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ABSTRACT: Here we show the design, preparation, and
characterization of a dormant singlet oxygen ('O,) photo-
sensitizer that is activated upon its reaction with reactive
oxygen species (ROS), including 'O, itself, in what constitutes
an autocatalytic process. The compound is based on a two
segment photosensitizer—trap molecule where the photo-
sensitizer segment consists of a Br-substituted boron-
dipyrromethene (BODIPY) dye. The trap segment consists
of the chromanol ring of a-tocopherol, the most potent
naturally occurring lipid soluble antioxidant. Time-resolved
absorption, fluorescence, and 'O, phosphorescence studies
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together with fluorescence and 'O, phosphorescence emission quantum yields collected on Br,B—PMHC and related bromo and
iodo-substituted BODIPY dyes show that the trap segment provides a total of three layers of intramolecular suppression of 'O,
production. Oxidation of the trap segment with ROS restores the sensitizing properties of the photosensitizer segment resulting
in ~40-fold enhancement in 'O, production. The juxtaposed antioxidant (chromanol) and prooxidant (Br-BODIPY)
antagonistic chemical activities of the two-segment compound enable the autocatalytic, and in general ROS-mediated, activation
of 'O, sensitization providing a chemical cue for the spatiotemporal control of 'O,.The usefulness of this approach to selectively
photoactivate the production of singlet oxygen in ROS stressed vs regular cells was successfully tested via the photodynamic
inactivation of a ROS stressed Gram negative Escherichia coli strain.

B INTRODUCTION

Photodynamic therapy (PDT) is a methodology used for the
treatment of cancer and other ailments. It relies on the
production of singlet oxygen ('O,), a reactive oxygen species
(ROS) whose cytotoxic properties are exploited toward control
of cell growth.'™” PDT requires for the interaction of light an
active photosensitizer and molecular oxygen. Following
excitation of the photosensitizer, rapid intersystem crossing
(ISC) takes place from its singlet excited state to the triplet
excited state. The triplet excited state next acts as an energy
donor to ground state molecular oxygen (*0,) yielding 'O,
generated in situ.”*""°

In order to minimize undesired side effects, including damage
to healthy tissue during PDT treatment, photosensitization of
'O, may be controlled at different levels. The specific targeting
of the photosensitizer to ailing over healthy tissue and the
precise delivery of the exciting light exclusively to the desired
tissue constitute two levels of spatiotemporal control. Most
recently the chemical activation of a photosensitizer specifically
in the targeted tissue has emerged as an effective third level of
control.'' ~'° The method exploits differences in the proteome
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or metabolome of ailing tissue over the healthy tissue. An
enzyme or a chemical agent prevailing in the targeted tissue
may site-specifically activate an otherwise dormant chromo-
phore into a potent photosensitizer.'” Activation or unmasking
of the otherwise dormant photosensitizer will occur upon, for
example, the enzymatic hydrolysis of the quencher segment.'®

We reasoned that a dormant singlet oxygen photosensitizer
that activates upon scavenging of ROS could be utilized toward
the controlled delivery of 'O, specifically in cells or tissues such
as cancer cells that are under oxidative stress associated with
increased metabolic activity and ROS generation.'” ' Here we
show the design of the compound Br,B—PMHC that operates
under this premise (see Scheme 1). The new compound is
based on a two-segment photosensitizer—trap molecule. The
photosensitizer segment consists of a Br substituted boron-
dipyrromethene (BODIPY) dye, where substitution by heavy
atoms ensures that rapid and efficient intersystem crossing to
the triplet manifold will take place upon photoexcitation of the
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Scheme 1. Proposed Mechanism for Autocatalytic 'O, Amplification”
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“Following photoexcitation of Br,B—PMHC, its singlet excited state rapidly deactivates via intramolecular photoinduced electron transfer (PeT).
PeT is also proposed to take place from the triplet excited state if at all formed. Any Br,B—PMHC in the triplet manifold ([Br,B—PMHC]%*) that
eludes the previous two decay pathways will sensitize 'O, that will next be scavenged through a physical process by the trap segment in Br,B—
PMHC (geminate reaction). The improbable occurrence of a chemical quenching pathway of 'O, by Br,B—PMHC will yield an oxidized, active

form, Br,B—PMHC,,, that will sensitize additional 'O,.

chromophore.*'***** The trap segment consists of the

chromanol ring of a-tocopherol, the most potent naturally
occurring lipid soluble antioxidant and an efficient ROS
scavenger.”"*> Photoinduced electron transfer (PeT) from
the chromanol segment to the BODIPY segment”®~>" is shown
to effectively compete with intersystem crossing effectively
reducing the yield of triplet state. Photoinduced electron
transfer is also shown to quench any residual triplet excited
state formed. Combined singlet and triplet quenching of the
excited photosensitizer segment by the chromanol ring of a-
tocopherol is shown to give two layers of prevention of 'O,
production. Importantly, a-tocopherol, known to be an efficient
physical quencher of '0,*7°7 provides a third layer of
suppression of 'O, production. Oxidation of the trap segment
with ROS restores the ability of the compound to sensitize 'O,
and aborts its ability to scavenge 'O, effectively activating the
otherwise dormant photosensitizer (Scheme 1).The photo-
physical and reactivity studies described herein show that
Br,B—PMHC is a versatile ROS-activatable photosensitizer of
potential application in tissues where metabolic imbalance leads
to a large ROS production, such as in cancer cells'’~*'and
wounded tissue.”> ™" The juxtaposed antioxidant-pro-oxidant
antagonistic chemistry of Br,B—PMHC enables the autocata-
Iytic"' ~** ROS ('0,) amplification under continuous photo-
excitation as ROS (including 'O,) consumption triggers the
photosensitization of 'O,.

