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ABSTRACT: Photodynamic therapy (PDT) is a clinically approved cancer
treatment that requires a photosensitizer (PS), light, and molecular oxygen�a
combination which produces reactive oxygen species (ROS) that can induce
cancer cell death. To enhance the efficacy of PDT, dual-targeted strategies have
been explored where two photosensitizers are administered and localize to
different subcellular organelles. To date, a single small-molecule conjugate for
dual-targeted PDT with light-controlled nuclear localization has not been
achieved. We designed a probe composed of a DNA-binding PS (Br-DAPI) and
a photosensitizing photocage (WinterGreen). Illumination with 480 nm light
removes WinterGreen from the conjugate and produces singlet oxygen mainly in
the cytosol, while Br-DAPI localizes to nuclei, binds DNA, and produces ROS
using one- or two-photon illumination. We observe synergistic photocytotoxicity
in MCF7 breast cancer cells, and a reduction in size of three-dimensional (3D)
tumor spheroids, demonstrating that nuclear/cytosolic photosensitization using a single agent can enhance PDT efficacy.

■ INTRODUCTION
Photodynamic therapy (PDT) is a clinically approved cancer
treatment that uses the combination of a photosensitizer (PS),
wavelength-specific light, and molecular oxygen to produce
reactive oxygen species (ROS) that can induce cytotoxicity.1

The process by which ROS are produced requires the PS to
enter an excited singlet state, followed by intersystem crossing
to an excited triplet state.2 From here, photosensitization can
occur via type I or type II mechanisms involving electron
transfer to nearby oxygen-containing species or direct energy
transfer to molecular oxygen, respectively.3 Type I photo-
sensitization produces high-energy radicals, while a Type II
mechanism produces singlet oxygen, where both types of ROS
can have cytotoxic effects. Since the lifetime of most ROS are
on a time scale of microseconds,4 a maximal diffusion distance
corresponds to micrometers from the site of their gen-
eration.1,4 Thus, PSs which accumulate in critical organelles
(e.g., mitochondria, lysosomes3,5,6) and/or bind key bio-
molecules (e.g., DNA1,7−10) that are vital for maintaining cell
function can cause ROS-induced damage that leads to higher
photocytotoxicity.6,11,12

Although not yet clinically approved, several dual-targeted
PDT approaches have been reported, whereby PSs localized
into different organelles have led to synergetic effects with a
cumulative potency that is higher than the theoretical additive
effect from each PS. An early example used both hypericin and
5-aminolevulinic acid to induce HEC-1A endometrial cancer
cell death.13 Since then, other examples have included dual

targeting of the lysosomes and Golgi apparatus,14 lysosomes
and mitochondria,15 mitochondria and plasma membrane,16

and plasma membrane and nuclei.7,17 Although effective cell
death has been observed in these studies, some drawbacks
include no well-defined cell localization of the PSs making it
difficult to deduce the effectiveness of targeting a given
organelle14 and the requirement to administer two separate
PSs poses pharmacodynamic challenges in vivo.13,14 Alter-
natively, the Zhang group constructed single PS agent
nanovesicles to target the plasma membrane followed by
mitochondria or nuclei by incorporating chimeric peptides as
targeting motifs.16,17 Although effective,18 generally the
administration of PSs (or drugs) as nanoparticles has
challenges including systemic toxicity and variation in
physiochemical properties during large-scale manufacturing.19

To this regard, small-molecule dual-targeted PDT strategies
have been advantageous, though many use PSs that contain
metals such as platinum20 or iridium,21,22 which make them
more susceptible to off-target effects by complexing with
biological milieu23 and may contribute to dark toxicity.24 A
single small-molecule PS agent capable of inducing oxidative
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damage in two distinct cell organelles with defined localization
that does not consist of potentially cytotoxic materials such as
metals has not yet been reported. Thus, it would be beneficial
to develop such an agent to explore its efficacy for dual-
targeted PDT.
Given the vital role of the nucleus for cancer cell survival,

DNA-targeted anticancer treatment (compared to enzyme-
targeted anticancer therapies) is a promising strategy to
increase therapeutic efficacy,7,21,25 as multiple cancers can be
targeted simultaneously, including those that have metasta-
sized.26,27 DNA-targeted dual PSs in particular have the
advantage of being more effective relative to traditional PSs
when treating multidrug-resistant cancers since the effective
concentration of PS is higher (i.e., less PS pumped out via
efflux pumps) so that therapeutic effects can be amplified.7

Despite DNA damage constituting the most critical inducer of
apoptosis,3,28,29 making it one of the primary targets for
anticancer drugs,26,27 the nucleus has been generally under-
targeted for dual-targeted PDT. However, the few reports on
targeting the nucleus for dual-targeted PDT have been
successful.7,17,20,21 For example, in a recent study, a function-
alized iridium complex was designed to target mitochondria
and then nuclei.21 Tian et al. also reported iridium-based
complexes that target the nucleus and then migrate
sequentially to mitochondria.22 Zhou et al. recently proposed
a strategy involving cationic triphenylamine PSs, which they
report to bind DNA and potentially target mitochondria.25

However, in all cases, although effective cell death with high
potency was observed, with even damage to DNA demon-
strated in some cases (i.e., via gel electrophoresis21 or
immunofluorescence staining7), these studies had inefficient
targeting of the nucleus, required carriers to deliver the PSs to
the nucleus, administrated two PSs separately, or included
metal complexes in their design.
In this report, we describe a single small-molecule PS

conjugate made up of two different PSs, whereby upon
illumination, the individual PSs are released. Given the
promising studies in dual-targeted PDT involving nuclear
targeting, we employed our recently developed DNA-binding
PS, Br-DAPI,9 where efficient localization in the nucleus is
observed only upon photo-cleavage, while the photocage-PS
WinterGreen remains mostly in the cytosol.

■ RESULTS AND DISCUSSION
Description of Dual-Targeting PDT Strategy Using a

Photocage-PS Conjugate. We previously reported a
brominated 4′,6-diamidino-2-phenylindole (DAPI) derivative,
Br-DAPI, as a DNA-binding PS able to induce double-strand
DNA breaks upon illumination and cause dose-dependent
photocytotoxicity in both cancer cells and bacteria.9,30 Br-
DAPI also increases its fluorescence once bound to DNA in
nuclei of mammalian cells and in bacteria, providing a method
for detecting its subcellular accumulation and thus, determin-
ing the optimal time to illuminate.9 Moreover, we showed that
Br-DAPI is 2-photon (2P) active where PDT in bacteria using
a 2P laser caused bacterial cell death.30 However, despite its
promise for photodynamic cancer therapy, Br-DAPI’s full
potential as a light-activated DNA damaging agent was limited
by its poor cell permeability. Br-DAPI contains two aryl
amidines, each carrying a 1+ charge (overall 2+ charge state) at
physiological pH, making the molecule very polar. We
reasoned that modification of an amidine with a large
hydrophobic moiety would increase the overall hydro-
phobicity, and if the moiety was linked via a carbamate, the
amidine pKa would be lowered (as observed in other aryl
amidine compounds31), thereby reducing the overall charge
state to 1+, leading to an increase in cell permeability and
subsequent potency. Moreover, since Br-DAPI is a DNA-
binding/intercalating agent, although not observed in cell
culture studies, it is likely that unwanted dark toxicity in
healthy cells in vivo would occur. Thus, it would be beneficial
to prevent nuclear entry of Br-DAPI under dark conditions and
control DNA-binding spatially using light.
To improve Br-DAPI for PDT and explore the possibility of

a single molecule capable of dual-targeted PDT with a DNA-
targeted PS, we sought to modify Br-DAPI’s amidine with
another PS. To achieve differential cellular localization, we
require the ligated PSs to separate to release Br-DAPI when
inside a cell. Winter and colleagues reported photocaged
cathepsin B inhibitors, where activation of the inhibitors
occurred after illumination with visible light to induce photo-
cleavage of a BODIPY-based photocage called WinterGreen.32

Interestingly, WinterGreen photocage, once uncaged, produces
singlet oxygen.32 We hypothesized that modification of Br-
DAPI with WinterGreen would result in ROS production from
the WinterGreen photocage during the uncaging illumination

Figure 1. Proposed mechanism of BB-1 uncaged via illumination with blue light to release free Br-DAPI and WinterGreen. Free WinterGreen
produces singlet oxygen during uncaging illumination, while free Br-DAPI localizes to nuclei, binds DNA, and produces ROS upon illumination. Br-
DAPI = blue, WinterGreen photocage = green, carbamate linker = pink.
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period, followed by ROS production in the nucleus once Br-
DAPI was released and illuminated. Figure 1 shows the
predicted activation mechanism of the Br-DAPI-WinterGreen
conjugate (i.e., BB-1), upon illumination with the appropriate
wavelength of light. Molecules capable of nuclear entry are
often characterized by having a high positive charge and a
lower molecular weight so that movement through nuclear
pore complexes via passive diffusion is more probable.33,34

Thus, we expected that modification of one of the amidines on
Br-DAPI should alter the cellular location of the resulting
conjugate to a site other than the nucleus.
Synthesis of Dual-Targeted PDT Probe. Both Br-DAPI

and WinterGreen were synthesized using previously reported
procedures (Scheme S1).9,35,36 To synthesize BB, the alcohol
of the WinterGreen photocage was first activated with 4-
nitrophenyl chloroformate (Scheme S2), followed by nucleo-
philic substitution by the amidines on Br-DAPI (Scheme 1), to
yield a final conjugate linked via a carbamate linkage. Under
these reaction conditions, the WinterGreen photocage is
attached to either the phenylindole amidine (BB-1) or the
phenyl amidine (BB-2) which were separable using reverse-
phase high-performance liquid chromatography (RP-HPLC)
(Scheme 1). All intermediates and final probes were purified
using silica chromatography and/or RP-HPLC and charac-
terized using NMR and high-resolution mass spectrometry
(HRMS) (see Supporting Information).
Prediction of Compound Permeability In Cellulo. To

predict whether the addition of WinterGreen via a carbamate
linkage would increase the cellular permeability of Br-DAPI,
we measured the −Log Pe value (i.e., effective permeability)
using a parallel artificial membrane permeability assay
(PAMPA). Previous reports on an amidine-based prodrug
masked by a carbamate linkage measured the formal charge of
the amidine at pH 7.4 to be reduced from 1+ to 0, where the
pKa of the nitrogen dropped from 12.4 to 6.7.31 The −Log Pe
of Br-DAPI was measured to be 7.04 ± 0.01, while BB-1 and
BB-2 were 5.90 ± 0.01 and 5.69 ± 0.01, respectively (Figure
S1). Based on experimental data for commonly used drugs,
−Log Pe values <6 are considered to have good membrane
permeability via passive diffusion.37 Thus, the experimentally

measured values for Br-DAPI and its corresponding BB
conjugates suggest that the effective concentration of Br-DAPI
in cellulo after uncaging will be higher compared to cells treated
with Br-DAPI alone.

