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ABSTRACT: A designed photoactive CO releasing molecule (photo-
2-(2-pyridyl)-
benzothiazole), promotes CO-induced death of MDA-MB-231 human breast
cancer cells upon illumination with broadband visible light. The CO release
from this photoCORM can be tracked by rise in fluorescence within the
cellular matrix due to deligation of the pbt ligand. The results of this study
suggest the potential of 1 in eradication of cancer cells through CO delivery.

CORM), namely, fac-[MnBr(CO);(pbt)] (1, pbt
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he surprising discovery of salutary effects of low

concentrations of carbon monoxide (CO) in mammalian
physiology has shifted the paradigm of signaling molecules in
biology." This noxious gas is endogenously produced through
the catabolism of heme cofactor by the enzyme heme
oxygenase (HO)” and plays a key role in various cytoprotective
pathways.>~> For example, low concentrations (<200 ppm) of
CO have been shown to provide protection against ischemic
reperfusion injury®” and improve organ/graft survival rates in
animal models.*” The difficulties associated with handling CO
gas in hospital settings, however, limit its use as a therapeutic, a
fact that prompted the quest for CO-releasing molecules (or
CORMEs) for CO delivery to biological targets.'®'* Because
larger (>300 ppm) doses of CO causes shutdown of respiration
and release of cyt ¢ from the mitochondrial membrane which in
turn initiates apoptotic cascades through caspase activation,” it
is now apparent that the outcome of CO delivery could vary
drastically depending on the doses of CO delivered to a
biological target. Compared to normal cells, the proapoptotic
effect of CO is more prominent in aggressive T cell,
dysregulated hyperproliferative smooth muscle cells, and cancer
cells.'' As a consequence, CO sensitizes cancer cells to
chemotherapy as well as induces apoptosis in prostate, colon,
and other cancer cells.'*'> These findings have led to the
realization that if delivered selectively CO could destroy
malignant cells, many of which often exhibit resistance to
common chemotherapeutics. In order to achieve control on
CO delivery, we'®™'® and others'®™>' have developed photo-
active metal carbonyl complexes (photoCORMs) that could be
triggered by illumination with lights of suitable wavelengths.
These photoCORMs have allowed CO delivery to eradicate
malignant cells under the control of light. For example,
Schatzschneider and co-workers have reported CO-induced
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eradication of HT29 colon cancer cells with a Mn-based
photoCORM [Mn(CO);(tpm)]* (tpm tris(pyrazolyl)-
methane, illumination at 365 nm),”* while we have recently
demonstrated very efficient dose-dependent eradication of
MDA-MB-231 (human breast cancer cells) and HeLa cells with
the photoCORM fac-[MnBr(azpy)(CO);] (azpy = 2-(phenyl)-
azopyridine) under visible light.*®

The success in eradication of malignant cells via light-
triggered CO delivery from designed photoCORMs requires
proper tracking of the CO donors within cellular matrixes. In
order to make our photoCORMs trackable in biological targets,
we have now synthesized a fluorescent metal carbonyl complex
that acts as a “turn-on” photoCORM. This Mn carbonyl
complex, namely, fac-[MnBr(CO),(pbt)] (pbt = 2-(2-pyridyl)-
benzthiazole), is sensitive to visible light and displays
enhancement of fluorescence upon CO release. This
phenomenon has been realized through fluorescence imaging
studies with MDA-MB-231 human breast cancer cell line. Ford
and co-workers have recently reported a trackable photo-
CORM, namely, [Re(bpy)(CO),(thp)] (where thp tris-
(hydroxymethyl) phosphine), which changes its emission
wavelength upon CO photorelease (illumination at 405 nm)
within PPC-1 human prostatic carcinoma cells.** However, no
apparent toxicity or cell death has been reported with this
photoCORM.

The complex fac-[MnBr(CO),(pbt)] (1) was synthesized by
the reaction of [MnBr(CO);] and pbt in equimolar ratio in
dichloromethane at room temperature (see the Supporting
Information for details). X-ray quality crystals of 1 were
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obtained by layering hexanes over its dichloromethane solution.
The X-ray crystal structure of complex 1 is shown in Figure 1.

Figure 1. Molecular structure of fac-[MnBr(CO);(pbt)] (1). Thermal
ellipsoids are shown at 50% probability level, and the hydrogen atoms
are omitted for clarity. Selected bond distances (A) Mn—Br,
2.5254(15); Mn—C13, 1.792(9); Mn—Cl4, 1.768(9); Mn—Cl5,
1.779(9); Mn—N1, 2.077(7); Mn—N2, 2.055(6).