B RESULTS AND DISCUSSION

Design and Preparation of an Activatable Photo-
sensitizer. We selected BODIPY dyes bearing heavy atoms
such as I or Br at positions C2 and C6 for the photosensitizing
segment (see Figure 1). First, BODIPY dyes are lipophilic,
ensuring the partition of the new compound within the lipid
membrane.**® This partition enables rapid reaction of 'O,
with unsaturated lipids, a target in PDT.”’~*" BODIPY dyes
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additionally have desirable spectroscopic properties including
large extinction coefficients and small internal conversion decay
rate constants, minimizing wasteful decay pathways.’’”>*
BODIPY dyes are further relatively robust and inert toward
10,."" These dyes are easy to prepare and functionalize,
enabling the substitution with halogens at positons C2 and C6
either before or after coupling the chromophore segment to the
trap segment.””>**> Decoration with either I or Br substituents
ensures rapid ISC to the triplet manifold following photo-
excitation of the chromophore.'””**° Energy transfer from the
BODIPY triplet excited state may then sensitize 'O,. Finally,
the redox potential of BODIPY dyes may be further tuned
upon the judicious choice of substituents. Intramolecular PeT
may then be implemented as a molecular switch to turn off/on
a desired photophysical or photochemical outcome, for
example, emission in fluorogenic probes®”>%**¢ or 10,
sensitization, as shown in this work.

We reasoned that the chromanol moiety of a-tocopherol was
a most suitable trap segment to obtain a ROS activatable
photosensitizer compound. First, and based on a correlation
between Hammett parameters and BODIPY electrochemical
potentials,”" we estimated that rapid PeT from the chromanol
segment to the excited singlet or triplet manifold of either a 2,6-
dibromo- or a 2,6-diiodo-BODIPY photosensitizer segment
would inactivate the sensitizing properties of the latter. Second,
the electron rich chromanol ring is additionally an efficient 'O,
quencher operating through both physical (93%) and chemical
(7%) pathways.** The chromanol was thus expected to act as a
molecular switch suppressing 'O, production at three different
levels. Finally, oxidation of the chromanol following reaction
with ROS would activate the photosensitizer as both PeT and
'0, scavenging processes are terminated (Scheme 1). Of note,
our choice of chromanol coupled to a hydrophobic BODIPY
dye ensured high specificity toward photosensitizer activation
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Figure 1. Compounds prepared and studied in this work. Compounds 1 and 2 are fluorescent controls for compounds 3 and 4 and $§ and 6,
respectively. Compounds 3 and 4 and 5 and 6 are photosensitizer controls for compounds 7 and 8, respectively.

by lipid peroxyl radicals, the dominant ROS species
encountered in lipid membranes under oxidative stress.””~%

We considered two different short linkers to connect the trap
and photosensitizer segments.”” One linker was based on a
methylene linker connecting the chromanol and BODIPY
moieties. An alternative strategy rested on an ester coupling,
providing for a relatively simple synthetic route albeit in
detriment of antioxidant activity as a result of the electron
withdrawing effect on the chromanol trap of the carbonyl
moiety.”” Two compounds (7 and 8) were conceived bearing
either Br or I, respectively, at positions C2 and C6 and a linker
based on a methylene (7) vs an ester (8) moiety (Figure 1).
Fluorescent control BODIPY dyes bearing either an ester or a
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methylene moiety and no halogen (1 and 2, Figure 1) and
BODIPY dyes undergoing ISC but no PeT (controls bearing
two Br or two I substitutions with either a methylene or an
ester moiety yet lacking the chromanol segment) were also
prepared and studied (compounds 3—6, Figure 1).

H,B—CH; (compound 1) and H,B—OAc (compound 2)
were synthesized from the condensation of 2,4-dimethylpyrrole
with acetyl or acetoxyacetyl chloride.”* Halogenation of 1 and 2
via electrophilic aromatic substitution was used to introduce
either I or Br specifically at positions C2 and C6 of the
BODIPY. These positions are most susceptible to electrophilic
attack given the electronic density of the BODIPY core.”’ We
modified literature procedures” to introduce I, obtaining I,B—
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Table 1. Photophysical Properties of Compounds 1—8 in Acetonitrile at Room Temperature

kgee X 107 (s71)° kg X 107 (s71) k,, X 107 (s71) ex 10° M em™) (o) abs A, (nm) em A, (nm)
1° 17.8 + 0.1 144 + 0.1 33 +0.1 97 0.81 + 0.02 491 498
2° 15.0 + 0.2 13.1 +£ 0.2 20+ 0.1 81 0.87 + 0.02 S1S 530
3 4762 + 0.7 13.1 + 0.2 463.0 + 0.7 83 0.03 + 0.01 521 545
4 553 £ 0.2 11.0 = 0.2 442 + 0.2 79 0.20 + 0.02 S1S§ 535
S 625.0 + 0.7 12.5 + 0.2 582.0 + 0.7 96 0.02 + 0.01 550 572
6 66.7 + 0.3 93 + 0.1 574 + 0.2 81 0.14 + 0.02 543 562
7 d d d 56 <0.008 532 557
8 555.6 + 0.6 5.0 + 0.1 551.0 £ 0.5 63 0.009 + 0.002 552 576

“Errors from duplicate experiments. bFitting errors reported. “Values obtained from ref 31. “Not applicable.