Effect of Photo-Caging on the Photophysical Proper-
ties of Br-DAPI. To evaluate the effect on the photophysical
properties of conjugating Br-DAPI with WinterGreen photo-
cage, we compared the photophysical properties of the BB
probes with free Br-DAPI and WinterGreen. BB-1 had
maximum absorbance at 340 nm and at 525 nm and BB-2
at 350 and 520 nm (Figure S2), with BB-2 slightly red-shifted
from free Br-DAPI (λmax 340 nm) and both probes red-shifted
from WinterGreen (λmax 505 nm). Interestingly, the
fluorescence of the Br-DAPI moiety (λex 345 nm) in BB-1
and BB-2 was quenched by a factor of 4 compared to free Br-
DAPI (Figure S3; when comparing fluorescence for each
compound at λem,max = 450 nm either in the presence or
absence of calf thymus DNA (CT-DNA)). As we did not
observe emission from WinterGreen upon Br-DAPI excitation
at 345 nm (which would be expected if FRET was occurring),
we hypothesized that the quenching may be due to photo-
induced electron transfer. To probe for which part of the
modification to Br-DAPI dictates the quenching mechanism
(i.e., the carbamate linkage or WinterGreen), we synthesized
Br-DAPI containing a methyl carbamate on the phenylindole
amidine (Scheme S3), which lacks WinterGreen. Br-DAPI
methyl carbamate had the same maximum absorbance (340
nm) as Br-DAPI and similar fluorescence intensities (Figure
S4), with only ∼1.6-fold quenching compared to native Br-
DAPI. Hence, the minimal changes in the fluorescence
intensity suggests that WinterGreen is primarily responsible
for the quenching effect observed when Br-DAPI is in the form
of the BB probes.
Since Br-DAPI increases in fluorescence upon binding DNA,

we also probed for changes in fluorescence from BB-1 and BB-
2 to investigate their ability to bind DNA. To a solution
containing 20 μM BB-1 or BB-2, CT-DNA was added at
increasing concentrations. Interestingly, despite their larger
size and reduced charge state (1+ compared to 2+ for free Br-
DAPI)32,33,38 an increase in fluorescence intensity at 450 nm

Scheme 1. Synthesis of BB Probes Using 4-Nitrophenyl Carbonate WinterGreen and Br-DAPIa

aNucleophilic substitution yielded BB-1 whereby the photocage is attached to the phenylindole amidine, and BB-2 whereby the photocage is
attached to the phenyl amidine.
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was observed suggesting BB compounds still bind to CT-DNA
(note the maximum fluorescence was still 4-fold lower
compared to Br-DAPI in the presence of saturating amounts
of CT-DNA (Figure S3), but this is consistent with the
fluorescence quenching observed in the absence of DNA). The
binding constants (KD) for BB-1 and BB-2 to CT-DNA were
∼6 and 10 μM, respectively, comparable to Br-DAPI (KD ∼19
μM). We hypothesize the stronger binding to DNA with BB
compounds compared to free Br-DAPI is due to the planar
conjugated structure of WinterGreen’s BODIPY core, capable
of intercalating with DNA base pairs as previously observed
with BODIPY dyes modified with cationic groups.39−41 To test
for WinterGreen’s interaction with CT-DNA, we monitored
the primary region of WinterGreen photocage’s absorption
spectrum (400−700 nm) in BB-1 (20 μM) upon titration of
CT-DNA (Figure S3). A decrease as well as a redshift in its
absorption spectrum was observed, which is expected for
DNA-binding BODIPY compounds.39 Overall, although BB-1
and BB-2 have an unexpected higher binding affinity to CT-
DNA compared to Br-DAPI, we considered that the addition
of WinterGreen to Br-DAPI might prevent the Br-DAPI
conjugate from entering the nucleus due to its reduced charge
state,33,34 and thus once uncaged can still permit dual-targeted
PDT.
Photo-Release Studies of Br-DAPI from BB Conju-

gates. To assess the photo-release of Br-DAPI from BB-1 and
BB-2, we first used fluorescence since the BB conjugates were
found to be quenched compared to free Br-DAPI. We
measured the fluorescence spectra of the BB probes before
and after light illumination and compared them to that of Br-
DAPI at the same concentration with saturating amounts of
CT-DNA to maximize fluorescence intensities for better
confidence in the measurements (i.e., since Br-DAPI has a
low fluorescence quantum yield when it is not bound to

DNA). The initial fluorescence spectra of 1 μM BB-1 and BB-
2 in phosphate-buffered saline (PBS) pH 7.4 (containing 60
μM CT-DNA) were notably lower than that of 1 μM Br-DAPI
(containing 60 μM CT-DNA). However, after 20 min of
illumination using a mercury lamp (3.1 J cm−2) with a 450−
495 nm excitation filter (referred to herein as 480 nm
illumination) the resulting emission spectra matched that of
native Br-DAPI, suggesting that Br-DAPI is uncaged (Figure
2A,B, left). To further confirm photo-release and to character-
ize the photo-release products, we performed analytical RP-
HPLC on 50 μM BB-1 and BB-2 and Br-DAPI after 3 h
incubation in PBS pH 7.4 at 37 °C in the dark, and on 50 μM
BB-1 and BB-2 after 20 min of 480 nm illumination (3.1 J
cm−2). Under dark conditions, Br-DAPI elutes at 32 min
(Figure S5) while BB-1 and BB-2 at 42 and 40 min,
respectively (Figure 2A,B, middle). The single peak on HPLC
observed for BB probes (42 and 40 min) after 3 h incubation
in the dark suggests the carbamate linkage between Br-DAPI
and WinterGreen is stable toward background hydrolysis at
least for the 3 h incubation period. This was further confirmed
by measuring the fluorescence intensity of BB probes before
and after 3 h incubation in the dark, where minimal increase in
the fluorescence intensity indicates no Br-DAPI is being
released (i.e., no spontaneous dark hydrolysis) (Figure S6).
After illumination, we observed a new peak at 32 ± 0.5 min for
BB-1 and BB-2, corresponding to Br-DAPI, and the
disappearance of the initial peaks for intact BB probes (Figure
2A,B, right), demonstrating the photo-release of Br-DAPI. We
further confirmed the identities of the photo-uncaged products
by comparing their absorption spectra to that of Br-DAPI and
confirming that the mass of the new peaks are consistent with
Br-DAPI (355.04 g mol−1) (Figure S7). We note that no new
peak for the released WinterGreen photocage was observed,

Figure 2. (A, B) Left: Br-DAPI uncaging in PBS pH 7.4 at 37 °C, monitored by fluorescence; 1 μM BB compounds (BB-1 and BB-2) in the
presence of saturating amounts of CT-DNA (60 μM) initially has low fluorescence (green). After 20 min of 480 nm illumination (3.1 J cm−2), the
fluorescence intensity of the BB samples increases (pink) to match that of 1 μM Br-DAPI (+60 μM CT-DNA) (red). Independent samples (n = 3).
λex 345 nm. Middle and right: Characterization of the photo-release products by analytical RP-HPLC. Middle: 50 μM BB compounds after 3 h
incubation in PBS pH 7.4 at 37 °C in the dark show retention time of expected intact BB probes. Right: After 20 min of 480 nm illumination (3.1 J
cm−2) of solutions containing 50 μM BB compounds in PBS pH 7.4, no peak representing intact probe is observed, but a new peak appears at 32 ±
0.5 min corresponding to Br-DAPI. Absorbance monitored at 345 nm. Independent samples (n = 2).
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since illumination during this period results in photobleaching
(Figure S8).36

Cellular Localization of BB Probes. We next determined
whether photo-release of BB results in differential cellular
localization of the two PSs, Br-DAPI and WinterGreen. We
looked for changes in the intracellular localization using the
green fluorescence from the WinterGreen photocage and cyan
fluorescence from Br-DAPI when bound to DNA (i.e., in the
nucleus). All fluorescence observed was above background
(i.e., untreated cells) for both filter sets used (i.e., DAPI and
EGFP, for Br-DAPI and WinterGreen, respectively) (Figure
S9). MCF7 breast cancer cells were treated with BB-1 (3 μM)
for 1 h, then washed once with PBS, and imaged. Only
minimal cyan fluorescence over background was observed
when exciting the Br-DAPI moiety of BB-1 (λex 350−405 nm,
λem 415−470 nm), with no fluorescence from the nucleus
(Figure 3A). We hypothesized that the few non-nuclear, cyan
fluorescent signals above background could be due to
nonspecific binding after the washing, which is an important
step when using enhancer fluorescence DNA dyes.42,43 When
exciting WinterGreen of BB-1 (λex 450−495 nm, λem 500−550
nm), we observed bright green fluorescence over background
in the cytosol and mitochondria (Figure S10), confirming that
the intact BB-1 probe is not present in the nucleus (Figure
3A). Upon 480 nm illumination of the MCF7 cells for 10 min
(1.6 J cm−2), bright cyan fluorescence signals in nuclei of the
cells were observed, suggesting that Br-DAPI is released under
the uncaging conditions and relocates to nuclei (Figure 3A).
Moreover, the green fluorescence from WinterGreen became
essentially zero, which is consistent with its photobleaching
properties. Uncaging in MCF7 cells incubated with BB-2 (3
μM) also showed the same nuclear localization upon photo-
uncaging as observed with BB-1 (Figure 3B). When comparing
the photo-uncaged nuclei fluorescence of BB-1 or BB-2 to
nuclei fluorescence from Br-DAPI at the same concentration

(3 μM), similar nuclear signals for Br-DAPI were observed
(Figure 3C). Photo-uncaging of BB probes were also tested in
A549 lung cancer cells and HeLa cervical cancer cells which
showed differential cellular localization similar to MCF7 cells
(Figure S11).
To determine which modification to the amidine on the Br-

DAPI scaffold dictates nuclear permeability (the carbamate or
WinterGreen), we incubated MCF7 cells with Br-DAPI methyl
carbamate (∼3 μM) for 1 h, washed once with PBS, and
imaged. Cyan fluorescence was clearly localized to the nuclei
(Figure S12), demonstrating that nuclear permeability of Br-
DAPI can be controlled by the addition of steric hindrance
(e.g., WinterGreen) as opposed to a change in the charge state
(i.e., 2+ to 1+). Finally, although BB probes showed good
stability toward hydrolysis under physiological conditions in
solution (Figure S6), mammalian cells contain esterases that
can potentially hydrolyze carbamate linkages.44 Cancer cells
(MCF7, A549, and HeLa) were incubated with BB-1 or BB-2
(2 μM) for 1 h, washed once with PBS, and incubated in the
dark for an additional 1 h on a heated microscope stage. No
observable cyan fluorescence was in nuclei at 0 h and 2 h time
points following the 1 h incubation (Figure S13) demonstrat-
ing that no Br-DAPI is released due to hydrolysis by general
esterases. We further tested for hydrolytic stability of BB-1
toward enzymatic systems within a clinical setting range (24
h), where minimal hydrolysis was observed for up to 2 μM BB-
1 (Figure S14).

