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Fluorescent microscopy is a powerful tool for studying the cellular dynamics of biological systems. Small-
molecule organic fluorophores are the most commonly used for live cell imaging; however, they often
suffer from low solubility, limited photostability and variable targetability. Herein, we demonstrate that
a tautomeric organic cage, OC1, has high cell permeability, photostability and selectivity towards the
mitochondria. We further performed a structure—activity study to investigate the role of the keto—enol
tautomerization, which affords strong and consistent fluorescence in dilute solutions through
supramolecular self-assembly. Significantly, OC1 can passively diffuse through the cell membrane
directly targeting the mitochondria without going through the endosomes or the lysosomes. We
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Organic fluorophores are of great interest in many research
fields especially live cell imaging, which allows for noninvasive
observation and monitoring of biological processes. Small
molecule fluorophores can be functionalized and tuned with
high precision to tag a diverse variety of biological targets;
however, limited water solubility, cell-permeability, photo-
stability and targetability have halted the biomedical trans-
lation of many promising fluorescent molecules.* Ultimately,
new generations of fluorescent tags were designed to include
new functionalities that can improve their physical properties
and cell penetration such as long aliphatic side chains and cell
penetrating peptides.>® In addition, various strategies have
been employed to improve the photostability of these
compounds by the addition of electron withdrawing groups,
conformational changes, encapsulation or incorporation within
host macrocycles.”™*?

Major efforts in the organic fluorophores development have
been directed towards designing stable probes targeting the
mitochondria as it plays a central role in the generation of
adenosine triphosphate (ATP), central metabolism, and

“Smart Hybrid Materials (SHMs) Laboratory, Advanced Membranes and Porous
Materials Center, King Abdullah University of Science and Technology (KAUST),
Thuwal 23955-6900, Kingdom of Saudi Arabia. E-mail: niveen.khashab@kaust.edu.sa
King Abdullah University of Science and Technology, Biological and Environmental
Science and Engineering Division, Thuwal 23955-6900, Saudi Arabia

T Electronic supplementary information (ESI) available. CCDC 2144153. For ESI
and crystallographic data in CIF or other electronic format see
https://doi.org/10.1039/d25c00836j

i D. K and A. D contributed equally to this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry

apoptosis.'** Successful examples of mitochondria targeting
fluorophores include triphenyl phosphonium cations, hetero-
cyclic aromatic cations, macrocyclic amphiphiles, BODIPY
derivatives and mitochondria targeted peptides that have
limited solubility."*** Commercially available dyes for mito-
chondrial imaging such as Mito Tracker Red have a high pho-
tobleaching tendency and can form covalent bonds with the
mitochondrial respiratory chain complex I resulting in
increased cytotoxicity. Consequently, various organic, inorganic
and hybrid platforms were developed ranging from small
nanoparticles to self-assembled frameworks on the quest for
improved mitochondrial imaging agents.***’

Porous organic cages have received major attention over the
last decade as they are easily prepared, soluble in a range of
solvents and are intrinsically porous.”®** They have shown
excellent applicability in molecular recognition, sensing and
hydrocarbon separation but their biomedical imaging applica-
tions have never been investigated.*** Recently, self-assembled
organic imine stacks showed impressive electroluminescence
and live cell imaging.*® Moreover, an intracellular targeted
macrocyclic nanohoop showed fast cell uptake and two-photon
live cell fluorescence imaging.*” In this work, a tautomeric
organic cage (OC1) that shows unprecedented photostability for
live-cell imaging with high biocompatibility, cell permeability
and mitochondrial targetability is reported (Fig. 1). We
hypothesize that the keto-enol tautomerism is playing a major
role in promoting the stability and sustaining the fluorescence
of this platform. Such effect has been previously reported in
other organic dyes such as oxyluciferin and HDFL.?**
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Fig. 1 Tautomeric forms of OC1 and chemical structures of OC2 and
OcCs3.