CH, (compound 3) and [,B—OAc (compound §) in 72% and
79% vyield, respectively, upon reaction of their respective
precursors 1 and 2 with I, and HIO;. Br,B—CH; (compound
4) and Br,B—OAc (compound 6) where obtained in 84% and
82% yield, respectively, upon direct halogenation of 1 or 2
using a slow addition of Br,. Br,B—PMHC (compound 7) was
obtained in 15% yield from the carefully controlled addition of
Br, to our previously prepared H,B—PMHC. I,B—TOH
(compound 8) was obtained by coupling trolox to the
halogenated BODIPY alcohol via a Mitsunobu reaction yielding
the desired compound in 60% yield (since the newly formed
compound § did not undergo hydrolysis under standard
conditions, we hydrolyzed 2 and next halogenated the resulting
alcohol following the procedure described above).

Photophysical Studies. In order to evaluate the rate of
ISC, we initially compared the fluorescence parameters
recorded for compounds 3 and 4 and S and 6, bearing Br
and 1 atoms, with those recorded for their unsubstituted
fluorescent analogues 1 and 2, respectively.

Table 1 lists the emission quantum yields (¢;) and the
fluorescence decay rate constants (kg.) recorded for com-
pounds 1—8. A 27-fold drop in ¢; was recorded following
inclusion of I atoms in compound 1 (compare values for 1 and
3). A ca. 44-fold drop was recorded when comparing 2 and its
I-substituted analogue 5. When BODIPYs were substituted
with Br rather than I, smaller drops in ¢ ~4-fold, were
recorded in going from 1 to 4 and ~6-fold in going from 2 to 6.
The drop in ¢y and concomitant increase in kg, can be
attributed to the heavy atom effect that facilitates ISC
processes.' »***' 7% The drop underscores the potential of
these halogenated BODIPYs to be used as photosensitizer
segments. Also listed in Table 1 are the values for the radiative
rate constant estimated (kg = ¢kgec) for compounds 1—8. The
values are consistent with those expected for the BODIPY core,
in the range of 10 X 107 s™". Values for the decay rate constant
associated with nonradiative processes were also estimated (k,,
= (1 — ¢p)kye) and are likewise listed in Table 1. We recorded
a 1 order of magnitude and 2 orders of magnitude increase in
k.. upon substituting the parent BODIPY compound with Br
and I, respectively (compare compound 1 with 3 and 4 and
compound 2 with § and 6). The increase in k,, in going from 1
or 2 to 3—6 may be safely assigned to the addition of a new
decay pathway relying on ISC. Given the negligible
contribution of k. to the decay of 1 and 2, one may then
assign the measured values of k. for compounds 3—6 to kigc.
ISC is significantly more pronounced for iodo-bearing BODIPY
dyes than for their brominated counterparts, resulting in kigc
being 1 order of magnitude larger for the former than for the
later (iodo vs bromo).
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Table 1 further lists the absorption and emission maxima and
extinction coefficients for the new compounds (see also Figure
2). All of the dyes showed strong absorption bands between
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Figure 2. (A) Normalized absorption spectra and (B) normalized

fluorescence emission spectra of compounds 1—8 in acetonitrile.

Fluorescence spectra were obtained by exciting each compound at the
first vibronic shoulder of the S;—S; transition.

490 and 555 nm. Consistent with the stabilizing effect that
electron withdrawing groups in the meso position have on
BODIPY in its first excited singlet state, © a red shift in
absorption and emission is observed in going from a methylene
moiety to an acetate moiety (e.g., compare 1 vs 2,3 vs §, or 4
vs 6) at the meso position. I- or Br-substitution also resulted in a
bathochromic shift in the absorbance and emission spectra,
indicating that the resonance donating effect of I and Br at
positions C2 and C6 of the BODIPY core dominate over the
inductive effect, where the effect is more pronounced for I than
Br (compare 1 with 3 and 4 and 2 with § and 6).
Consistent with intersystem crossing taking place in
compounds 3—6, nanosecond laser flash photolysis (LEP)®’
studies on these compounds showed the appearance of a long-
lived transient species that was not detected with either control
compound 1 or 2 (see Figure 3 and also Figure S1). The
transient spectra were assigned to the triplet—triplet (T—T)
absorption of compounds 3—6.°*"°Two peaks were observed
in the regions between 420 and 440 and 600 and 700 nm. A
negative band was also observed in the range from 460 to 570
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Figure 3. Transient absorption spectra of compound $ in Ar saturated
acetonitrile upon 532 nm laser excitation. The inset shows the time
profile for AOD recorded at 430 and 550 nm.

nm, corresponding to the depletion of ground state BODIPY.
Triplet decay rate constant ky values of 1.7 X 10*s™! and 2.7 X
10* s™' were recorded for the iodo-substituted BODIPYs
(compounds 3 and 5) and their bromo-substituted analogues
(4 and 6), respectively, upon monitoring the T—T absorption
time profile at either 430 nm or 550 nm in argon saturated
solutions (see also Table 2). Consistent with the triplet
assignment, the transients were readily quenched by molecular
oxygen with quenching rate constant (k,) values in the range of
(2—-3) x 10° M~ s7', 1 order of magnitude smaller than the
diffusion controlled rate constant in acetonitrile (Table 2).