Photosensitization Efficacy Monitored by ROS Pro-
duction. To demonstrate the ability of BB probes and Br-
DAPI to produce ROS in the absence of biological matrices,
we used the general ROS sensor, 2′,7′-dichlorodihydrofluor-
escin diacetate (DCFH2DA), which can be chemically
deacetylated using 0.1 M NaOH(aq) to nonfluorescent 2′,7′-
dichlorodihydrofluorescin (DCFH2).

45 Samples containing 1
μM Br-DAPI, BB-1, or BB-2 and 1 μM DCFH2 in PBS, were

Figure 3. Photo-uncaging (A) BB-1 and (B) BB-2 (3 μM) in MCF7 breast cancer cells. In the dark, only green fluorescence from WinterGreen
photocage was observed, while minimal cyan fluorescence and no nuclear signals were present. After 480 nm illumination (10 min, 1.6 J cm−2),
nuclear cyan fluorescence representing Br-DAPI release and binding to DNA was observed, while minimal green fluorescence was present. (C)
Incubation of native Br-DAPI (3 μM) in MCF7 breast cancer cells demonstrate nuclear signals. Independent samples (n = 3). 40× magnification,
scale bar = 20 μm. Br-DAPI imaged using a DAPI filter set (λex 350−405 nm, λem 415−470 nm) and WinterGreen photocage using an EGFP filter
set (λex 450−495 nm, λem 500−550 nm).
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illuminated with 1P or 2P light, and the fluorescence from
DCF (oxidized product of the ROS sensor) was measured
(Figure S15). BB-1 showed the highest ROS production with
1P dual illumination conditions (480 nm illumination (15 min,
2.3 J cm−2) + UV (5 min, 8.0 J cm−2)), while single-
illumination with Br-DAPI was lower (UV (5 min, 8.0 J
cm−2)). The higher ROS production was also observed when
comparing BB probes after photo-uncaging (480 nm
illumination (15 min, 2.3 J cm−2)) and 2P illumination with
ROS produced by Br-DAPI after 2P illumination (780 nm 2P
(10 s, 16 J)). The ROS-producing ability of BB compounds
was then measured in cellulo using DCFH2DA, which enters
cells via passive diffusion where intracellular esterases cleave
the acetate groups to produce DCFH2.

45 MCF7 cells were
incubated with BB-1 or BB-2 (2 μM) in the dark for 1 h, then
incubated with 10 μM DCFH2DA for 30 min, with a wash after
each incubation step. Treated cells were imaged for DCF
fluorescence after 480 nm illumination (15 min, 2.3 J cm−2)
and then after additional illumination with a UV lamp (365
nm, 5 min, 8.0 J cm−2). Strong DCF fluorescence was observed
in cells treated with BB and 480 nm + UV light compared to
illumination BB with 480 nm light alone (p < 0.05) (Figure 4),
with minimal background signal from the ROS sensor alone in
cells illuminated but with no PS (Figure S16). The production
of ROS from 480 nm illumination is consistent with
WinterGreen’s ability to produce singlet oxygen32 whereby
once uncaged has a measured quantum yield of 0.42 ± 0.04
(Figure S17). The same experiment with BB probes were
carried out in A549 and HeLa cells (Figure S18) that yielded
different amounts of ROS under each illumination condition,
which we hypothesize is due to differences among cancer cells
in their response to ROS including the ability to scavenge46 or
produce secondary ROS.47−49 We note that the effect of UV
light only on the BB compounds, that is, Br-DAPI’s ability to
produce ROS in the presence of WinterGreen, could not be
accurately determined since UV light causes some degree of
photo-uncaging. Finally, to determine if our dual-PS, BB,
produces more ROS than the original, single PS, Br-DAPI, we
performed the same experiment above using Br-DAPI (2 μM)

and UV light treated at the same dose (5 min, 8.0 J cm−2)
(Figure 4C). In all three cell lines, we observed less ROS
production with Br-DAPI compared to our BB compounds,
with the largest difference (∼3-fold) in MCF7 cells. The lower
amount of ROS production from Br-DAPI is consistent with
the imaging experiments whereby Br-DAPI’s ability to
permeate cells is poorer compared to BB.

Evidence of DNA Photo-Oxidation and Double-
Stranded DNA Breaks. To demonstrate that photo-uncaged
Br-DAPI was able to facilitate ROS-induced oxidative DNA
damage, we performed gel electrophoresis on circular, double-
stranded DNA (dsDNA) (70 ng of pCMV-PARP1-3xFlag-
WT) treated with 10 μM each BB probe and 480 nm
illumination (15 min, 2.3 J cm−2) + UV (5 min, 8.0 J cm−2).
Samples were denatured prior to loading on a 1% agarose gel
containing ethidium bromide (fluorescent dye used to visualize
the DNA and determine the extent of damage). Plasmid DNA
untreated or under each illumination condition showed 3
bands, where the top faint band is linear, middle band is
supercoiled, and the bottom band is the open circular form of
plasmid DNA.50 All illumination treatments where a PS was
present resulted in the disappearance of intact plasmid DNA
bands, and the appearance of a smear of unresolved bands at
lower molecular weights (Figure 5). Interestingly, those treated
with BB-1 eliminated all initial intact DNA (i.e., no open
circular DNA is observed in contrast to Br-DAPI and BB-2)
and produced the smallest DNA fragments. More damage was
observed with BB-1 because photo-uncaging produces ROS
due to the presence of WinterGreen which in vitro is in close
proximity to the DNA. To confirm that dsDNA breaks are also
produced in the presence of biological matrices, we employed
the use of the γH2A.X assay, where γH2A.X is a histone
protein that gets phosphorylated in the presence of dsDNA
breaks.51 MCF7 cells were treated with 3 μM BB-1 or Br-
DAPI, treated with 480 nm illumination (15 min, 2.3 J cm−2) +
UV (5 min, 8.0 J cm−2) or UV (5 min, 8.0 J cm−2),
respectively, and left to incubate for 2 h. The cells were then
fixed and incubated with a γH2A.X antibody tagged with Alexa
488, where foci within nuclei (co-stained with DAPI) are

Figure 4. ROS production in MCF7 cells by (A) BB-1 or (B) BB-2 (2 μM) after 480 nm illumination (15 min, 2.3 J cm−2) + UV (5 min, 8.0 J
cm−2) (left) or 480 nm illumination only (15 min, 2.3 J cm−2) (right), compared to (C) Br-DAPI (2 μM) treated with UV illumination (5 min, 8.0
J cm−2). ROS monitored by green fluorescence of DCF produced upon ROS-mediated oxidation of DCFH2 (10 μM). (D) Quantification of the
mean fluorescence intensity of DCF for each treatment shows a statistically significant difference between dual photosensitization with BB probes
and single photosensitization with BB probes or Br-DAPI. Analyzed by two-tailed t-test, p-value <0.05 indicated by *. Independent samples (n = 3).
10× magnification, scale bar = 100 μm. DCF imaged using an EGFP filter set (λex 450−495 nm, λem 500−550 nm).
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representative of regions where dsDNA breaks are located52

(Figure S19; γH2A.X-Alexa 488 was shown in red and DAPI in
blue such that pink fluorescence for overlayed images
represents dsDNA breaks in the nucleus). We observe more
pink foci in nuclei for cells treated with BB-1 compared to Br-
DAPI. Since the extent of DNA damage in vitro by BB-1 and
Br-DAPI are similar, the higher damage of BB-1 in cells
suggests that its higher cell permeability increases the effective
concentration of Br-DAPI in the nucleus, and thus oxidative
damage toward DNA to be greater compared to Br-DAPI
when administered in its free form. Both gel electrophoresis
and the γH2A.X assay demonstrate that the Br-DAPI released
after photo-uncaging BB-1 results in oxidative damage to
dsDNA.

Synergistic Photocytotoxicity from Dual Photosensi-
tization with BB Probes. We next sought to determine
whether the higher ROS production from our dual-PS, BB
probes, results in notably higher photocytotoxicity compared
to Br-DAPI. MCF7, A549, and HeLa cells were incubated for 1
h with BB-1 (0−32 μM), BB-2 (0−32 μM), or Br-DAPI (0−
64 μM), followed by one wash with PBS. BB probes were
treated with 480 nm light (15 min, 2.3 J cm−2) followed by UV
illumination (5 min, 8.0 J cm−2) or 480 nm illumination (15
min, 2.3 J cm−2) only, while cells incubated with Br-DAPI were
treated with UV illumination (5 min, 8.0 J cm−2). The cells
treated with or without light (light and dark, respectively) were
incubated overnight in complete growth media and then
assayed for cell viability using an MTT assay 24 h post-
treatment. The cells treated without light exhibited minimal
dark cytotoxicity (Figures 6 and S20), while the light-treated
cells produced dose−response curves (Figures 6 and S20) with
CC50 values (the concentration that reduces the number of
viable cells by 50%) calculated relative to untreated cells (i.e.,
no compound or light illumination) which are summarized in

Figure 5. Br-DAPI or BB probes (10 μM) incubated with plasmid
DNA (70 ng; pCMV-PARP1-3xFlag-WT, 7146 bp length) in PBS pH
7.4, followed by illumination with UV (5 min, 8.0 J cm−2) for Br-
DAPI (Lanes 5−6), or 480 nm illumination (15 min, 2.3 J cm−2) +
UV (5 min, 8.0 J cm−2) for BB-1 (Lanes 7−8) and BB-2 (Lanes 9−
10), respectively. Compared to plasmid DNA only (i.e., no PS), in the
dark (Lane 1) and under irradiation conditions (Lane 2 = 480 nm,
Lane 3 = UV, Lane 4 = 480 nm + UV), DNA treated with Br-DAPI or
BB probes and illumination showed disappearance of intact plasmid
and the presence of smears demonstrating photo-cleavage. Independ-
ent samples (n = 2).