The Mn(I) center resides in a distorted octahedral coordination
sphere with three CO ligands in a facial disposition. The Mn—
Br distance in 1 (2.5254(15) A) is comparable to that in the
corresponding bpy complex [MnBr(bpy)(CO);] (2.538(10)
A).>® The Mn—CO bond lengths of 1 are also comparable to
those observed with the bpy complex [MnBr(bpy)(CO),].
When kept in the dark, solutions of 1 in DMSO,
dichloromethane, acetonitrile, DMSO—water, DMSO—phos-
phate buffer, and acetonitrile—water mixtures exhibit prolonged
stability (as monitored by spectrophotometry). The electronic
absorption spectra of complex 1 in these solvents and solvent—
water mixtures exhibit two absorption bands (Figure 2). The
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Figure 2. Spectral changes of 1 in dichloromethane solution upon
exposure to broadband visible light (10 mW/cm? with a 440 nm
cutoff filter).

low-energy band in the 400—500 nm region presumably arises
from a metal-to-ligand charge transfer (MLCT) transition.”>**
When exposed to low power (10—1S mW) visible light,
solutions of 1 exhibit seguential changes (Figure 2) character-
istic of CO photorelease.”**>*® The release of CO from 1 upon
illumination has been confirmed by reduced myoglobin (Mb)
assay (see Supporting Information).

In the present work, the apparent rates of CO photorelease
(kco) of 1 have been determined in various solvent systems.
When measured in dichloromethane with a 440 nm cutoff filter,
1 exhibits a kg value of 4.32 + 0.01 min™ (conc. 1.021 X 107*
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M), while in acetonitrile solution, a modest drop is observed
(1.0S + 0.01 min~', conc. 1.03 X 107" M). Appreciable
solubility of 1 in acetonitrile—water (40:60, v/v) and DMSO—
water (20:80 v/v) mixtures allows its use in biological studies.
The former mixture was used for the cellular imaging, while the
latter was employed for cell viability studies. In such mixed
solvent systems, moderately slow kg values are observed. For
example, in acetonitrile—water mixture, the ko drops to 0.23 +
0.01 min~! (conc. 1.62 X 107* M), while in DMSO—water
mixture, a value of 0.61 + 0.01 min™" (conc. 1.39 X 10™* M) is
noted with a 400 nm cutoff filter. Despite such slow down, one
must note that the rates of CO photorelease from 1 are still
considerably “fast” compared to other photoCORM:s reported
in the literature.'” ™!

The choice of the pbt ligand in the present work stems from
two specific characteristics of this benzothiazole derivative.
First, this ligand is a stable fluorophore that displays strong
emission at 390 nm. Second, it exhibits strong antitumor
activities much like other benzothiazoles.”” Interestingly,
complex 1 shows a weak emission band centered at 390 nm
upon excitation at 330 nm. However, when a solution of 1 in
acetonitrile—water (40:60 v/v) mixture was exposed to eight
consecutive 30 s pulses of visible light (15 mW), a 20-times
enhancement in luminescence intensity was observed (Figure
3). Comparison of the ninth trace (black) with that of free pbt
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Figure 3. Time-dependent enhancement of emission intensity (1.n
390 nm) for 1 in acetonitrile—water (40:60 v/v) mixture upon
exposure to visible light (excitation wavelength 330 nm). Concen-
tration of 1 = 1.16 X 10™* M. The inset displays the emission spectrum
of free pbt ligand (concentration = 1.16 X 10~ M).

ligand (inset of Figure 3) of the same concentration (conc. 1.16
X 107* M) indicated that this trace corresponds to free pbt
ligand in solution. It is therefore evident that loss of CO from 1
upon exposure to visible light also causes deligation of the pbt
ligand, a step that is responsible for the “turn-on” event.

The concomitant loss of the pbt ligand from 1 during
photorelease of CO in acetonitrile—water mixtures raised
questions regarding the nature of the Mn-containing species left
in the photolyzed solutions in air. We have addressed this issue
with the aid of X-band EPR spectroscopy. The X-band EPR
spectrum (at 77 K) of the photolyzed solution of 1 exhibits a
six line spectrum (Figure 4 top) indicative of a Mn(II) species.
The Mn(Il) center in such solution appears to exist as an
acetonitrile complex, and the modest hyperfine broadening
possibly arises from ligand exchange (Br™) as reported by Chan
and co-workers.”® This is corroborated by the fact that a
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Figure 4. X-band EPR spectra (at 123 K) of the photolyzed solution of
complex 1 in acetonitrile—water (40:60 v/v) solution (50 M, top)
and MnSO, + KBr mixture in acetonitrile—water (40:60 v/v) solution
(100 pM, bottom). Microwave frequency, 9.44 GHz; modulation
amplitude, 2.00 G; and modulation frequency, 100 kHz.

solution of MnSO, with equimolar KBr in acetonitrile—water
(40:60, v/v) mixture also affords a very similar EPR spectrum
(Figure 4 bottom). The close resemblance of these two EPR
spectra suggests that upon photolysis the Mn(I) center of 1
undergoes oxidation to Mn(II) and remains as a solvated
species in solution. It is also important to note that, when the
photolyzed solution was evaporated to dryness and the residue
was subjected to IR spectroscopy, the solid displayed no CO
stretch in the entire 1700—3000 cm™' region. Moreover, the
most prominent IR bands observed were those arising from the
free pbt ligand, which further supports the findings of the
fluorescence experiment. Taken together, these results strongly
suggest that upon illumination 1 rapidly releases three CO
ligands and eventually the bidentate pbt ligand, leaving a
solvated Mn(Il) species and free pbt in the photolyzed
solution. The 20-times enhancement of the fluorescence
intensity upon photolysis (as shown in Figure 3) arises from
the free pbt.