Control Layer for '0, Production. We subsequently
tested via steady-state and time-resolved emission and LFP
studies the extent to which the trap segment deactivates the
production of 'O,.

A first layer of control at the level of the singlet excited state
was confirmed by the significant intramolecular quenching of
fluorescence by the trap segment (Table 1).

Thus, for compound 7 (methylene linker), we recorded a ca.
25-fold drop in ¢; compared with the reference compound 4. A
ca. 2-fold drop in ¢; was recorded for 8 compared with S. The
larger fluorescence sensitivity to insertion of the chromanol
moiety recorded for 7 vs 8 arises from the slower rate of ISC
and the faster rate of competing PeT for 7 (Br—BODIPY
bearing a methylene linker) vs 8 (see also Table 1 for ISC and
Table 3 and text below for PeT). Essentially, kg, for the control
compound $ is an order of magnitude larger than that for
control 4, and a new deactivation pathway (PeT in 8) results in
little changes to ¢ in going from § to 8. Ultimately, the
intramolecular switch introduced by the trap segment offers a
better control and prevention of 'O, sensitization in 7 than 8.
Importantly, the measured fluorescence decays were too fast for

7 and 8 to obtain a reliable value for ky. in our setup. Based
however on the ¢ value recorded for 7, ¢ < 0.008, we may
safely place the value for the intramolecular electron transfer
rate constant from the singlet state (k.r) in compound 7 at k,r
>1x10"s7"

Consistent with quenching of the singlet via PeT from the
chromanol segment, the Gibbs free energy for photoinduced
electron transfer (AG2r) was exergonic for compounds 7 and 8,
in the range of 0.4 eV (see Table 3). This parameter was
calculated based on eq 1,%”" utilizing the first singlet excited
state energies and electrochemical redox potentials for
compounds 1—6 listed in Table 3 (see Figure S2 for cyclic
voltammograms).

AGg = [e(Epr)p — Ex /) + @ — AE, (1)

where e is the elementary charge, @ is the electrostatic work
term that accounts for the effect of Coulombic interaction of
the radical ions formed upon reduction/oxidation, AEy, is the
vibrational zero electronic energy of the excited fluorophore
(either singlet or triplet), Ej ;- is the one-electron redox
potential for the electron acceptor (BODIPY), and Ej.. , is the
one-electron redox potential for the electron donor (phenol).

A second layer of control was subsequently tested via LFP
studies, to monitor the extent to which the trap segment
deactivates the triplet excited state of the photosensitizer.
Intermolecular triplet quenching studies were conducted
monitoring the decay of the T—T absorbance of compounds
3—6 at 430 nm in the presence of increasing concentrations of
either 2,2,5,7,8-pentamethyl-6-hydroxy-chroman (PMHC, see
Figure S3) or 6-hydroxy-2,5,7,8-tetramethylchromane-2-carbox-
ylic acid (trolox). The two quenchers emulate the trap
segments utilized in 7 and 8, respectively. Quenching rate
constant, k, values on the order of 1 X 10%to 4 x 108 M ! 57!
were obtained for PMHC and compounds 3—6 (see also Table
2); no quenching was observed however for trolox, a
chromanol like PMHC but bearing an electron withdrawing
ester group and characterized by having a slightly higher
oxidation potential than PMHC.

The intramolecular PeT quenching of the triplet excited state
by the trap segment was next evaluated. Upon covalent
attachment of the chromanol moiety to the photosensitizers
(compounds 7 and 8), a significant increase in the value of kp
was observed. Specifically a 6-fold increase was observed for 8
compared with its precursor § (Table 2) revealing a moderate
quenching by an ester linked chromanol segment. In the case of
7, we were unable to detect any triplet—triplet absorption in

Table 2. Triplet Excited State Properties and Singlet Oxygen Quantum Yields for Compounds 3—10 in Acetonitrile

kp X 10* (s71), kr x 10° (s71) kg x 10 (M~ s7h), kg x 10° (M~ s7Y), )
argon-purged air-equilibrated Q-="0, Q = PMHC CDIAL’ DR°
3 1.68 + 0.02 4.35 + 0.02 1.82 + 0.03 1.20 + 0.0§ 0.75 + 0.04 0.81 + 0.02
4 2.70 £+ 0.02 4.55 + 0.03 191 + 0.02 1.29 + 0.04 0.64 + 0.03 0.72 + 0.02
K] 1.64 + 0.02 7.14 + 0.04 3.01 + 0.01 3.95 + 0.07 0.95 + 0.03 0.98 + 0.03
6 2.72 + 0.03 6.67 + 0.04 2.80 + 0.02 2.23 + 0.0 0.79 + 0.02 0.84 + 0.02
7 d d d d d d
8 9.16 + 0.05 4.55 £ 0.02 1.88 + 0.02 5.90 + 0.09 0.46 + 0.03 0.57 + 0.02
9 3.12 + 0.02 d d d 0.57 + 0.03 0.68 + 0.02
10 1.58 + 0.02 d d d 0.87 + 0.02 0.92 + 0.03

“Values calculated considering that the solubility of oxygen in acetonitrile is 2.42 mM according to ref 72. bSinglet oxygen quantum yields calculated