Figure 6. Dose−response curves were obtained for MCF7 cells treated with (A) BB-1, (B) BB-2, or (C) Br-DAPI under dark and light conditions
(BB probes with 480 nm illumination (15 min, 2.3 J cm−2) or 480 nm illumination (15 min, 2.3 J cm−2) + UV (5 min, 8.0 J cm−2), Br-DAPI with
UV (5 min, 8.0 J cm−2)). (D) Absolute CC50 values for single versus dual photosensitizer PDT in MCF7 breast cancer cells. CC50 values are
relative to untreated cells (i.e., no compound or light illumination). Independent samples (n = 3).
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Figures 6D and S20. Across all three cell lines, BB-1 exhibited
greater photocytotoxicity compared to BB-2, and the
combination of 480 nm + UV light was more photocytotoxic
compared to 480 nm light alone, which is consistent with the
higher degree of ROS production. Interestingly, in MCF7 and
A549 cells treated with BB-1, 480 nm + UV light (i.e., dual
photosensitization) versus 480 nm light (i.e., single photo-
sensitization) induced large fold-changes in potency (i.e., 8.5-
fold and 17-fold, respectively) suggesting synergistic photo-
cytotoxicity, with lesser synergism observed in HeLa cells (2.2-
fold) (Figures 6D and S20). In comparison to Br-DAPI with
UV light, the largest enhancement in photocytotoxicity with
BB-1 (480 nm + UV light) was observed in MCF7 cells,
whereby BB-1 was 16-fold more potent (CC50 = 0.47 versus
7.6 μM) (Figure 6D). We did not observe this same extent of
synergy in A549 and HeLa cells, which is consistent with the
lower levels of ROS produced in these cell lines (Figure S20).
We hypothesize such observations could be due to differences
in cell permeability and defense mechanisms to oxidative
stress.4 We also assayed for dark toxicity due to BB-1 after a 48
h incubation period in MCF7 cells to demonstrate that
minimal dark toxicity occurs under clinical setting ranges
(Figure S21).
Although the photocytotoxicity exerted by BB-1 on MCF7

cells suggests that it is a promising agent for dual PDT, the

requirement for UV light is a drawback for in vivo PDT
applications.53−55 We previously measured the 2P-absorption
cross section of Br-DAPI and found it to have a cross section as
high as 2.9 GM at 700 nm.30 We further demonstrated that 2P
illumination at 780 nm can induce a photocytotoxic response
in bacteria treated with Br-DAPI, with no background
phototoxicity due to light alone.30 To show that 2P-excitation
of Br-DAPI is also applicable to killing cancer cells, we first
measured ROS production using DCFH2DA (10 μM) in
MCF7 cells incubated with 3 μM BB-1 or Br-DAPI. After
uncaging BB-1 (i.e., illuminated with 480 nm light), the cells
were imaged for DCF fluorescence before and after
illumination with a 780 nm 2P laser (10 s, 16 J). The cells
containing BB-1 and illuminated with both 480 nm light and
780 nm 2P laser showed highest green DCF signals compared
to 480 nm illumination only or Br-DAPI treated cells
illuminated with a 780 nm 2P laser, consistent with the 1P
illumination ROS results (Figure 7A−C). Only minimal
background fluorescence from DCF was observed under the
same illumination conditions (Figure S22). To determine if the
amount of ROS produced using 2P illumination was sufficient
to induce cancer cell death, we treated the MCF7 cells with
BB-1 or Br-DAPI (4 μM), followed by illumination with both
480 nm light (15 min, 2.3 J cm−2) and a 780 nm 2P laser (30 s,
48 J) for BB-1 and a 780 nm 2P laser (30 s, 48 J) only for Br-

Figure 7. Two-photon (2P) ROS production in MCF7 cells by (A) BB-1 (3 μM) after 480 nm illumination (15 min, 2.3 J cm−2) + 780 nm 2P
illumination (10 s, 16 J) (left) or 480 nm illumination (right), compared to (B) Br-DAPI (3 μM) with 780 nm 2P illumination (10 s, 16 J). ROS
monitored by green fluorescence of DCF upon oxidation of DCFH2 (10 μM). (C) Quantification of the mean fluorescence intensity of DCF for
each treatment demonstrates a statistically significant difference between dual photosensitization with BB-1 and single PS illumination. Analyzed by
two-tailed t-test, p-value <0.05 indicated by *. DCF imaged using an Alexa 488 filter set (λex = 450−490 nm, λem = 500−550 nm). MCF7 cells
incubated with 4 μM (D) BB-1 or (E) Br-DAPI, illuminated with a 480 nm light (15 min, 2.3 J cm−2) + 780 nm 2P laser (30 s, 48 J), or a 780 nm
2P laser only (30 s, 48 J), respectively, and then incubated for 2 h and assayed for cell death using ReadyProbes Cell Viability Imaging Kit. Overlay
of green nuclear fluorescence with the blue total cell stain is present in more cells treated with BB-1 compared to Br-DAPI indicating the
effectiveness of dual 2P PDT. Independent samples (n = 3). 20× magnification, scale bar = 100 μm. Blue, total cell stain imaged using a DAPI filter
set (λex = 350−405 nm, λem = 415−470 nm); green, dead cell stain imaged using an Alexa 488 filter set (λex = 450−490 nm, λem = 500−550 nm).
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DAPI. Staining the cells 2 h post-illumination with ReadyP-
robes Cell Viability Imaging Kit showed more green
fluorescence (i.e., dead cells) overlayed with the blue,
fluorescent total cell stain (i.e., live and dead cells) for BB-1
treated MCF7 cells compared to Br-DAPI (Figure 7D,E), with
no cell death due to light illumination only (Figure S22).
Moreover, BB-1 induced a concentration-dependent photo-
cytotoxic response with 2P illumination (Figure S23), thus
suggesting that 2P-induced cell death in combination with 480
nm uncaging/photosensitization can overcome the UV light
penetration limitations in vivo.
Photocytotoxicity Measurements in MCF7 Breast

Cancer Tumor Spheroids. Photocytotoxicity measured
using cells grown in two-dimensional (2D) monolayers are
beneficial due to ease of application and the ability to control
microenvironmental factors; however, they are not reliable
predictors for in vivo models.56,57 To get a better
representation of how BB-1 would perform in vivo, we
generated MCF7 tumor spheroids which proliferate more
similarly to patient tumor tissues and better resemble the
complex tumor microenvironment.56,57 MCF7 cells were
grown into spheroids (∼300 μm diameter) using ultralow
attachment plates. We first confirmed that BB-1 and Br-DAPI
were still able to penetrate the cells by incubating spheroids
with 10 μM BB-1 or Br-DAPI in the dark overnight and
imaging for the green and cyan fluorescence from WinterGreen
and Br-DAPI, respectively. Strong fluorescent signals above
background were observed for both compounds, with minimal
cyan fluorescence (i.e., Br-DAPI) in BB-1 treated spheroids,
which is expected given its lack of nuclear entry and good
hydrolytic stability (Figure S24). To assess the photo-
cytotoxicity toward MCF7 spheroids, BB-1 or Br-DAPI were
added to the media (final concentration 10 μM), incubated for
1 h, then, BB-1 treated spheroids were illuminated with 480
nm light (15 min, 2.3 J cm−2) only, or 480 nm light (15 min,
2.3 J cm−2) followed by a UV lamp (5 min, 8.0 J cm−2), while

Br-DAPI treated spheroids were illuminated with a UV lamp
only (5 min, 8.0 J cm−2). After overnight incubation, MCF7
spheroids treated with BB-1 and dual illumination showed
green fluorescence (dead cells) throughout the entire spheroid
and a notable reduction in the tumor spheroid size (∼5×
smaller in diameter) (Figure 8A). In contrast, spheroids
treated with only one PS illumination wavelength (i.e., 480 nm
light or UV light) showed significantly fewer green, fluorescent
cells and no decrease in spheroid size (Figure 8B,C). Despite
the number of cells per spheroid being different after
treatment, there were significantly more dead cells in the
intact spheroids after treatment with BB-1 and 480 nm + UV
illumination, even with tumor spheroid shrinkage observed.

■ CONCLUSIONS
In summary, we have shown PDT efficacy can be enhanced
using nuclear and cytosolic targeted PSs as a single agent (i.e.,
BB conjugate: Br-DAPI linked to WinterGreen photocage).
Our report of BB is the first design of a small-molecule PS with
well-defined nuclear targeting whereby nuclear entry can be
photo-controlled using a photosensitizing photocage for dual-
targeted PDT. Compared to Br-DAPI as a stand-alone PS, BB
conjugates enhanced cell permeability, ROS production, and
photocytotoxicity in breast, lung, and cervical cancer cells. In
2D cancer cell monolayers, BB-1 showed a 16-fold more
potent CC50 in MCF7 breast cancer cells compared to Br-
DAPI alone, suggesting nuclear/cytosolic targeted PDT is an
effective strategy. In addition, extensive cell death throughout
the cells in three-dimensional (3D) tumor spheroids, as well as
tumor spheroid shrinkage was observed. The BB conjugates
could be excited using 2P light in mammalian cells, which is
beneficial for deeper tissue penetration depth and minimal
phototoxicity from light alone. To accurately prove that our
method for dual-targeted PDT is more effective relative to
using a single PS, we performed all experiments with our
conjugate and compared it to its individual PS moieties. The

Figure 8. MCF7 tumor spheroids treated with 10 μM BB-1 (A−B) with (A) 480 nm illumination (15 min, 2.3 J cm−2) + UV (5 min, 8.0 J cm−2),
(B) 480 nm illumination (15 min, 2.3 J cm−2, BB-1) followed by overnight incubation, or (C) treated with Br-DAPI (10 μM) and UV illumination
(5 min, 8.0 J cm−2, Br-DAPI), followed by overnight incubation. Photocytotoxicity was assayed for using ReadyProbes Cell Viability Imaging Kit,
where dead cells show green fluorescence, and all cells (live or dead) were stained with blue fluorescence. (D) Relative photocytotoxicity was
quantified by plotting the mean fluorescence intensity of the green, fluorescent dead cell stain, where a statistically significant increase in
photocytotoxicity was observed in tumor spheroids treated with BB-1 and dual PDT. Analyzed by two-tailed t-test, p-value <0.05 indicated by *.
Independent samples (n = 6). 10× magnification, scale bar = 100 μm. Blue, total cell stain imaged using a DAPI filter set (λex 350−405 nm, λem
415−470 nm); green, dead cell stain using an EGFP filter set (λex 450−495 nm, λem 500−550 nm).
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potential for synergistic photocytotoxicity from photosensitiza-
tion using this single agent opens new avenues for enhancing
PDT efficacy since our approach uses a PS that specifically
targets DNA, and the other PS region can easily be changed for
optimization of this dual-targeted approach.
We note that several modifications/improvements will be

explored with future BB-conjugates: (i) Though the photo-
cage/PS localized mainly in the cytosol, it may be possible to
install a PS targeted to mitochondria only for examining the
efficacy of a nuclear and mitochondria single PDT agent; (ii)
the use of longer wavelength PS/photocages is also possible
(e.g., red light) to be combined with the 2P-excitability from
Br-DAPI for in vivo applications; (iii) finally, as Br-DAPI
contains another aryl amidine site, it may be possible to install
an enzyme trigger group to achieve cancer-selectivity since the
nuclear ROS produced by BB probes have the potential to
damage healthy cells and/or induce formation of new tumors
upon light exposure.58 This will assist in potential clinical
applications to be more effective in treating cancers without
affecting surrounding healthy tissues. Such modifications are
currently being explored so that future in vivo work is done
using an optimized Br-DAPI-photosensitizer conjugate.