The overall behavior of 1 under illumination made it clear to
us that this photoCORM could serve as a “turn-on” CO donor
that displays luminescence upon CO delivery to cellular targets.
To demonstrate such applicability, we performed fluorescence-
imaging studies with MBA-MB-231 human breast cancer cells.
The cells were incubated for 2 h with 50 M of 1 after which
the media was carefully aspirated. Following a wash cycle, the
cells were placed in PBS buffer and the suspension was
mounted on a Zeiss AxioObserver Z1 microscope (fitted with
Hamamatsu 9100-13 EMCCD camera) without fixing. The
fluorescence images were then recorded at t = 0 (Figure Sa)
and after three 10 s illumination pulses of visible light (Figure
Sb). The bright “turn-on” fluorescence displayed by the cells
after illumination reveals that CO loss from 1 indeed results in
release of free pbt. Close examination of the cells in Figure Sb,c
reveals the presence of free pbt ligand within the cells.

The rapid internalization of 1 in the MDA-MB-231 cancer
cells and subsequent release of CO and the pbt ligand (with
strong antitumor properties) upon illumination prompted us to
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Figure S. Fluorescence images of MDA-MB-231 cells incubated with
50 uM complex 1 for 2 h at 37 °C (A, 350 nm; A, 390 nm; short
pass DAPI filter cube). (a) First image without light exposure, (b)
image recorded after three 10 s pulses of low power LED light, and (c)
gray scale version of image (b).

examine the possibility of eradication of such cells under the
control of visible light. Following the addition of 1, colonies of
MDA-MB-231 cells (1 X 10* per well) in 96-well plates were
exposed to visible light for 45 min and incubated for an
additional 20 min in the dark. Next, the wells were carefully
aspirated to remove the media along with the photoproduct(s).
After addition of fresh media, the cells were further incubated
in the dark for 4 h. The viability of the cells was finally assessed
by MTT assay. As shown in Figure 6, a dose-dependent killing

° 100.0

E 100 | %62 oo 3%7 96.2

o 77.9

o 80 75.2

= 63.8

3 55.8 59.3
o 60 - 51.8

©

Q

£ 40 -

[e}

(&)

o 20

Qo

S o

i > o © O & QO & & & &N
o.é'buss'\q,,sqv‘xsﬁg

Concentration [MnBr(CO),(pbt)] (nM)

Figure 6. Dose dependent cell viability of MDA-MB-231 (blue bar)
cells upon treatment with CO photoreleased from 1. The orange and
green bars represent the cell viability upon treatment with 100 M
PBT and MnSO,, respectively, and the red bar indicates the cell
viability with S-fluorouracil (25 uM). All samples were illuminated
with a broadband visible light.

of the cancer cells was observed (done in triplicate).
Approximately 50% reduction in viability was observed with
100 #uM 1 under visible light illumination. This efficacy
compares well with the extent of cell kill by 25 uM of S-
fluorouracil (5-FU) upon incubation for 72 h. It is important to
note that the control experiment with MnSO, at the highest
concentrations (100 M) showed almost no reduction in cell
viability. However, incubation with a similar concentration of
pbt caused minor reduction in cell viability in line with its
antitumor properties. Finally, the dark control experiment with
1 showed insignificant cell death even at the highest
concentration (100 M) employed in the light experiments.
These findings collectively indicate that the present photo-
CORM 1 promotes rapid CO-induced apoptosis in MDA-MB-
231 cells under the control of light. In our earlier work, another
photoCORM fac-[MnBr(azpy) (CO),] reduced the cell viability
to a similar extent (~55% at 80 uM). However, the present
photoCORM allowed us to track the entry of the CO donor
into the cells (Figure Sa) and the event of CO photorelease by
fluorescence enhancement (Figure Sb) due to release of pbt in

the cytosol.
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In summary, the results of the present study demonstrate
that the photoCORM 1 (a) can deliver CO to biological targets
with the aid of very low power visible light, (b) can promote
rapid CO-induced apoptosis in MDA-MB-231 human breast
cancer cells, and (c) the highly fluorescent pbt offers a unique
way to track the CO delivery within the cells as revealed from
the cellular imaging experiments. To our knowledge, 1 is the
first “turn-on” photoCORM that allows one to track CO
delivery in cellular matrixes. We anticipate that designed
carbonyl complexes of this kind could be employed to deliver
controlled doses of CO to eradicate malignant cells that
otherwise exhibit resistance to regular chemotherapeutics.
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