DMA

from the consumption of dimethylanthracene using Rose Bengal as a standard, ®,(RB) = 0.54,” kDMA = 6.3 x 1073 (s71). “Singlet oxygen quantum
yield determined directly from phosphorescence studies. Data were represented as the mean =+ standard deviation of each group. “Not applicable.
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Table 3. Electrochemical Data, HOMO and LUMO Orbital Energies, Singlet Excited State and Triplet Excited State Energies,

and Gibbs Free Energies for PeT

Ey? (eV) E(triplet)b erumo’ (eV) Eomo” (eV) Egeo E;Cf AG,; (singlet) AG,y (triplet)
18 2.53 i —2.31 + 0.05 —5.36 + 0.01 0.77 i —-0.26 i
2" 2.38 i —2.61 + 0.05 —-5.49 + 0.01 0.75 —1.44 —0.24 i
3 2.33 1.70 —2.87 + 0.05 —=5.81 + 0.01 0.88 i —0.37 0.262
4 2.37 1.71 —2.94 + 0.05 —=5.75 + 0.01 0.89 i —0.38 0.282
S 221 1.54 —=3.09 + 0.05 —=5.87 £ 0.01 091 —-1.14 —0.4 0.269
6 2.25 1.53 -3.15 + 0.05 —5.81 + 0.01 0.94 —1.13 —0.43 0.287

“Ego = HOMO—-LUMO gap obtained from the intercept of the normalized absorption and emission spectra. bEnergy of the lowest triplet state, from
phosphorescence emission spectra. “Energy of the lowest unoccupied molecular orbital derived from Hammett constants and associated errors.

Energy of the highest occupied molecular orbital derived from Hammett constants and associated errors. °ES
fEO = cathodic peak potential. $Values obtained from ref 54. "Values obtained from ref 31. ‘Not applicable.

55 = reversible oxidation potential.

contrast to its precursor 4, signaling that little triplet was
formed as a result of efficient PeT in the singlet excited state or
signaling an extremely rapid intramolecular quenching of the
triplet excited state from the methylene-linked chromanol trap
segment via PeT (vide infra). The intramolecular PeT
quenching is much faster for a chromanol lacking the ester
moiety, consistent with the intermolecular quenching studies
described above. The intramolecular triplet quenching in 7 and
8 thus provided a second layer of control on the photosensitizer
activity, at the level of the precursor triplet state.

The value of AGg for the first excited triplet state was
calculated utilizing eq 1 and the triplet excited state energy
obtained from phosphorescence emission of compounds 3—6
(see Table 3 and Figure S4). Based on these calculations AG
for PeT from the chromanol to the triplet excited state of 3—6
was endergonic, ca. 0.27 eV, accounting for the small
intermolecular rate constant of quenching measured for these
compounds in the presence of either PMHC or trolox and for
the long triplet decay rate constant k; recorded for compound
8. Importantly, the efficiency of PeT also relies on the distance
between the trap segment and the photosensitizers, a factor that
may additionally contribute to the differences observed
between compound 7 (methylene linker) and compound 8
(ester linker).

The third layer of control involving geminate quenching of
'0, by the trap segment was next explored. The chromanol ring
in a-tocopherol is an efficient 'O, quencher”” """ where
mostly physical (93%) but also chemical (7%) deactivation
takes place.””> To test whether 7 is equally efficient at
deactivating 'O, as a-tocopherol, we generated 'O, upon
irradiation of compound $ and monitored the 'O, phosphor-
escence lifetime in the presence of increasing amounts of either
7 or PMHC (an a-tocopherol analogue lacking the phytyl tail).
We measured similar rate constants (see Figure 4) for the
intermolecular quenching rate constants of 'O, by 7 and
PMHC (kg = 2.0 x 10° M™' s7" and k; = 4.0 x 10° M~' 57,
respectlvely) indicating that 7 is an eﬂic1ent '0, quencher, on
par with a-tocopherol.

In order to quantify the quantum yield of singlet oxygen
generation (®,) for the control compounds 3—6, the
deactivated compounds 7 and 8, and their activated forms 9
and 10 (vide infra), we measured the phosphorescence of 'O,
at 1270 nm (direct method, Figure S). An indirect method
based on changes in the absorbance of 9,10-dimethylanthracene
upon its oxidation by 'O, was also applied (see Figures SS and
$6).”° In both cases, the ®, from Rose Bengal was used as a
reference.”’ Similar ®, values were obtained for the
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Figure 4. Decay rate constant for 'O, phosphorescence in the
presence of increasing concentration of chromanol rings (either
compound 7 or PMHC). 'O, was generated upon irradiation of
compound § in air-equilibrated acetonitrile solutions. Values represent
mean + standard deviation of three separate experiments.

activation by ROS
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o

Figure 5. 'O, phosphorescence emission intensities (., = 1270 nm)
as a function of irradiation time for the different photosensitizers in air-
equilibrated acetonitrile solutions. Compound 7 was activated
following reaction with cumyloxyl radicals. The solution of 7
contained an equimolar amount of sacrificial PMHC to prevent
premature oxidation of 7. A pulsed laser operating at a 10 Hz
frequency and with a 532 nm output of 10 mJ/pulse was employed to
excite the sample.

