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Porphyrins have been widely used in many optical devices given their unique photochemical properties.

Their poor photostability has, however, limited their wide applications in bioimaging and biosensing

schemes. Herein, we report the remarkable photostability enhancement of the porphyrin, carboxyphenyl
porphyrin (TCPP-H,) when locked in a zirconium based metal-organic framework (MOF-525). Steady-
state ensemble fluorescence spectroscopy experiments showed minimal changes (2%) in the recorded
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Introduction

The continuous rise of fluorescence microscopy as a funda-
mental method in many fields of science such as imaging and
biosensing has been accompanied by a great demand for
developing bright and photostable probes.’” Quantum dots
have emerged as popular material for both fluorescence
imaging as well as sensing.®” However, quantum dots have
demonstrated some limitations; their blinking under continu-
ous irradiation limits their application in fluorescence
imaging, and their toxicity hinders their implementation in
biosensing schemes.®® Consequently, new materials such as
conjugated polymer nanoparticles have been recently devel-
oped to serve as bright and stable probes for both sensing and
imaging.'* While photostability and brightness are drawing
a lot of attention, little focus has been directed towards devel-
oping new probes that have a large separation between their
excitation and emission wavelengths. Creating such a fluoro-
phore will provide a better signal-to-noise ratio in fluorescence
imaging microscopy, and in developing sensitive biosensing
assays.'>'®

Porphyrins have many unique photophysical properties that
have attracted significant attention directed towards optimiz-
ing them for their use in photodynamic therapy,'”"® dye-sensi-
tized solar cells,"®*° and the fabrication of optoelectronic®'>*
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signal when MOF-525 was continuously illuminated as compared to a 16% decrease for free porphyrins.
Single particle fluorescence imaging revealed bright microparticles with exceptional photostability and
no-blinking within the experiment window. This study highlights the use of metal-organic frameworks for
preparing photostable microstructures by leveraging on their unique self-assembly properties.

and photon up-conversion devices.>* Of special importance to
fluorescence imaging, porphyrin emission has a large red shift
from its maximum absorbance (ca. 200 nm), allowing for an
efficient separation between the excitation wavelength and the
collected emitted photons, thus achieving sensitive multicolor
measurements. Despite this major advantage, there have been
no widespread applications that integrate porphyrins into an
imaging or a sensing scheme. This limitation is due to their
tendency to aggregate in water,>® a phenomenon which influ-
ences their physical, chemical, and most importantly, their
photophysical properties.>® When aggregated, porphyrin fluo-
rescence brightness is compromised due to self-quenching.>’

To overcome this impediment, many approaches were con-
structed. One necessitated solubilizing porphyrins using
micelles or amphiphilic polymers, ensuring their deaggrega-
tion in water, and subsequently reducing the self-quenching
pathways.”® Another approach was to engineer them onto
nanostructured materials. For instance, when meso-tetrakis(1-
methylpyridinium-4-yl)porphyrin chloride was adsorbed onto
ZnO nanoparticles through electrostatic interactions, the sym-
metry of the porphyrin macrocycle increased which hindered
the rotational relaxation of the meso unit and/or decreased the
intramolecular charge transfer. This molecular structural
change resulted in a six-fold enhancement in the fluorescence
intensity. It is also believed that the increased rigidity of the
porphyrin upon the physical adsorption also contributed to
the fluorescence signal enhancement.

With the issue of brightness tackled, photostability was
another important parameter that had to be improved,
especially for porphyrin-based probes, since they are specifi-
cally prone to fast degradation given their efficient production
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of singlet oxygen. For example, this photostability enhance-
ment was achieved when porphyrins were incorporated inside
the molecular sieve channels of AIPO,-5.%°

Metal-organic frameworks (MOFs) have recently emerged
as a new class of crystalline extended materials that are
formed by the self-assembly of metal clusters with polytopic
organic linkers.”’*® Their high versatility, which is related to
the wide range of building blocks from which they can be pro-
duced, has led to a wide variety of applications, including gas

separation, gas storage, catalysis, purification and
sensing.’”*° Because of the strong chemical bonding and
higher coordination number, the Zr-based cluster,

Z1604(0OH)4(CO,)12, found in UiO-66 (Zrs04(OH)4(BDC)s; BDC =
terephthalate) is one of the most stable inorganic clusters.*"*
Thus, this inorganic secondary building unit (SBU) has been
employed as a platform to build thermally and chemically
stable MOFs that are critical for practical applications.****
Recently, MOFs combining zirconium clusters and porphyrin-
based linkers have been synthesized and showed interesting
physical and chemical properties that allowed them to be used
in catalysis, light-harvesting and oxygen transportation.*’