Investigating other organic cages with less hydroxyl groups
(0C2) or replacing the hydroxyl groups with methoxy substitu-
ents (OC3) resulted in the loss of cell stability, retention and
targetability (Fig. 1). The presence of the -OH groups in OC1 not
only enables keto-enol tautomerization but also promotes H-
bonding interactions, which ultimately improves solubility
and cell permeability. We envision that understanding the
nature of the intra- and intermolecular interactions in organic
probes can lead to a profound enhancement in the photo-
bleaching efficacy in addition to cell permeability. OC1 can
effectively image the mitochondria over 3 h with high selectivity
and without any loss of efficacy (no photo bleaching), which is
comparable to the commercially used MitoTracker RedFM.

OC1, a [2 + 3] cage, was synthesized following a reported
procedure and its structure was confirmed by 'H Nuclear
Magnetic Resonance (NMR) and TOF-Mass analysis (Fig. S1-
S4t).**> Dynamic light scattering (DLS) of OC1 revealed an
average size of 30-50 nm in DMSO-H,O0 (2-5%) with a negative
zeta potential of —5 mV (Fig. S51). Single crystal X-ray analysis
revealed that OC1 crystallizes in a triclinic crystal system with
chiral P1 space group and the asymmetric unit consists of two
molecules of [2 + 3] cages (Fig. S61). Crystal structure analysis
suggests that the imine cage crystallizes as the keto tautomeric
form (Fig. 2a). This results in the formation of intramolecular
N-H---O hydrogen bonding between the imine (N-H) hydrogen
and the keoto (C=0) oxygen (dc-on actual = 1.36 A; de—o actual =
1.25-1.26 Avs. dg—o for oc1 = 1.260 A and dc—y actual = 1.25 A vs.
dc-ni for oc1 = 1.30-1.35 13) (Fig. S67). Three different windows
of each cage are connected with three different cages in the
same plane through weak C-H---O hydrogen bonding (d = 2.414
A, and 6 = 60°), which creates isolated pores at the center of the
cage (Fig. 2b). Furthermore, the packing diagram suggests the
formation of one-dimensional infinite extrinsic pores along the
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Fig. 2 (a) SCXRD and crystal image of OC1. (b) OC1 self-assembled
through hydrogen bonding interactions. (c) Packing of OC1 along b-
axis.

b-axis (Fig. 2c and S671). OC1 is stable in aqueous solutions even
at low pH as well as in cell media (Fig. S7-S107).

To test our original proposal that organic cages can act as
effective imaging agents, we first investigated the UV-visible
spectrum of OC1 in DMSO, which exhibited two characteristic
peaks at Amax = 286 and 330 nm that can be assigned to m-m*
and n-7* transitions, respectively (Fig. S11t). Fluorescence
emission spectra showed that OC1 exhibits two major peaks at
around 411 and 497 nm upon excitation at 330-350 nm in
DMSO, while excitation at 400 and 480 nm showed character-
istic emission peaks at 503 and 538 nm, respectively (Fig. S127).
This behavior can be explained by the presence of two emissive
forms due to the keto-enol tautomerization. The quantum yield
(QY) of OC1 in DMSO (0.25) and chloroform (0.4) was also
tested. Molar extinction coefficient of OC1 was estimated as
46 806 M~ ' cm ™' in DMSO (Fig. S13-S147). The quantum yield
of OC1 in DMSO are about half that of in chloroform that is
significantly matched with the reported intracellular targeted
macrocyclic nanohoop structure.®” The fluorescent properties of
OC1 were maintained at different pH values (4, 7 and 10)
(Fig. S15t). We hypothesize that this mode of assembly, as
supported by SCXRD, promotes stability and prevents
aggregation-induced quenching that is very common in small
molecule dye fluorophores. The keto-enol tautomerism is
boosting intra- and intermolecular hydrogen bonding interac-
tions that can be contributing to the emissive characteristics of
this system. In fact, the presence of the phenolic OH groups
have been reported to have critical effects on the structural and
spectroscopic properties of organic cages.**