compounds under study using either the direct determination
or the photooxidation of dimethylanthracene (see Table 2).
Iodo-substituted BODIPYs 3 and S showed comparable
values of @, (0.81 and 0.98, respectively) roughly 10% larger
than those of their brominated counterparts 4 and 6,
respectively. This is consistent with ISC being significantly
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more pronounced for iodo-bearing BODIPY dyes than for their
brominated counterparts. In general, the ®, values for
compounds 3—6 also correlate with ISC being the dominant
decay pathway in the iodo- or bromo-substituted BODIPYs in
comparison to their unsubstituted counterparts 1 and 2.
Addition of Br to the BODIPY core is shown to increase the
overall singlet excited state decay rate constant, kg, in the
range 3.1—4.5-fold (compare 1 vs 4 or 2 vs 6), that is, ISC
accounts for 2/3 to 4/5 of the overall singlet excited state
deactivation. One may thus expect at best a 60%—80% value for
®,, consistent with the tabulated values in Table 2. In turn k.
increased ca. 27-fold and 42-fold upon iodo-substitution
(compare 1 vs 3 or 2 vs §). In this case, @, is expected to
be above 95%, as was observed for $. The slightly smaller ®,
recorded for 3 may be the result of 'O, quenching by the more
nucleophilic BODIPY 3 lacking the ester group of S. In line
with this argument, 3 was observed to photodegrade at a
slightly larger pace than § presumably via photooxidation (see
Figure S).

We observed no 'O, generation for freshly prepared
solutions of 7. Geminate (static) quenching of 'O, in
compound 8 by the chromanol trap segment was inferred
from its @, value, which was ca. 1/2 that recorded for its
control compound S. This would be consistent with the third
control layer of 'O,

Activation of the Photosensitizer. Activation of the
dormant photosensitizer 7 or 8 (deactivation of PeT) following
their reaction with ROS was subsequently tested in the
presence of alkoxyl radicals. These ROS were generated at a
constant rate upon photolysis at 263 nm of an air-equilibrated
100 M dicumyl peroxide solution in acetonitrile. We followed
over time the increase in fluorescence intensity (drop in PeT)
to monitor the extent of activation, see Figure S7. Activation
was complete once the intensity reached a plateau.”** At this
point, the trap segment in 7 and 8 reacted to completion with
alkoxyl radicals to generate 9 and 10, respectively. Consistent
with deactivation of PeT in the triplet excited state following
ROS scavenging by 7 and 8, values of kr recorded with the
oxidized compounds 9 and 10 were comparable to those
obtained for control compounds 3—6 (see Table 2).
Deactivation of PeT in the singlet excited state in turn
manifested in the ca. 7-fold and 2-fold emission enhancements
recorded for 9 vs 7 and 10 vs 8, respectively (Figure S7).

Direct activation of 7 to yield 9 upon reaction with
cumyloxyl radicals resulted in a dramatic increase in 'O,
generation. We recorded a ca. 40-fold enhancement in ®3
for 9 with respect to 7 (Figure 4). The ®, recorded for 9 is
further comparable to the one achieved for the control
compound 4, indicating that the photosensitizing properties
of the Br-substituted BODIPY were fully restored. Compounds
10 (activated 8) and S had the same ®,. Importantly, we
recorded a 'O, phosphorescence decay lifetime of ca. 80 us
upon photosensitization by all compounds but 7 (where 'O,
was not generated) and by 8, where the lifetime dropped to 70
us, consistent with intermolecular quenching of 'O, by the
chromanol moiety, that is, 'O, that was not scavenged by its
source was eventually scavenged intermolecularly.

Autocatalytic Activation and '0, Amplification. The
juxtaposed antioxidant (chromanol) and prooxidant (Br—
BODIPY) antagonistic chemical activities of the two-segment
compound paved the way for the autocatalytic activation of 'O,
sensitization (Scheme 1).”” Photoexcitation of solutions
containing trace impurities of oxidized 7 or direct excitation
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of 7 where the three control layers were avoided (see Scheme
1), resulted in the generation of initially undetectable amounts
'0, that were capable of reacting with the trap segment in 7.
Chemical rather than physical quenching of the trace amounts
of 'O, by 7 yielded, we postulate, compound 9-OOH (see
Scheme 2), resulting in activation of otherwise dormant 7 and

Scheme 2. Proposed Reaction of 7 with 'O,

Br,B-PMHC,,
(9-O0H)

Br,B-PMHC

the amplification of 'O, generation. Consistent with an
autocatalytic activation mechanism, the @, recorded following
direct 532 nm laser excitation of an air-equilibrated acetonitrile
solution of 7 was observed to increase over time following a
sigmoidal behavior (Figure 6)."'7* A ca. 6-fold increase in ®,

% 0.7- p.u-5-0-uanl ‘8.5X1075 %)
> 0.6 f/l’ . g
2 04 -._.-":"" F7.5x10° Q

] =y <
o F S e 7 0x10° G
5031 A < [\ 8 8
g 021 i g 16.5x10° &
® 0.1 o0 r6.0x10° 3
2 %8sy 4% 5 —
5 00 ' . At 15 5¢10° @
@ 0 5 10 15 20

Irradiation Time (min)

Figure 6. Singlet oxygen quantum yield (M) and singlet oxygen
lifetime (@) for compound 7 as a function of the irradiation time. The
inset shows 'O, phosphorescence decay traces recorded at 1270 nm
following increasing irradiation times. [7] = 5.8 yM in air-equilibrated
acetonitrile solutions. A pulsed laser operating at a 10 Hz frequency
and with a 532 nm output of 10 mJ/pulse was employed to excite the
sample.

was initially recorded. The 'O, phosphorescence lifetime also
followed a similar sigmoidal behavior with irradiation time,
increasing from ca. 60 to 85 ys. Both the sigmoidal increase in
phosphorescence lifetime and in @, are consistent with
depleting the trap segment in 7 thus reducing the amount of
'0, quencher while simultaneously yielding an active sensitizer,
presumably compound 9-OOH.