In this work, we argued that metal-organic frameworks are
an ideal platform to assemble porphyrins into higher ordered
structures that will ensure (1) disaggregation of porphyrins
and (2) rigidification of their structures. This will most defi-
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nitely lead to their fluorescence enhancement and to increased
photostability. To this end, MOF-525 appeared to be a great
choice for such a study.’® Indeed, this cubic structure has a
ftw topology, each cube is composed of eight corner-sharing
Zrs04(OH), units and six face-sharing porphyrin units, where
each porphyrin unit bridges four ZrsO4(OH), units. In
addition, it exhibited excellent chemical stability in different
solvents and under a wide pH range.””*® As such, it was an
ideal fluorescent porphyrin-based MOF to test, in the hope of
exploring its photophysical properties that is of importance for
future exploitation in imaging and sensing applications. To
this end, we report the exceptional photostability of zirco-
nium-porphyrin (TCPP-H,)-based MOF-525 when their fluo-
rescence signal is measured at both the ensemble and the
single particle level.

Results and discussion

MOF-525 cubic crystals were synthesized under conditions
similar to those reported in the literature (see the
Experimental section for more details).*® The crystallinity and
phase purity of the sample were confirmed by powder X-ray
diffraction (PXRD) analysis (Fig. 1). Scanning electron
microscopy images (SEM) revealed the formation of homo-
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Fig. 1
lated one, and (F) N, isotherm of MOF-525 at 77 K.
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(A—C) SEM images of the prepared MOF-525, (D) crystal structure of MOF-525, (E) PXRD pattern of MOF-525 crystals compared to the simu-
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geneous cuboctahedral crystals of 2-3 pm. The infra-red (IR)
spectra of MOF-525 and free porphyrin linker were recorded
and demonstrated that the free base porphyrin did not coordi-
nate to Zr cations through the N of the pyrrole units
(Unt-stretching = 3428 cm ™) (Fig. S171).

On the other hand, we observed that the free C=O stretching
vibration of the ligand (1724 cm™") was shifted to a lower wave-
number in the MOF spectrum (1406 cm™") due to the coordi-
nation to the Zr cluster. In order to assess the porosity of the
MOF-525 structure, the N, adsorption/desorption isotherm of
the activated sample was measured and then the Brunauer—
Emmett-Teller (BET) method exhibited a surface area of
2600 m* g~" which is in agreement with the reported value.*®

After successfully preparing and characterizing MOF-525,
we assessed its photophysical properties and the effect of
structural assembly on its fluorescence signal. When compar-
ing free porphyrins to MOF-525 in deionized water for optically
matched solutions (Fig. S2t), a 14 time fluorescence enhance-
ment was observed at 660 nm (Fig. 2). We believe that the
deliberately positioned porphyrins in the metal-organic frame-
work are significantly far to prevent self-quenching (20 A).
Indeed, when incremental amounts of NaCl were added to the
solution of TCPP-H, prepared in water, a fluorescence
enhancement was observed (Fig. S3t). This enhancement
could be interpreted by the disaggregation of porphyrins when
the solution’s ionic strength is increased. Similar results were
observed when tetrakisphenyl porphyrins were modified with
branched polyethylene glycol (PEG). The fluorescence intensity
increased with the increase of the substitution from 2 to 4 for
the same porphyrin concentration, suggesting that fully substi-
tuted PEG provides better solubility in water and avoids self-
aggregation of the porphyrin core.*’

However, the recorded fluorescence intensity slightly
decreased when a MOF-525 solution was compared to an opti-
cally matched solution of deaggregated TCPP-H, prepared in
buffer. This might be the effect of the coordinating Zr** ions.
Indeed, upon the addition of increasing concentrations of zir-
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Fig. 2 Fluorescent emission of optically matched aggregated porphyrin
prepared in water (() TCPP-H,) and porphyrin locked in a zirconium-
based metal-organic framework ((®) MOF-525).
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conium cations, we observed a quenching in the fluorescent
emission and the Stern-Volmer plot showed a positive devi-
ation indicating a favorable interaction between the free base
porphyrin and the metal ion (Fig. S41). Structural perturbation
of porphyrins may also induce major changes in electronic
and chemical properties. Upon comparison of planar porphyr-
ins with the perturbed ones, the latter showed reduced
quantum yields (up to 10 fold lower).>°

