, stability of the
nanocarrier was examined in aqueous media where PXRD
and dynamic light scattering (DLS) data showed no obvious
destruction of the framework over a week (Figures S6 and
S7). Invitro PDT studies were then carried out using B16
melanoma cells, a skin cancer model. Imaging capability of
the material was examined by 1, composed of only TCPP in
UiO-66 nanoparticles, showing a strong red fluorescence,
indicative of the emission from the photosensitizer (Fig-
ure 4d). Next, B16 cells were treated with 6-0 (the same
TCPP equiv), exhibiting red emission as intense as 1, which
suggests the excited energy of TCPP was not disturbed by the
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compared PDT efficacy between 6-c
and 6-0. As shown in Figure 5b, the
PDT results indicate that switching
operation can turn on 'O, genera-
tion in 6-0, enabling desired control
of '0, for PDT through the photo-
chromic switch. As a control experi-
ment, the switching ability and
ensuing PDT efficacy of a homoge-
neous mixture of BCDTE and
TCPP molecules (without MOF
nanoparticle formulation) were
tested at the same concentrations
as those in 6. Interestingly, PDT
efficacy of the small molecule
system (open BCDTE/TCPP mixture) was less effective
than that of 6-o, further supporting the improved PDT
efficacy by enhanced permeability and retention (EPR)
effect, of which the improved delivery was achieved by the
UiO-66 nanocarrier (Figure 5b,c). In particular, the results
indicate that delivery of the mixture to target cells with their
optimized molar ratio might be challenged presumably due to
biological barriers (e.g., different cell permeability), sug-
gested by noticeable loss of 'O, control (green in Figure 5c).
Furthermore, the failure of maintaining effective local con-
centration of the homogeneous mixture of the dyad in the
cells may also result in a significantly diminished control for
'0, quenching (Figure 5a). Therefore, in situ incorporation of
multiple functionalities in MOF nanoparticle not only
enhanced the delivery and PDT efficacy of the photosensitiz-
ing system over the molecular analogues, but also can be an
attractive strategy to maintain the pre-designed system with
multiple components (i.e., the optimized ratio) for desired
applications.
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In summary, our strategy of the in situ incorporation of
the multiple functionalities in the MOF nanoparticle has been
successfully demonstrated with a tunable ratio of the photo-
chromic switch for the control of 'O, generation. This method
also shows great potential for protected delivery of an
integrated photosensitizing system as desired, allowing
enhanced in vitro PDT efficacy with superior controllability
of 'O, generation, using a MOF formulation compared to that
of homogeneous mixture of the dyad.
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