■ EXPERIMENTAL SECTION
Materials and General Methods. All chemicals and instruments

were obtained from commercial suppliers. NMR data was obtained
using a 400 MHz Bruker Advance III NMR Spectrometer and HRMS
data acquired on an Agilent 6538 UHD, both at the University of
Toronto. All final probes were purified using reverse-phase, high-
performance liquid chromatography (RP-HPLC) on an LC-20AT
Shimadzu liquid chromatograph, equipped with an SPD-M20A VD
diode array detector and CBM-20A VP system controller, using a C18
semi-prep column (250 mm × 10 mm). In vitro assays were all
performed in PBS pH 7.4 (1×) (Ref# 10010-023, purchased from
Fisher Scientific). UV−Vis absorption experiments were recorded on
a Shimadzu UV-1800 spectrometer and fluorescence experiments
were recorded on a Shimadzu RF-6000 spectrometer (purchased from
Mandel Scientific Company, Inc.). All samples run on the
spectrometers were first added to a 1.0 cm path length quartz cuvette
(purchased from Starna Scientific Ltd.) with a 60 μL working volume.
One photon (1P) illumination experiments were conducted using an
Olympus IX73 inverted microscope containing a mercury lamp
equipped with a 450−495 nm excitation filter from an EGFP
fluorophore filter set (N2713500, purchased from Olympus
Corporation) with an irradiance of 2.5 mW cm−2, UV lamp (UVP
BLAK B100APR Lamp, 100 W, 365 nm, 115 V-60 Hz, high-intensity
UV lamp, purchased from Analytik Jena GmbH), or 490 nm LED (26
nm bandwidth, 240 mW LED output power; 2.5 μW mm−2,
maximum irradiance; M490L4, purchased from ThorLabs). Two-
photon (2P) illumination experiments were conducted using an
LSM880 confocal microscope equipped with an InSightX3+ Tunable
Laser (pulse width <120 fs, beam diameter 1.1 ± 0.2 mm).
Synthetic Procedures. Br-DAPI (Synthesized as Previously

Reported9). 4′,6-Diamidino-2-phenylindole dihydrochloride (pur-
chased from Biosynth Carbosynth, 1 equiv, 0.0100 g, 0.029 mmol)
was dissolved in a mixture of distilled water/acetone (1 mL total
volume, 1:1). Next, N-bromosuccinimide (3 equiv, 0.0154 g, 0.087
mmol) was added, and the reaction mixture was stirred overnight at
room temperature protected from light. The crude mixture was dried
under reduced pressure and purified directly by RP-HPLC in ACN
(containing 0.1% formic acid) in Milli-Q water (45 min method with
a 25 min gradient from 5 to 100% ACN, monitored at 345 nm);
product elutes at 21 min peak during the gradient. Br-DAPI was
obtained as a yellow solid with 45% yield (0.0046 g, 0.013 mmol).
Purity is >95%. HRMS (ESI+) m/z calculated for C16H14BrN5
355.04; [M + H]+ found at 356.0500. 1H NMR (400 MHz, d6-
DMSO) δ 8.46 (s, 2H), 8.13 (d, 8.3 Hz, 2H), 8.01 (s, 1H), 7.98 (d,

4.3 Hz, 2H), 7.67 (d, 8.4 Hz, 1H), 7.56 (d, 8.5 Hz, 1H). 13C NMR
(101 MHz, d6-DMSO) δ 168.62, 167.13, 166.07, 137.08, 135.49,
135.28, 131.56, 129.51, 128.73, 123.95, 120.00, 119.56, 113.19, 89.60.
See Figures S25−S28.

WinterGreen Photocage. 4,4′-Dimethyl-8-hydroxymethyl-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene was synthesized as previ-
ously reported.59

4-Nitrophenyl Carbonate WinterGreen. WinterGreen alcohol (1
equiv, 0.027 g, 0.10 mmol) was purged under argon and dissolved in
anhydrous dichloromethane (DCM, 7.8 mL). N,N-Diisopropylethyl-
amine (DIPEA, 3.4 equiv, 0.05 mL, 0.34 mmol) was then added to
the mixture and cooled to 0 °C. In a separate flask purged with argon,
4-nitrophenyl chloroformate (3.4 equiv, 0.069 g, 0.34 mmol),
anhydrous DCM (3.9 mL), and pyridine (3.4 equiv, 0.03 mL, 0.34
mmol) were mixed to form a cloudy white solution. The 4-
nitrophenyl chloroformate solution was then added dropwise to
WinterGreen alcohol while maintaining the temperature at 0 °C. The
reaction was protected from light and stirred at room temperature for
4 h, where the color changed from red to burgundy upon completion.
The solvent was removed under reduced pressure and purified using
silica column chromatography in a gradient of hexanes to 20% ethyl
acetate (product elutes as first red band). 4-Nitrophenyl carbonate
WinterGreen was obtained as a red solid in 87% yield (0.038 g, 0.09
mmol). HRMS (ESI+) m/z calculated for C23H26BN3O5 435.20; [M
+ H]+ found at 436.2041. 1H NMR (400 MHz, chloroform-d) δ 8.28
(d, 5.92 Hz, 2H), 7.39 (d, 5.92 Hz, 2H), 6.12 (s, 2H), 5.61 (s, 2H),
2.48 (s, 6H), 2.46 (s, 6H), 0.20 (s, 6H). 13C NMR (400 MHz,
chloroform-d) δ 155.19, 153.66, 152.13, 136.75, 130.99, 130.71,
125.21, 122.98, 121.44, 62.47, 16.47, 15.90. See Figures S29−S31.

BB Probes (BB-1 and BB-2). Br-DAPI (1 equiv, 0.020 g, 0.056
mmol) was dried down to a flask, purged with argon, and dissolved in
anhydrous N,N-dimethylformamide (DMF, 0.5 mL). Triethylamine
(6 equiv, 0.08 mL, 0.34 mmol) was then added, and the mixture
turned brighter yellow. 4-Nitrophenyl carbonate WinterGreen (1
equiv, 0.024 g, 0.056 mmol) was dissolved in anhydrous DMF (1 mL)
and added dropwise to the Br-DAPI solution. The reaction mixture
was stirred overnight at 40 °C while being protected from light. After
solvent removal under reduced pressure, the Br-DAPI-WinterGreen
conjugates (BB-1 and BB-2; conformational isomers where BB-1 has
the photocage attached to the phenylindole amidine and BB-2 has the
photocage attached to the phenyl amidine) were purified directly by
RP-HPLC in using a gradient of ACN (containing 0.1% formic acid)
and Milli-Q water (60 min method, 25 min gradient, hold 100% ACN
for 15 min). BB-1 elutes at 33 min peak (15% yield; 0.005 g, 0.008
mmol) and BB-2 elutes at 31 min peak (12% yield; 0.004 g, 0.007
mmol), both in 100% ACN to yield orange-pink solids. Purity is >95%
for BB-1 and BB-2. HRMS (ESI+) m/z calculated for
C33H35BBrN7O2 651.52; [M + H]+ found at 652.2209 and
652.2219 for BB-1 and BB-2, respectively. See Figures S32−S37.

BB-1. 1H NMR (500 MHz, d6-DMSO) δ 9.35 (s, 1H), 8.44 (s,
1H), 8.28 (d, 9.06 Hz, 1H), 8.18 (d, 7.94 Hz, 2H), 8.03 (d, 7.94 Hz,
2H), 7.94 (s, 1H), 7.69 (d, 8.70 Hz, 1H), 7.58 (d, 8.46 Hz, 1H), 7.42
(d, 9.06 Hz, 1H), 6.23 (s, 2H), 5.34 (s, 2H), 2.43 (s, 6H), 2.38 (s,
6H), 0.15 (s, 6H). 13C NMR (500 MHz, d6-DMSO) δ 166.78,
163.75, 152.77, 137.61, 137.34, 135.11, 134.46, 133.85, 131.56,
131.08, 128.65, 128.12, 127.98, 125.41, 123.35, 122.96, 119.97,
119.37, 112.92, 89.21, 58.81, 16.55, 15.80, 10.42.

BB-2. 1H NMR (500 MHz, d6-DMSO) δ 9.33 (s, 1H), 8.37 (s,
1H), 8.20 (s, 1H), 8.10 (d, 8.46 Hz, 2H), 7.97 (d, 8.45 Hz, 2H), 7.85
(d, 8.58 Hz, 1H), 7.53 (d, 8.48 Hz, 1H), 6.22 (s, 2H), 5.33 (s, 2H),
2.43 (s, 6H), 2.38 (s, 6H), 0.14 (s, 6H). 13C NMR (500 MHz, d6-
DMSO) δ 167.36, 165.27, 165.05, 163.10, 152.04, 136.95, 135.24,
134.61, 130.43, 130.07, 128.73, 127.93, 127.77, 125.95, 122.26,
119.81, 118.01, 112.23, 88.96, 58.03, 46.70, 15.88, 15.13, 11.68, 9.76.