Intrigued by the relatively small enhancement in @,
experimentally observed, we reasoned that some initial reaction
may take place upon preparing solutions of 7. Direct activation
upon reaction with cumyloxyl radicals yielded 40-fold enhance-
ment (Figure S); however sacrificial amounts of PMHC (1
equiv of PMHC per equivalent of 7) were added in that case to
the solvent to prevent premature oxidation of 7. We next
monitored ®, and 'O, phosphorescence decay upon adding
250 uM PMHC to the solution prior to addition of compound
7 (Figure S8). In this case, the 'O, phosphorescence lifetime
was within the instrument response, that is, ~3 us. The ®, was
further undetectable. Prolonged irradiation of this solution (8 h,
~300 000 laser shots, 10 m_]/pulse) resulted in a ca. 25-fold
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increase in ®,. Importantly, photodegradation of the BODIPY
chromophore presumably prevented reaching the maximum
possible enhancement in this case.

While monitoring the increase of 'O, phosphorescence or
lifetime gave a qualitative picture of the autocatalytic activation
of 7, we reasoned that monitoring fluorescence increase real-
time would provide a means to better analyze the autocatalytic
process. Although 7 is sparingly emissive (®; < 0.008), the
activated form would have similar emission to that of control 4,
characterized by a @®; = 0.20, thus enabling tracing the
activation over time via the increase of fluorescence emission
intensity. Continuous irradiation of an air-equilibrated solution
of 7 in acetonitrile within a fluorimeter exciting at 532 nm
displayed a sigmoidal enhancement in emission (see Figure 7

5.8 uM Br,B-PMHC (7)
—— 5.8 M Br,B-PMHC (7) + 2% PMHC
—— 5.8 M Br,B-PMHC (7) + 2% PMHC + 15% Br,B-CH, (4)

6.0x10°

B
o
X
A
IS
(]
.

[9-O0H] (M)

2.0x10°

50 100 150 200

Irradiation Time (min)

Figure 7. Autocatalytic activation of compound 7 to generate 9-OOH
as a function of irradiation time. Experiments were conducted in air-
equilibrated solutions in acetonitrile containing 5.8 uM 7 (green
trace), 5.8 uM 7 and 0.12 yuM PMHC (2% equiv of 7, blue trace), and
5.8 uM 7, 0.12 uM PMHC, and 0.87 uM 4 (15% equiv of 7, black
trace). In this latter case please note that the trajectory considers 4 as a
surrogate of activated compound 9-OOH. Fitting of the data according
to eq 4 are shown by the red dashed lines. The power of the incident
light was 1.6 mW/ cm?.

and Figure S9 for the raw data).”'~**”® In order to avoid the
preoxidation of 7, we next added 0.12 uM of sacrificial PMHC
(2% equivalents of 7) to the solvent. Fluorescence intensity
enhancements of ~30-fold were recorded in the latter case.
This sample also displayed a longer induction period than that
recorded when no PMHC was added. To emulate conditions of
exacerbated preoxidation of 7, we next conducted experiments
where 0.87 uM of 4 were added to the solution (15% equiv of
7). Compound 4 was utilized to correctly account for the
amount of activated singlet oxygen sensitizer; it is thus a
surrogate of compound 9. In this case, no induction period was
observed (Figures 7 and S9). The autocatalytic process (eq 2
below) under conditions of increasing amounts of activated
compound follows the rate law given by eq 3, and the
experimental results may be fitted according to eqs 4—7.""

k
7 - 9-O0H (2)
Given the above reaction scheme the rate equation becomes
—d d[9-O0OH
=471 _ 17)00-00m] = 2-O0H]
dt dt )

The solutions for [7] and [9-OOH] given the autocatalytic
process are given by

b[7],(e™ — 1)

9-O0H| = |9-O0H |, +
[ =1 o 1+be”

4)
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7] b[7],(e” — 1)

[7]0 -

1+be* )
where a and b are given by
a = ([7], + [9-00H],)k 6)
and
_ [9-00H],
-7 (7)

In eqs 2—7 k is an apparent second order rate constant.*'
Doing a direct correlation between the fluorescence intensity
and the initial concentration of 7 and assuming that all 7 is
oxidized to yield 9-OOH, it was possible to obtain the
concentration vs time profile for the photooxidation of 7 (see
Figures 7and S9). The data was fit according to eq4. The k
values retrieved for the autocatalytic activation of 7 under
different conditions were on the order of 8.0 X 10> M~ min™".
As previously described, less than 5% of 7 is preoxidized during
the preparation of our sample. This value is consistent with the
initial concentration of 9-OOH obtained from the fitting of the
trajectory acquired with 7 only (no PMHC or compound 4).