To evaluate the intrinsic photostability of porphyrins
assembled and locked in a MOF structure, steady-state fluo-
rescence spectroscopy measurements were acquired for a solu-
tion of optically matched (Fig. S4f) free porphyrins and
MOF-525, upon continuous excitation at 415 nm. Their emis-
sion was recorded at 645 nm (Fig. 3). The fluorescence trajec-
tory for MOF 525 showed remarkable photostability with only
a 2% decrease in intensity over the tested time interval
(32 min). On the other hand, the fluorescence intensity of opti-
cally matched free porphyrins decreased by 16% under the
same experimental conditions. To ensure that no structural
degradation is inflicted on the tested MOF, powder X-ray diffr-
action (PXRD) patterns were recorded before and after photo-
excitation and prove conclusively that the structure of the
framework is maintained after photoexcitation (Fig. S57).

The observed ensemble photostability of MOF-525 might
prove instrumental for cellular bioimaging and biosensing
applications. To evaluate the photostability of MOF-525 at the
single particle level, fluorescence microscopy imaging was
acquired. MOF-525 crystals were imaged using an upright fluo-
rescence microscope using a 40x objective with NA = 0.8
coupled to an excitation filter of 390-420 nm at a power,
measured out of the objective, equal to 8 mW cm™>. The emis-
sion was collected using a 600 nm long-path filter, in the
presence and the absence of an antifade solution with a
time interval of 500 ms for 90 s (limit of our processor). Time-
intensity trajectories were extracted using the Image] software
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Fig. 3 Fluorescence intensity versus time trajectories of MOF-525 (@)
and TCPP-H, (M) upon continuous excitation at 415 nm and the collec-
tion of emission intensity at 660 nm. The experiment was done in
10 mM HEPES buffer pH = 7.3 and 150 mM NaCl.
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and subsequently corrected for background signals. Individual
traces showed no sign of blinking (Fig. S61) at least within the
time resolution of our experiment (ca. 500 ms). In the absence
of an antifade solution, the trajectories showed an initial fast
decrease in the fluorescence signal (within the first 7 seconds)
equivalent to 16.8% of the original intensity (458 + 221 a.u.
N = 1302), and then remained stable throughout the experi-
ment as shown in Fig. 4. We speculate that the quick intensity
drop might be due to some un-coordinated and non-specifi-
cally adsorbed porphyrin units. In the presence of the antifade
mixture, the intensity—time trajectories remained stable with
no apparent decrease in the fluorescence intensity with an
average initial intensity of 697 + 105 a.u. (N = 1316), 52%
higher than that of MOF-525 with no antifade. We were unable
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Fluorescence Intensity (a.u.)
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o
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5 ;m
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to acquire images for TCPP-H, molecules given their weak
brightness and limited photostability under the same experi-
mental conditions as those for MOF-525.

We believe that the MOF structure prompts the interplay of
many factors leading to the observed photostability.
Porphyrins come with high singlet-to-triplet conversion rates,
and a long-lived triplet excited state that makes them prone for
photodegradation in solutions by sensitizing oxygen; energy
transfer from the excited triplet state to the ground state of
triplet dioxygen (*0,) leads to the formation of singlet dioxy-
gen (10,) by spin inversion.>! Subsequently, the highly reactive
singlet state attacks the porphyrin, predominantly in its meso-
positions, resulting in its systematic photodegredation over-
time.>>*® The rigid structure of the MOF might impose some
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Fig. 4 Upright fluorescent images of MOF-525 in (A and B) the presence and (C and D) the absence of anti-fade solution imaged using a 40x objec-
tive with NA = 0.8 coupled to an excitation filter of 390-420 nm at a power, measured out of the objective, equal to 8 MW cm™2. The emission was
collected using a 600 nm long-path filter with a time interval of 500 ms for 90 s (limit of our processor). Average time—intensity trajectories were
extracted using the ImageJ software and subsequently corrected for background signals.
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structural constraints by locking the porphyrin in a planar
structure. It has been previously reported that induced planar-
ity in porphyrins reduces intersystem crossing.’>>* Porphyrin
photostability was observed to be enhanced when closely pack-
aged. It is believed that close neighboring porphyrin units
enhance the process of triplet-triplet annihilation inducing a
decrease in the production of singlet oxygen.?® Another factor
might be introduced by the zirconium cation. Recently, Cosa
et al. have highlighted the role of transition metal ions such as
Ni** to quench the triplet excited state of organic dyes by
triplet-triplet energy transfer to ligand field states in coordi-
nation complexes.>>® Specifically, Ni*" was reported to sup-
press the blinking and sensitization of singlet oxygen. As such,
a dramatic improvement in the photophysics of red and green
organic dyes was reported. Specifically to porphyrin, Cavaleiro
et al. have observed enhanced photostability when porphyrins
were complexed with copper when compared to them being
free. They showed that the copper ion reduces the triplet life-
time by up to three orders of magnitude and subsequently
reduces the production of singlet oxygen.®>” Similarly, Ni** and
Co>" were shown to quench the triplet state of porphyrins.®®
Zirconium (Zr**) has also been reported to efficiently quench
the triplet excited state cyclopentadiene complexes.>®