Br-DAPI Methyl Carbamate. Br-DAPI (1 equiv, 0.006 g, 0.017
mmol) was dissolved in 3:1 tetrahydrofuran (THF)/water (0.6 mL
total volume). K2CO3 (6 equiv, 0.014 g, 0.10 mmol) and methyl
chloroformate (1.2 equiv, 1.9 mg, 0.020 mmol) were then added, and
the reaction mixture was stirred at 0−5 °C for 1 h (reaction
progression monitored by thin-layer chromatography (TLC)). The
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crude mixture was filtered, and the solvent removed under reduced
pressure. The residue was purified directly by RP-HPLC in ACN
(containing 0.1% formic acid) in Milli-Q water (55 min method with
a 25 min gradient from 5 to 100% ACN, hold 100% ACN for 10 min,
monitored at 345 nm); product elutes at 25 min peak during the
gradient. Br-DAPI methyl carbamate (0.004 g, 0.001 mmol) was
obtained as a white solid in 57% yield. HRMS (ESI+) m/z calculated
for C18H17BrN5O2 413.05; [M + H]+; found 414.0567. 1H NMR (500
MHz, d6-DMSO) δ 12.35 (s, 1H), 9.15 (s, 5H), 8.26 (s, 1H), 8.17
(m, 3H), 8.03 (d, 8.34 Hz, 2H), 7.80 (d, 8.37 Hz, 1H), 7.54 (d, 8.52
Hz, 1H), 3.65 (s, 3H), 3.64 (s, 3H). 13C NMR (500 MHz, d6-DMSO)
δ 136.45, 135.44, 134.51, 134.04, 130.74, 129.46, 128.45, 128.08,
120.21, 118.58, 112.64, 89.11, 52.30. See Figures S38−S41.
In Vitro Experiments. Preparation of Stock Solutions and

Concentration Measurements. Stock solutions of key compounds
were prepared in assay-grade DMSO (D12345, purchased from Fisher
Scientific). A stock solution of calf thymus DNA (CT-DNA,
purchased from Sigma-Aldrich) was prepared in 10 mM Tris buffer
containing 1 mM EDTA, pH 8.0. Concentrations of key compounds
were measured in PBS pH 7.4 using previously reported molar
extinction coefficients. Br-DAPI (33 000 M−1 cm−1 at 353 nm)1 and
BB probes using the extinction coefficient for the reported BODIPY
compound (68 500 M−1 cm−1 at 512 nm).2 The estimated molecular
weight of CT-DNA (652 g mol−1) was used to prepare a 0.5 mM
stock solution in ultrapure distilled water.3

Parallel Artificial Membrane Permeability Assay (PAMPA). The
PAMPA data was acquired from Dalriada Drug Discovery using their
standard protocol. The basic setup consisted of the acceptor plate
(MultiScreen IP Filter Plate) and the donor plate (96-well Collection
Plate) (both purchased from Millipore Sigma), separated by an
artificial membrane prepared from 15 mg mL−1L-α-lecithin (from egg
yolk, purchased from Sigma-Aldrich) in a solution of 40% chloroform
and 60% dodecane. The artificial membrane mixture (7 μL) was
added into each acceptor plate well (top compartment), followed by
the addition of 300 μL each of PBS pH 7.4 (containing 5% DMSO)
and the drug-containing donor solutions (50 μM compound in PBS
pH 7.4, containing 5% DMSO) to each well of the donor plate
(bottom compartment). The acceptor plate was placed into the donor
plate and incubated at r.t. for 16 h in the dark. After incubation, 10 μL
aliquots from each well of the acceptor and donor plate were
transferred into a new 96-well plate. To each well, 190 μL of ACN
(containing 300 nM dexamethasone and 100 nM phenacetin) was
added into each well. The plate was then vortexed at 750 rpm for 2
min and centrifuged at 7000g for 10 min. The concentrations of the
compounds were determined by LC/MS/MS, with the effective
permeability (Pe) in cm s−1, calculated using eq 1. Experiment
performed in triplicate using independent samples.
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Absorption Spectra. The absorbance spectra of BB-1, BB-2, Br-
DAPI, WinterGreen photocage, and Br-DAPI methyl carbamate were
measured in PBS pH 7.4 (60 μL total volume) and normalized to 1 at
their absorbance maximum.
Fluorescence Spectra. The fluorescence spectra of BB-1, BB-2,

and Br-DAPI were measured in PBS pH 7.4 (60 μL total volume),
where their absorbance at 345 nm (i.e., excitation wavelength) were
matched to be 0.525. This was also repeated using Br-DAPI methyl
carbamate and Br-DAPI, with their absorbances matched at 345 nm
to be 0.517. To each sample, CT-DNA was added for a final
concentration of 60 μM and the fluorescence spectrum was measured
again. Fluorometer parameters: λex 345 nm (1.5 nm slit), λem 350−
650 nm (3.0 nm slit), 600 nm min−1 scan speed, high sensitivity.
Binding Affinity to CT-DNA. To a solution of BB-1, BB-2, or Br-

DAPI (20 μM) in PBS pH 7.4 (60 μL total volume), CT-DNA was
titrated into samples at increasing concentrations (increments of 10
μM). The fluorescence spectrum of the compound after each CT-
DNA addition was measured until the fluorescence plateaued (∼60

μM). The KD values for compounds were determined using a fitting
equation on GraphPad Prism for one-site total saturation binding,
which assumes any nonspecific binding is proportional to the
concentration of ligand. Fluorometer parameters: λex 345 nm (1.5
nm slit), λem 350−650 nm (3.0 nm slit), 600 nm min−1 scan speed,
high sensitivity. Experiment performed in triplicate using independent
samples.

Binding Affinity of WinterGreen Photocage Region (i.e., BODIPY
Moiety) to CT-DNA. To a solution of BB-1 (20 μM) in PBS pH 7.4
(60 μL total volume), CT-DNA was titrated into the sample at
increasing concentrations (increments of 10 μM, up to 50 μM). The
absorbance spectrum of the compound after each CT-DNA addition
was measured and the WinterGreen photocage (i.e., BODIPY moiety)
of the spectra were plotted. Experiment performed in triplicate using
independent samples.

Singlet Oxygen Quantum Yield (ΦΔ) of WinterGreen Photocage.
The singlet oxygen quantum yield was determined using 1,3-
diphenylisobenzofuran (DPBF)4 (105481, purchased from Sigma-
Aldrich). A solution of WinterGreen photocage (absorbance at 490
nm = 0.162) and DPBF (50 μM from a 50 mM stock in ethanol) in
1:1 D2O/ethanol mixture (60 μL total volume) was prepared and
illuminated using a 490 nm LED (12 mW cm−2). The absorbance
spectrum was measured initially and then every 20 s in between
illuminations, for 1 min total time. The experiment was repeated using
Eosin Y as a standard photosensitizer (ΦΔ = 0.42 in methanol5), with
its absorbance matched to that of WinterGreen photocage at 490 nm
(i.e., 0.162). Equation 2 was used to calculate the ΦΔ of WinterGreen
photocage to be 0.42 ± 0.03. Experiment performed in triplicate using
independent samples.
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where A is the absorbance and m is the slope of the DPBF
photobleaching curve at 400 nm.

Fluorescence Analysis of Photo-Uncaging Products. Solutions
containing Br-DAPI, BB-1, or BB-2 (1 μM) and CT-DNA (60 μM)
in PBS pH 7.4 (60 μL total volume) were prepared and their
fluorescence spectrum was measured. Samples containing BB probes
were then illuminated for 20 min using a 480 nm light (3.1 J cm−2),
followed by another fluorescence scan, where their fluorescence
intensities at 450 nm were compared to that of Br-DAPI at the same
concentration to confirm the release of Br-DAPI from WinterGreen
photocage. Fluorometer parameters: λex 345 nm (1.5 nm slit), λem
350−650 nm (3.0 nm slit), 600 nm min−1 scan speed, high sensitivity.
Experiment performed in triplicate using independent samples.

Analytical RP-HPLC Analysis of Photo-Uncaging Products. Each
sample (Br-DAPI, BB-1, and BB-2 incubated in the dark, and BB-1
and BB-2 after photo-uncaging) (50 μM) were analyzed by RP-
HPLC using a C18 analytical column (250 mm × 3 mm). The
samples to test for the stability of BB probes toward hydrolysis were
prepared by incubating each compound in PBS pH 7.4 (30 μL total
volume) in a water bath maintained at 37 °C for 3 h in the dark. The
samples to test for the photo-uncaging products were prepared in PBS
pH 7.4 (30 μL total volume) and illuminated using 480 nm light for
20 min (3.1 J cm−2). All samples were run in a gradient of ACN
(containing 0.1% formic acid) and Milli-Q water (65 min method, 25
min gradient, hold 100% ACN for 20 min). The identities of each
sample were confirmed by comparing their relative retention times
absorbance spectra, and HRMS of collected peak for the photo-
uncaged product to those of Br-DAPI, to confirm probe stability and
Br-DAPI release after illumination conditions for uncaging. Experi-
ment performed in duplicate using independent samples.

Photostability of WinterGreen Photocage toward Photo-
Uncaging Illumination. A solution containing BB-1 (absorbance at
490 nm = 0.440) in PBS pH 7.4 (60 μL total volume) was illuminated
using a 490 nm LED (12 mW cm−2), with the absorbance spectrum
was measured initially (i.e., before illumination) and then every 5 min
after for 15 min total. Experiment performed in triplicate using
independent samples.
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Aqueous Stability of BB Probes (i.e., Hydrolysis Test). Solutions
containing 0.8 μM BB-1 or BB-2 and 60 μM CT-DNA were prepared
in PBS pH 7.4 (80 μL total volume) and incubated in a water bath at
37 °C for 3 h in the dark. The fluorescence spectrum of each sample
was measured at time 0 and 3 h after incubation, where the
fluorescence at 450 nm was compared at each time point to confirm
stability of the carbamate linkage toward spontaneous hydrolysis and
release of Br-DAPI. Fluorometer parameters: λex 345 nm (1.5 nm
slit), λem 350−650 nm (3.0 nm slit), 600 nm min−1 scan speed, high
sensitivity. Experiment performed in triplicate using independent
samples.
ROS Production Monitored by DCFH2In Vitro. Solutions

containing 1 μM BB-1, BB-2, or Br-DAPI, and 1 μM DCFH2 (0.6
μL from a 100 μM stock prepared from a 10 mM DCFH2-DA in 0.1
M NaOH(aq)) were prepared in PBS pH 7.4 (60 μL total volume). Br-
DAPI samples were illuminated with a UV lamp (8.0 J cm−2) for 5
min or a 2P laser at 780 nm (48 J) for 30 s. BB-1 or BB-2 samples
were illuminated with a 480 nm light (2.3 J cm−2) for 15 min, 480 nm
light (2.3 J cm−2) for 15 min + a UV lamp (8.0 J cm−2) for 5 min, or
480 nm light (2.3 J cm−2) for 15 min + 2P laser at 780 nm (48 J) for
30 s. The fluorescence of DCF for each sample was measured
immediately after illumination. Background from the sensor was
measured using samples containing 1 μM DCFH2 in PBS pH 7.4
under each illumination condition used above. Statistical analyses
were conducted using an unpaired t-test to determine the p-values
between different compounds and under different illumination
conditions. Fluorometer parameters: λex 505 nm (1.5 nm slit), λem
510−545 nm (3.0 nm slit), 600 nm min−1 scan speed, low sensitivity.
Experiment performed in triplicate using independent samples. *Note
that the DCF fluorescence with BB compounds under dark conditions
could not accurately be measured because the excitation/emission
parameters of BB (before being photobleached during illumination)
overlap with that of DCF.
DNA Photo-Cleavage Facilitated by ROS Produced by BB Probes