We then proceeded to test OC1 for cell imaging by first
testing the cytotoxicity of OC1 in MCF-7 cells (Fig. S16at). The
cells were treated with a solution of concentrations ranging
from 3.9-500 pg ml " for 24 h. Cell death was measured using
MTT assay demonstrating the excellent biocompatibility of OC1
with an IC50 of > 500 pug ml~". MCF-7 cells were then either co-
incubated with OC1 and LysoTracker Red or MitoTracker
RedFM, the cells are then fixed with 4% formaldehyde (w/v) and
imaged on a confocal laser-scanning microscope (CLSM).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Interestingly, OC1 showed strong colocalization in the mito-
chondria with a Pearson's correlation coefficient of 0.9751
(Fig. S16b and ct). Real time imaging of MCF-7 cells at different
time intervals after co-internalization of OC1 and MitoTracker
showed a clear signal overlap on a subcellular level (Fig. 3 and
MOV1), which ultimately supports that OC1 can selectively
target the mitochondria.

These encouraging results piqued our interest to investigate
other organic cages in order to have a better understanding of
the mechanistic factors in play. As the tautomeric activity is well
reported to affect the photophysical properties of organic
compounds, we compared OC1 to an organic cage with less
phenolic OHs (0OC2) and an organic cage with only methoxy
substituents (OC3). OC2 and OC3 were synthesized and char-
acterized according to reported procedures (Fig. S17-5257).3>**
Absorbance, emission properties and stabilities of OC2 and
0OC3 in DMSO were also verified. OC2 showed one major char-
acteristic emission peak at around 547 nm upon excitation at
350 and 440 nm. The quantum yield (QY) of OC2 in DMSO
(6.7%) and chloroform (11.1%) was also tested (Fig. S13 and
S147t). OC3 showed emission at 494 and 537 nm upon excitation
at 320 nm and 480 nm upon excitation at 420 nm (Fig. S267).
The quantum yield (QY) and molar extinction coefficient of OC3
in DMSO is negligible. Cytotoxicity and biocompatibility studies
of OC2 and OC3 showed a relatively higher cytotoxicity
compared to OC1 (Fig. S271). As to targetability and photo-
stability, OC2 and OC3 showed less selectivity with colocaliza-
tion in both mitochondria and lysosome where the fluorescent
signal slowly disappeared, which implies the OC2 and OC3 are
less stable than OC1 (Fig. S2871). Moreover, FACS data revealed
that OC1 showed the highest uptake percentage in comparison
to OC2, and OC3 with an uptake percentage of 86.4%, 78%, and
69%, respectively (Fig. S291). Based on this data, we can

Organic Cage
g o|c1 g

MitoTracker

Fig. 3 Live cell imaging of MCF-7 cells incubated with 250 pg ml™ of
OC1 for 3 h showing the uptake and colocalization of OC1 (abs/em
~495/519 nm) with the commercial probe MitoTracker RedFM (abs/
em ~581/644 nm) in the mitochondria (scale bar at 50 um).
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conclude that indeed the hydroxyl groups, and their prompted
keto-enol tautomerism, are playing a major role in stabilizing
the overall structure through hydrogen bonding while simul-
taneously improving photostability and targetability. As
a control, we tested the aldehyde starting material, 1,3,5-tri-
formylphloroglucinol, to verify that OC1 is being uptaken as
a whole and not as the aldehyde building block or a possible
decomposition product. The experiment clearly demonstrates
that 1,3,5-triformylphloroglucinol as a fluorophore had no
selectivity towards the mitochondria and is initially distributed
in the cytoplasm and finally localizes in the lysosomes for
degradation (Fig. S307).