Photodynamic Inactivation of Bacteria. We next
validated the applicability of compound 7 toward the selective
photodynamic inactivation of ROS-stressed vs regular bacteria.
To stress the cells, we utilized hydrogen peroxide, known to
stimulate ROS production in Gram-negative cells.””*" We
incubated bacteria from the Escherichia coli strain (10° colony
forming units (CFU)/mL) with S00 nM hydrogen peroxide for
2 h at 37 °C. Following precipitation and resuspension of this
bacteria in media with no H,0,, we added compound 7. In
parallel, compound 7 was also added to bacteria that were not
exposed to H,0,. We next tested the bactericidal capability of
compound 7 in both the ROS stressed (E. coli (i) + 7) vs
regular cells (incubated with no H,0, (E. coli + 7)) by counting
E. coli colony forming units remaining after 1 h of continuous
irradiation (2.6 mW/cm? with a maxima at 520 and a fwhm of
31 nm for S lamps 10 cm from the target), see Figure 8.

A drastic drop in colony forming units was recorded
following the combined action of compound 7 and irradiation
for stressed cells. No inactivation was observed in turn for
nonstressed healthy cells. A control experiment where cells
were treated with preactivated 7 (compound 9) and light but
no H,0, also showed a drastic drop in CFU. Additional control
experiments in the dark for cells treated with compound 9 or
with compound 7 (with or without H,0,), or simply with
H,0, showed no effect on the CFU, see Figure 8.

B CONCLUSION

The juxtaposed antioxidant and prooxidant antagonistic
chemical activities of the newly developed dormant photo-
sensitizer B,B—PMHC (7) enable the autocatalytic, and in
general ROS-mediated, activation of 'O, sensitization providing
a chemical cue for the spatiotemporal control of 'O,
production. Kinetic and spectroscopic considerations show
that the faster rate of ISC recorded for iodo- vs bromo-
substituted BODIPY segments, while desirable toward
enhancing the yield of 'O, sensitization, provides a strain on
the kinetic control of dormancy, that is, a faster ISC rate
necessitates faster rates of photoinduced electron transfer in
order for the photosensitizer to be effectively dormant. This is
exemplified by comparing compounds 7 and 8. Dormancy in
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Figure 8. Antibacterial photodynamic inactivation in E. coli ATCC
25922. E. coli dark controls (from left to right): control, incubated with
500 nM hydrogen peroxide (i), treated with 7, treated with 9,
incubated with 500 nM hydrogen peroxide and treated with 7. E. coli
after 1 h irradiation (from left to right): E. coli treated with 7; E. coli
treated with 9 (preactivated 7), and E. coli incubated with 500 nM
hydrogen peroxide and treated with 7. Dimmer colors represent the
strain treated for 1 h with compound 7 or 9 and intense colors
indicates no incubation period with compound 7 or 9.

the former results from a fast rate of PeT (methylene-linked
chromanol) and a moderately large rate of ISC (bromo-bearing
compound), whereas in the latter, characterized by a smaller
rate of PeT (ester-linked chromanol) and a larger rate of ISC
(iodo-bearing compound), dormancy is not achieved. From a
spectroscopic viewpoint, the moderately large rate of ISC
observed in bromo-substituted BODIPY dyes results in residual
emission (®; ~ 15%) being observed from these compounds,
enabling real-time monitoring of the activation of the dormant
photosensitizer bearing Br atoms, which will be of particular
significance in cell studies. This does not come in major
detriment of the quantum yield of 'O, for the Br-bearing
BODIPY, at ca. 80%. Compound 7 provides a new paradigm
toward developing photosensitizers that will enable the
controlled delivery of 'O, specifically in cells or tissues where
metabolic imbalance leads to a large production of ROS, acting
as a trigger and amplifier for 'O, photosensitization. The
usefulness of this approach to selectively photoactivate the
production of singlet oxygen in ROS stressed vs regular cells
was successfully tested via the photodynamic inactivation of a
ROS stressed Gram negative E. coli strain.

B EXPERIMENTAL SECTION

Materials. HPLC grade solvents for spectroscopy experiments and
column chromatography purifications, LB broth and LB agar, were
purchased from Fisher Scientific. All other chemicals were supplied by
Sigma-Aldrich Co. and used without further purification.

Instrumentation. Absorption spectra were recorded using a
Hitachi U-2800 UV—vis—NIR spectrophotometer. Luminescence
spectra were recorded using a PTT QuantaMaster spectrofluorometer
using 10 mm X 10 mm quartz cuvettes and corrected for detector
sensitivity.

Fluorescence lifetime measurements were carried out using a
Picoquant FluoTime 200 time correlated single photon counting
(TCSPC) setup employing an LDH-P-C-470 ps diode laser
(Picoquant) with an excitation wavelength at 466 nm as the excitation
source. The laser was controlled by a PDL 800 B picosecond laser
driver from Picoquant. '"H NMR spectra were recorded on a Bruker
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AV 400 instrument at 400 MHz. '3C NMR spectra were recorded on a
Varian VNMRS 500 instrument at 125 MHz. ESI mass spectra were
measured on a Bruker maXis impact. Laser flash photolysis (LFP)
experiments were carried out in a commercially available Luzchem 212
LFP setup provided with a Tektronix TDS 2000 digitizer for signal
capture. A Nd:YAG laser (Continuum model Surelite I-10 using
second harmonic generators, model number SL-SHG-T1) was used
for excitation at a wavelength of 532 nm. Phosphorescence
experiments were recorded using a Cary Eclipse fluorescence
spectrophotometer. Singlet oxygen phosphorescence was recorded
with a Hamamatsu NIR detector (Peltier cooled at —62.8 °C operating
at 800 V, coupled to a grating monochromator) upon excitation with a
532 nm Nd:YAG laser. A customized Luzchem Research LFP-111
system was employed to collect and process the data.
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