and Br-DAPI Monitored by Agarose Gel Electrophoresis. Samples
containing 70 ng of circular, plasmid DNA (pCMV-PARP1−3xFlag-
WT, 7146 bp length; purchased from Addgene) only or 10 μM Br-
DAPI, BB-1, or BB-2, were prepared in PBS pH 7.4 (10 μL total
volume) in transparent Eppendorf tubes. Samples designated for light
treatment were illuminated with a UV lamp (8.0 J cm−2) for 5 min
(plasmid only and Br-DAPI) or 480 nm light (2.3 J cm−2) for 15 min
+ a UV lamp (8.0 J cm−2) for 5 min (plasmid only, BB-1, and BB-2).
After illumination, 1 μL of a 2 M NaOH(aq) solution (containing 0.1
M EDTA) was added, and samples were denatured in a 90 °C water
bath for 1 min. After cooling samples on ice, 3 μL of the loading
buffer was added (50% sucrose/bromophenol blue solution; total
sample volume 15 μL). A 1% agarose gel containing 0.5 mg mL−1

ethidium bromide was prepared in 1× TBE buffer. Each sample (15
μL) was added to individual wells, and the gel was run in TBE buffer
at 100 V for 80 min on a Mini-SubCell GT Cell (purchased from Bio-
Rad Laboratories). When complete, the gel was washed two times
with Milli-Q water and imaged using an Invitrogen iBright 1500
Imaging System (purchased from Fisher Scientific). Damaged DNA
was visualized using the ethidium bromide channel, where the bands
representing intact plasmid was assigned to be linear (top),
supercoiled (middle), and open circular (bottom).50 Experiment
performed in duplicate using independent samples.
In Cellulo Experiments. Cell Culture. MCF7 (human breast/

mammary gland epithelial adenocarcinoma), A549 (human lung
epithelial carcinoma), and HeLa (human uterus/cervix epithelial
adenocarcinoma) were purchased from American Type Culture
Collection (ATCC). Adherent cells were cultured in 75 cm2 flasks
with Nunclon Delta surface treatment (156499, purchased from
Fisher Scientific) at 37 °C with 5% CO2 in a humidified incubator.
A549 and HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium with sodium pyruvate (DMEM w/, 319005481) and MCF7
cells were cultured in Dulbecco’s modified Eagle’s medium without
sodium pyruvate (DMEM w/o, 319015105) (both purchased from
WISENT, Inc.). Both media were supplemented with 10% fetal
bovine serum (A31607-02, purchased from Fisher Scientific) and 1%

antibiotic-antimycotic solution (450-115-EL, purchased from
WISENT, Inc.). Incubation of cells with compounds was done in
OPTI-MEM 1× reduced serum medium (31985-062) while washes
and imaging were done using Dulbecco’s phosphate buffered saline
(D-PBS) 1× without calcium and magnesium (311425188) (both
purchased from WISENT, Inc.). Cell viability experiments were
performed in Nunc MicroWell 96-Well Microplates (cat. 167008,
purchased from Fisher Scientific), 1P imaging in 8-well Chambered
Coverglass w/ nonremovable wells made with borosilicate glass 1.0
bottom (cat. 155411, purchased from Fisher Scientific), and 2P
imaging with 35 mm confocal dishes with 20 mm glass bottom,
surface treated (Ref# 734−2904, purchased from VWR).

Intracellular Localization of Compounds with MitoTracker Red.
A 1 mM stock solution of MitoTracker Red FM (cat. M22425) was
prepared in assay-grade DMSO. MCF7, A549, and HeLa cells were
seeded at a concentration of 30 000 cells well−1 in growth media and
cultured overnight at 37 °C with 5% CO2. The old media was
removed and replaced with BB-1, BB-2, or Br-DAPI (2 μM) in
OPTI-MEM (250 μL) and incubated at 37 °C with 5% CO2 for 1 h.
The media was removed, and the cells were washed once with D-PBS.
Next, MitoTracker Red FM (0.5 μM) was added to cells in D-PBS
(250 μL) and incubated for 15 min at 37 °C. The PBS was removed,
the cells were washed once with D-PBS, and then fresh D-PBS (250
μL) was added in for imaging. The fluorescence from each compound
was overlayed with that of MitoTracker Red FM, where yellow
fluorescence indicates colocalization. The fluorescence of Winter-
Green from BB-1 and BB-2 was captured using an EGFP filter set (λex
= 450−495 nm, λem = 500−550 nm, bandpass emission), with 500 ms
integration time, 1% excitation power, 60× magnification. Br-DAPI
fluorescence was captured using a DAPI filter set (λex = 350−405 nm,
λem = 415−470 nm, bandpass emission), with 500 ms integration
time, 1% excitation power, 60× magnification. MitoTracker Red FM
fluorescence was captured using a custom filter set (λex = 490−555
nm, λem = 590−710 nm, bandpass emission), with 250 ms integration
time, 1% excitation power, 60× magnification. Experiment performed
in triplicate using independent samples.

Br-DAPI Photo-Uncaging from BB Probes Monitored by
Fluorescence In Cellulo. MCF7, A549, and HeLa cells were seeded
at a concentration of 30 000 cells well−1 in growth media and cultured
overnight at 37 °C with 5% CO2. The old media was removed and
replaced with BB-1, BB-2, or Br-DAPI (2 μM) in OPTI-MEM (250
μL) and incubated at 37 °C with 5% CO2 for 1 h. The media was
removed, the cells were washed once with D-PBS, and then D-PBS
was added to wells for imaging. The fluorescence from Br-DAPI and
WinterGreen were taken at time 0 min (i.e., dark) and following 10
min of 480 nm illumination (1.6 J cm−2). Br-DAPI fluorescence was
scaled relative to post-illumination and WinterGreen fluorescence was
scaled relative to pre-illumination. The fluorescence of WinterGreen
from BB-1 and BB-2 was captured using an EGFP filter set (λex =
450−495 nm, λem = 500−550 nm, bandpass emission), with 500 ms
integration time, 3% excitation power, 40× magnification. Br-DAPI
fluorescence was captured using a DAPI filter set (λex = 350−405 nm,
λem = 415−470 nm, bandpass emission), with 500 ms integration
time, 1% excitation power, 40× magnification. Experiment performed
in triplicate using independent samples.

Intracellular Localization of Br-DAPI Methyl Carbamate. A549
cells were seeded at a concentration of 30 000 cells well−1 in growth
media and cultured overnight at 37 °C with 5% CO2. The old media
was removed and replaced with Br-DAPI methyl carbamate (∼3 μM)
and incubated at 37 °C with 5% CO2 for 1 h. The media was
removed, the cells were washed once with D-PBS, and D-PBS was
added to the wells for imaging. The fluorescence from Br-DAPI
methyl carbamate was captured using a DAPI filter set (λex = 350−
405 nm, λem = 415−470 nm, bandpass emission), with 1 s integration
time, 1% excitation power, 40× magnification. Experiment performed
in triplicate using independent samples.

Stability of BB Probes toward Intracellular Esterases. MCF7,
A549, and HeLa cells were seeded at a concentration of 40 000 cells
well−1 in growth media and cultured overnight at 37 °C with 5% CO2.
The old media was removed and replaced with BB-1 or BB-2 (2 μM)
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in OPTI-MEM (250 μL) and incubated at 37 °C with 5% CO2 for 1
h. The media was removed, the cells were washed once with D-PBS,
and then D-PBS was added to wells for imaging. The cyan, fluorescent
signal from the BB probes were imaged at time 0 and 2 h, with the
plate kept at the same position on a heated microscope stage
(maintained at 37 °C).

The stability experiment was also repeated under a clinical setting
incubation range (i.e., 24 h) with BB-1 in MCF7 cells. The old media
was removed and replaced with BB-1 (0−2 μM) in OPTI-MEM (250
μL) and incubated at 37 °C with 5% CO2 for a) 1 h, washed once
with D-PBS, and then complete growth media was added to each well
for incubation for another 23 h. The old media was removed and then
D-PBS was added to wells for imaging of nuclear signals due to Br-
DAPI release via intracellular esterases.

The fluorescence was scaled relative to Br-DAPI post photo-
uncaging illumination. Br-DAPI fluorescence was captured using a
DAPI filter set (λex = 350−405 nm, λem = 415−470 nm, bandpass
emission), with 500 ms integration time, 1% excitation power, 20×
magnification. Experiment performed in triplicate using independent
samples.
1P ROS Production Monitored by DCFH2DA. MCF7, A549, and

HeLa cells were seeded at a concentration of 40 000 cells well−1 in
growth media and cultured overnight at 37 °C with 5% CO2. The old
media was removed and replaced with BB-1, BB-2, or Br-DAPI (2
μM) in OPTI-MEM (250 μL) and incubated at 37 °C with 5% CO2
for 1 h. The media was removed, the cells were washed once with D-
PBS, followed by the addition of DCFH2DA (10 μM) in D-PBS (250
μL). The cells were incubated at 37 °C for 30 min for intracellular
esterases to deacetylate the ROS sensor.6 The media was removed,
the cells were washed once with D-PBS, and then D-PBS was added
to the wells for imaging. The cells containing BB-1 and BB-2, were
illuminated with a 480 nm light (2.3 J cm−2) for 15 min and the DCF
fluorescence imaged. The same cells were illuminated again, except
this time using a UV lamp (8.0 J cm−2) for 5 min and the DCF
fluorescence imaged again. The cells containing Br-DAPI were
illuminated using a UV lamp (8.0 J cm−2) for 5 min and the DCF
imaged. The DCF fluorescence for all compounds under different
conditions was scaled relative to BB probes that had dual illumination
(480 nm + UV). The mean DCF fluorescence intensity was quantified
using the “Count and Measure” tool and selecting for individual cells
on cellSens software. Statistical analyses were conducted using an
unpaired t-test to determine the p-values between different
illumination conditions between compounds tested in the same cell
line. Controls showing DCF fluorescence with the compounds under
dark conditions were not taken because the filter set used for DCF is
the same for the WinterGreen region of the BB probes. The overlap
in fluorescence properties does not affect results for compounds after
illumination because WinterGreen photobleaches (i.e., minimal
fluorescence) using the photo-uncaging parameters such that all
green fluorescence observed is due to DCF only. The fluorescence
from DCF (oxidized product of DCFH2)

6 was captured using an
EGFP filter set (λex = 450−495 nm, λem = 500−550 nm, bandpass
emission), with 500 ms integration time, 1% excitation power, 10×
magnification. Experiment performed in triplicate using independent
samples.
dsDNA Damage In Cellulo Monitored by γH2A.X Antibody.