As a result, we believe that a combination of structural con-
figuration coupled with the physiochemical inhibition of inter-
system crossing is responsible for the observed enhancement
in the brightness and photostability of porphyrins.

Conclusion

This work presents a simple way to enhance the photostability
of porphyrins, when assembled in a metal-organic framework.
The MOF microparticles were photostable when tested at the
ensemble and the single particle level. We believe these micro-
particles would be of great importance in the field of bio-
imaging by allowing the staining and subsequently sensing rare
sub-cell population. In addition, porphyrin used in solar cells
will benefit from brighter and more photostable sensitizers.

Materials and methods

Materials

4,4' 4" 4""-(Porphine-5,10,15,20-tetrayl tetrakis(benzoic  acid)
and zirconyl chloride octahydrate in addition to all the other
reagents and solvents, were purchased from Sigma-Aldrich and
used without further purification. The infrared spectroscopy
(IR) spectra were recorded on a FT-IR spectrometer Thermo-
Nicolet working in the transmittance mode, in the
450-3950 cm™ ' range. Thermogravimetric analysis (TGA) was
performed with Netzsch TG 209 F1 Libra apparatus. The ana-
lyses were carried out in a N, flow from 30 to 800 °C at a
heating rate of 3 K min~". Powder X-ray diffraction (PXRD) pat-
terns were collected using a Bruker D8 advance X-ray diffracto-
meter (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kv and

This journal is © The Royal Society of Chemistry 2018
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40 mA (1600 W) using Cu Ko radiation (k = 1.5418 A).
Scanning electron microscopy (SEM) was performed using a
MIRA3 TESCAN electron microscope where the samples were
first coated with a thin layer (10 nm) of gold. Nitrogen sorption
measurements were carried out at 77 K. Prior to the measure-
ments; the samples were activated under dynamic vacuum at
120 °C for 48 hours.

MOF-525 synthesis

MOF-525 Zrg(OH),04(C4sN4,OgHy6)3  Zirconyl chloride octa-
hydrate (12.5 mg, 0.037 mmol) was added to N,N-dimethyl-
formamide (DMF, 10 mL) and then was sonicated for thirty
minutes.’® After sonication, tetrakis(4-carboxyphenyl)por-
phyrin (2.5 mg, 0.037 mmol) was added and was sonicated
again for ten minutes. Acetic acid (2.5 mL) was then added to
the solution. The solution was placed in a 20 mL scintillation
vial and heated in an oven at 65 °C for three days. The crystals
were then washed with DMF (5 x 10 mL) over a three-hour
period. The DMF was removed and replaced by acetone (5 x
30 mL) over a five-day period. The collected crystals of
MOF-525 were heated at 120 °C under dynamic vacuum
(30 mTorr) for 48 h, in order to evacuate the pores.

Steady-state spectroscopy

UV-Vis spectra for optically matched porphyrin and MOF-525
solutions were acquired using a Jasco V-570 spectrophotometer
in either water or a buffer solution of 10 mM HEPES (pH = 7.3)
and 150 mM NacCl. Fluorescence spectra were recorded with a
Thermo Scientific Lumina Fluorescence Spectrometer upon
excitation at 415 nm and the emission was collected between
600 nm and 800 nm with a cell holder temperature maintained
at 20 °C, and under constant stirring at 600 rpm.

Single particle imaging

A solution of porphyrin or MOF-525 was placed on a glass
slide and left to dry. Twenty microliters of a ProLong gold anti-
fade (P36930) solution were added and covered immediately
with a coverslip. The samples were imaged using an upright
fluorescence microscope using a 40x objective with NA = 0.8
coupled to an excitation filter of 390-420 nm at a power,
measured out of the objective, equal to 8 mW cm™>. The emis-
sion was collected using a 600 nm long-path filter, in the pres-
ence and the absence of an antifade with a time interval of
500 ms for 90 s (limit of our processor).
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