As for the uptake mechanism, we initially hypothesized that
OC1 will be taken up by cells through endocytosis, which is the
typical Dbiological pathway of nanoparticles and nano-
assemblies.**** Surprisingly, we discovered that OC1 can
passively diffuse rather than being actively transported through
the cell membrane. Passive transport is a type of membrane
transport that does not require energy to move substances
across cell membranes as it mainly relies on the second law of
thermodynamics. We tested OC1 uptake in the presence of
different endocytic inhibitors including chlorpromazine (CPZ),
filipin (FIL), and amiloride to inhibit clathrin-mediated, cav-
eolae mediated, and macropinocytotic endocytosis pathways,
respectively.** All cells were treated with the inhibitors for
30 min, followed by 3 h incubation with OC1. The cellular
uptake data showed that there was no significant reduction in
the uptake using the active transport inhibitors (Fig. 4a).
Moreover, the passive transport was tested by incubating OC1
(125 ug ml~") with MCF-7 for 3 h at different temperatures (4,
27, or 37 °C). The uptake was monitored by confocal microscopy
(Fig. 4b) and quantified by FACS (Fig. 4c). Interestingly, no
obvious reduction of uptake was observed in all the cases.

After verifying the targetability and the uptake mechanism
of OC1, we focused our attention on photostability. Since the
commercially available mitochondrion tracker dyes normally
have moderate photostability, it is critical to evaluate the
photostability of OC1 in live cells. We first compared the
photostability of OC1 with the commercially available Mito-
Tracker RedFM. Since the excitation/emission wavelengths of
OC1 (abs/em ~495/519 nm) and MitoTracker RedFM (abs/em
~581/644 nm) are distant from each other, we performed
simultaneous scans for both dyes for 100 scans at 1.5 s per scan
by incubating OC1 and MitoTracker RedFM with MCF-7 cells at
37 °C for 48 h. The results showed that at a laser power density
of P~ 0.4132 W cm > OC1 (¢ = 46 806 M~ " cm™ ') had higher
retention and photostability than that of the MitoTracker
RedFM where OC1 retained 54% of its initial fluorescence
intensity while the fluorescence of MitoTracker RedFM drop-
ped below 15% (Fig. 5a). Moreover, OC1 showed high photo-
stability even at 72 h post-staining (Fig. 5b). Finally, it was
noted that throughout the 72 h of incubation of OC1 with MCF-
7, over three generations occurred in the cell culture and
showed fluorescent labeling of the mitochondria suggesting
that OC1 can be passed through to daughter cells upon cell
division.

Chem. Sci., 2022,13, 7341-7346 | 7343
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Fig. 4 Cellular uptake mechanism of OC1. (a) Cell uptake of OCL1 in the presence of endocytosis inhibitors to investigate endocytic uptake
mechanism. (b) MCF-7 cell uptake CLSM of OC1l at 37 °C, 25°C, and 4 °C, respectively (scale bar at 30 um). (c) Quantification of cell fluorescence

relative to 37 °C.

(@)
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Fig. 5 Intracellular retention and photostability of OC1. (a) Photo-
stability of OC1 in MCF-7 cells co incubated with MitoTracker RedFM
for 48 h. Plot of the sum intensity of each frame normalized to time
0 (frame 1) and plotted against time (seconds). Intensity data analysis
was done using Python and plotted on Excel. (b) CLSM images (72 h
post incubation) showing OCL1 distribution while most of the Mito-
Tracker RedFM signal was lost (Scale bar at 30 um).

Conclusions

In summary, we demonstrated that a biocompatible organic
cage (OC1) can be efficiently employed as a mitochondria-
targeted fluorescent probe with high cell permeability and
impressive photostability. We investigated the role of the keto-
enol tautomerism in improving the stability, fluorescence and
cell retention of OC1 where it outperformed the commercially
used MitoTracker RedFM. This work demonstrates the relatively
unexplored potential of organic cages for use in biomedical
applications. Moreover, it highlights the importance of inter-
and intramolecular interactions to stabilize and improve the

7344 | Chem. Sci, 2022, 13, 7341-7346

performance of current fluorophores. Understanding the
interactions and assemblies at a molecular level can provide
a solid base for the rational design and synthesis of the next
generation fluorescent tags with superior physiological profiles
and exceptional photostability.
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