MCF7 cells were seeded at a concentration of 50 000 cells well−1 in
growth media and cultured overnight at 37 °C with 5% CO2. The old
media was removed and replaced with 3 μM Br-DAPI or BB-1 in
OPTI-MEM (250 μL) and incubated at 37 °C with 5% CO2 for 1 h.
The media was removed, the cells were washed once with D-PBS, and
complete growth media (250 μL) was added into each well. The cells
containing Br-DAPI were illuminated with a UV lamp (8.0 J cm−2) for
5 min and those with BB-1 were illuminated with a 480 nm light (2.3
J cm−2) for 15 min followed by a UV lamp (8.0 J cm−2) for 5 min.
After a 2-h incubation at 37 °C with 5% CO2, the cells were treated
with a γH2A.X Staining Kit (ab242296; purchased from Abcam). The
cells were washed once with PBS-tween, fixed at 0 °C for 20 min in
cold methanol, and washed once more with PBS-tween. Next,
blocking buffer (PBS containing 1% bovine serum albumin (BSA))

was added, and the cells were incubated for 30 min at r.t. γH2A.X-
Alexa 488 solution (1×) was added to each well (1 μL of γH2A.X in
249 μL of PBS-tween), incubated for 1 h at r.t., and then washed three
times with PBS-tween. The antibody staining and washing protocol
were then repeated using a γH2A.X secondary antibody solution
(1×). Finally, the cells were stained with nuclei-stain DAPI (0.5 μM)
in PBS-tween (250 μL) for 15 min, washed once with PBS-tween, and
PBS-tween added to image cells. dsDNA breaks were confirmed by
overlaying the fluorescence of γH2A.X-Alexa 488 and DAPI. The
fluorescence of γH2A.X-Alexa488 is represented by the color red and
DAPI by the color blue. The fluorescence of γH2A.X-Alexa488 was
captured using an EGFP filter set (λex = 450−495 nm, λem = 500−550
nm, bandpass emission), with 500 ms integration time, 1% excitation
power, 40× magnification. DAPI fluorescence was captured using a
DAPI filter set (λex = 350−405 nm, λem = 415−470 nm, bandpass
emission), with 50 ms integration time, 1% excitation power, 40×
magnification. Experiment performed in triplicate using independent
samples.

Photocytotoxicity in 2D Monolayer with 1P Illumination (Dose−
Response Curves). MCF7, A549, and HeLa cells were seeded at a
concentration of 10 000 cells well−1 in growth media and cultured
overnight at 37 °C with 5% CO2. The old media was removed and
replaced with BB-1, BB-2, or Br-DAPI (within a range of 0−64 μM)
in OPTI-MEM (100 μL) and incubated at 37 °C with 5% CO2 for 1
h. The media was removed, the cells were washed once with D-PBS,
and complete growth media (100 μL) was added into each well. The
cells designated for light conditions containing BB-1 and BB-2, were
illuminated with 480 nm light (2.3 J cm−2) for 15 min, or with 480
nm light (2.3 J cm−2) for 15 min followed by a UV lamp (8.0 J cm−2)
for 5 min, while cells containing Br-DAPI were irradiated with a UV
lamp (8.0 J cm−2) for 5 min. The cells designated for dark conditions
and those treated with light were incubated overnight at 37 °C with
5% CO2. Cell viability was quantified 24 h post treatment using an
MTT assay (2 h incubation at 37 °C with 5% CO2 with 0.5 mg mL−1

thiazolyl blue tetrazolium tribromide in growth media), where the
absorbance at 560 nm of the MTT compound was used to determine
the relative viability of the cells compared to untreated cells (i.e., no
compound or light illumination).7 Dose−response curves were
plotted on a logarithmic axis and fitted using a nonlinear fit with a
variable slope. Experiment performed in triplicate using independent
samples.

2P ROS Production in MCF7 Cells Monitored by DCFH2DA.
MCF7 cells were seeded at a concentration of 500 000 cells plate−1 in
growth media and cultured overnight at 37 °C with 5% CO2. The old
media was removed and replaced with BB-1 or Br-DAPI (3 μM) in
OPTI-MEM (1 mL) and incubated at 37 °C with 5% CO2 for 1 h.
The media was removed, the cells were washed once with D-PBS,
followed by the addition of DCFH2DA (10 μM) in D-PBS (1 mL).
The cells were incubated at 37 °C for 30 min for intracellular
esterases to deacetylate the ROS sensor.6 The media was removed,
the cells were washed once with D-PBS, and then D-PBS was added
to the wells for imaging. The cells containing BB-1 were illuminated
with 480 nm light (2.3 J cm−2) for 15 min and the DCF fluorescence
imaged. The same cells were illuminated again, except this time using
a 2P laser at 780 nm (16 J) for 10 s. and the DCF fluorescence
imaged again. The cells containing Br-DAPI were illuminated using a
2P laser at 780 nm (16 J) for 10 s and the DCF imaged. The DCF
fluorescence for all compounds under different conditions were scaled
relative to BB-1 that had dual illumination (480 nm + 2P 780 nm).
The mean DCF fluorescence intensity was quantified using the
“Analyze → Measure” tool in Fiji. Statistical analyses were conducted
using an unpaired t-test to determine the p-values between different
illumination conditions between compounds tested in the same cell
line. Controls showing DCF with the compounds under dark
conditions were not taken because the filter set used for DCF is
the same for the WinterGreen region of BB-1. The overlap in
fluorescence properties does not affect results for compounds after
illumination because WinterGreen photobleaches (i.e., minimal
fluorescence) using the uncaging parameters such that all green
fluorescence observed is due to DCF only. The fluorescence from
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DCF (oxidized product of DCFH2)
6 was captured using an Alexa 488

filter set (λex = 450−490 nm, λem = 500−550 nm, bandpass emission),
with 85.3 pinhole, 550 master gain, 10% laser power, 20×
magnification. 2P illumination was performed using 10 frames of 1
s 100% laser power, 139 mW at the sample plane with ∼100 fs pulse
width, 80 MHz repetition through a 1.0 NA objective lens for ten 1 s
frames. Experiment performed in triplicate using independent
samples.
Photocytotoxicity in MCF7 Cells with 2P Illumination. MCF7

cells were seeded at a concentration of 500 000 cells plate−1 in growth
media and cultured overnight at 37 °C with 5% CO2. The old media
was removed and replaced with BB-1 or Br-DAPI (4 μM) in OPTI-
MEM (1 mL) and incubated at 37 °C with 5% CO2 for 1 h. The
media was removed, the cells were washed once with D-PBS, and D-
PBS was added to the plates for imaging. The cells containing BB-1
were illuminated with 480 nm light (2.3 J cm−2) for 15 min, followed
by a 2P laser at 780 nm (48 J) for 30 s while those incubated with Br-
DAPI illuminated with the 2P laser at 780 nm (48 J) for 30 s. The
light-treated cells were left to incubate on the microscope stage for 2 h
90 min post-illumination, and the cell viability was analyzed using
ReadyProbes Cell Viability Imaging Kit (cat. R37609, purchased from
Fisher Scientific), where the blue stain labels all cells (i.e., total cell
stain) and the green stain labels dead cells. The cells were incubated
with both cell stains simultaneously for 30 min at 37 °C by adding
two drops of each stain directly into the D-PBS already in each plate
(without moving the plate’s position on the microscope stage). After
incubation with the cell viability imaging kit, the green dead
fluorescent stain was captured using an Alexa 488 filter set (λex =
450−490 nm, λem = 500−550 nm, bandpass emission), with 600
pinhole, 550 master gain, 6% laser power, 20× magnification. The
blue total fluorescent stain was captured using a DAPI filter set (λex =
350−405 nm, λem = 415−470 nm, bandpass emission), with 72
pinhole, 500 master gain, 1% laser power, 20× magnification. 2P
illumination was performed using 30 frames of 1 s, 100% laser power,
139 mW at the sample plane with ∼100 fs pulse width, 80 MHz
repetition through a 1.0 NA objective lens for thirty 1 s frames.
Experiment performed in triplicate using independent samples.
Photocytotoxicity in 3D Tumor Spheroids with 1P Illumination.

MCF7 tumor spheroids were grown using the ultralow attachment
plate method. The cells were seeded at a concentration of 1000 cells
well−1 in OPTI-MEM (200 μL) and cultured in Nunclon Sphera 96-
well, treated U-shaped bottom microplates (cat. 174 925) for 72 h at
37 °C with 5% CO2. Spheroid growth was monitored by bright-field
images, until spheroids looked compact and had a diameter of ∼300
μm at 10× magnification. The old media (100 μL) was carefully
removed and replaced with BB-1 or Br-DAPI (10 μM) in OPTI-
MEM (100 μL, in addition to media remaining in well) and incubated
for 1 h at 37 °C with 5% CO2. Spheroids designated for light
treatment were irradiated with 480 nm light (2.3 J cm−2) for 15 min,
or with 480 nm light (2.3 J cm−2) for 15 min followed by a UV lamp
(8.0 J cm−2) for 5 min, while cells containing Br-DAPI were irradiated
with a UV lamp (8.0 J cm−2) for 5 min. Spheroids designated for dark
conditions and those treated with light were incubated overnight at 37
°C with 5% CO2. Cell viability for light-treated cells was analyzed
using ReadyProbes Cell Viability Imaging Kit (cat. R37609, purchased
from Fisher Scientific), where the blue stain labels all cells (i.e., total
cell stain) and the green stain labels dead cells. Spheroids were
incubated with cell stains for 15 min at 37 °C by adding 100 μL of a
solution containing both stains (2 drops each dye mL−1 D-PBS).
Dark-treated cells were imaged directly for WinterGreen from BB-1
and Br-DAPI fluorescence from both BB-1 and Br-DAPI. After
incubation with the cell viability imaging kit, the green dead
fluorescent stain was captured using an EGFP filter set (λex = 450−
495 nm, λem = 500−550 nm, bandpass emission), with 500 ms
integration time, 1% excitation power, 10× magnification. The blue
total fluorescent stain was captured using a DAPI filter set (λex =
350−405 nm, λem = 415−470 nm, bandpass emission), with 500 ms
integration time, 1% excitation power, 10× magnification. The
fluorescence of WinterGreen from BB-1 was captured using an
EGFP filter set (λex = 450−495 nm, λem = 500−550 nm, bandpass

emission), with 500 ms integration time, 1% excitation power, 10×
magnification. Br-DAPI fluorescence was captured using a DAPI filter
set (λex = 350−405 nm, λem = 415−470 nm, bandpass emission), with
500 ms integration time, 1% excitation power, 10× magnification.
Experiment performed in triplicate using independent samples.
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