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ABSTRACT: Reactive oxygen species (e.g., singlet oxygen) are the primary cytotoxic agents used in the clinically approved
technique photodynamic therapy (PDT). Although singlet oxygen has high potential to effectively kill tumor cells, its production via
light excitation of a photosensitizer has been limited by the penetration depth and delivery of light in tissue. To produce singlet
oxygen without light excitation, we describe the use of Schaap’s chemiluminescent scaffold comprising an adamantylidene−dioxetane
motif. Functionalizing this scaffold with a photosensitizer, Erythrosin B, resulted in spontaneous chemiluminescence resonance
energy transfer (CRET) leading to the production of singlet oxygen. We show that this compound is cell permeable and that the
singlet oxygen produced via CRET is remarkably efficient in killing cancer cells at low micromolar concentrations. Moreover, we
demonstrate that protection of the phenol on the chemiluminescent scaffold with a nitroreductase-responsive trigger group allows
for cancer-selective dark dynamic cell death. Here, we present the concept of dark dynamic therapy using a small cell-permeable
molecule capable of producing the effects of PDT in cells, without light.

Photodynamic therapy (PDT) is a clinically approved
cancer treatment that uses the combination of a

photosensitizer (PS), molecular oxygen, and light (visible or
near-infrared) to produce reactive oxygen species (ROS).
Singlet oxygen, regarded as the most cytotoxic form of ROS,1

is highly reactive and short-lived (∼3.5 μs), such that once
produced in a cancer cell, it will damage biomolecules nearby,
leading to their dysfunction and ultimately causing cell
death.2,3 This unique cancer-killing mechanism (i.e., via
oxidative stress) has made PDT capable of destroying tumors
including their vasculature1 and even do so in cases where
patients have shown chemo-resistance.4 However, the success
of PDT is dependent on the production of singlet oxygen at
the tumor site via light irradiation.5 Since the penetration
depth of light is limited to 1−5 mm beneath the skin,6 the
treatment of deeper cancers within the body requires invasive
incisions or the feeding of fiber optics through natural
openings in the body.7,8 Even if delivery to the site is

successful, light can still be scattered and attenuated by blood
absorption, thereby limiting singlet oxygen to the outer linings
of the target organs, translating to poor efficacy.9 Thus, despite
the ability of singlet oxygen to destroy tumor cells, its
production requiring light excitation of a PS has limited its full
therapeutic potential in treating cancers.
These challenges could, in principle, be addressed by

applying PDT without external irradiation. This concept has
been previously explored using bioluminescence resonance
energy transfer (BRET).10,11 An early example entailed
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conjugation of a small molecule PS to the protein transferrin,
whereby in the presence of hydrogen peroxide, ferrous sulfate,
and luminol, BRET activated the nearby PS causing cancer cell
death.12 Later studies have employed a similar concept using
the protein luciferase, either functionalized onto quantum dots
containing a small molecule PS13 or as a genetic fusion to
protein-based PSs (e.g., miniSOG).14,15 Although these studies
have pioneered the concept of using luminescence to drive
production of singlet oxygen without external light, its use is
limited by the poor cellular uptake of proteins or genes, as well
as the dependence of an exogenous enzyme that requires
additional reagents to be added (e.g., luminol), which itself can
induce cytotoxicity.11,12 More recently, a hydrogen peroxide-
triggered chemical excitation of a small molecule PS was
developed.16 Although singlet oxygen was produced without
irradiation, cancer cell death was not demonstrated. Finally, the
thermal decay of singlet oxygen release from 2-pyridone
endoperoxides has been shown as a promising alternative to
luminescence.17,18 However, to date, cell killing has only been
described for hypoxic conditions,17 while normoxia required
the addition of exogenous fluoride to enhance singlet oxygen
release.18,19 Moreover, 1,2-dihydropyridine endoperoxides
have recently been demonstrated as efficient singlet oxygen
storage and release compounds as well.20

As a proof-of-principle, we sought to develop a water-
soluble, cell-permeable small molecule that can produce singlet
oxygen without light excitation (i.e., dark dynamically) capable
of killing cancer cells without requiring addition of exogenous
agents. To this regard, we are using Schaap’s chemiluminescent
(CL) scaffold (Figure 1).21−23 Comprising an adamantyli-
dene−dioxetane motif, the Schaap CL probe can sponta-
neously disassemble to generate light upon formation of a
phenolate (Figure 1A). Moreover, the scaffold has been shown
to tolerate modifications at the ortho positions allowing for
tuning of the CL wavelength and improving the CL
brightness.24 We note that although the removal of external

irradiation reduces cancer selectivity compared to that
achieved with PDT, we reasoned that the use of a scaffold
that can readily permit activation by over-abundant analytes
found in cancer cells could overcome this loss. To date, several
groups have incorporated a variety of phenolate protecting
groups that can be removed by analytes of interest (e.g.,
enzymes) as a means of detecting their abundance and for
monitoring the release of chemotherapeutic agents.24 How-
ever, the use of Schaap’s probe to drive production of singlet
oxygen as a potential therapeutic agent has not yet been
demonstrated. We reasoned that the CL generated via
disassembly of the Schaap probe can be used to activate an
attached PS via chemiluminescence resonance energy transfer
(CRET) (Figure 1A), whereby the resulting singlet oxygen
produced can kill cancer cells.
To design a Schaap-based CL probe capable of producing

singlet oxygen without light, we turned to the previously
reported derivative containing an ortho methyl acrylate
substituent.25 We reasoned that hydrolysis of the methyl
ester to a carboxylate will facilitate coupling to a PS via amide
bond formation while still permitting disassembly and CL. For
the PS, we selected Erythrosin B, a xanthene-based PS, which
has broad absorption in the green region to permit efficient
CRET with Schaap’s derivative and possesses a high quantum
yield of singlet oxygen production (0.63)26 (Figure 1A). Due
to the close proximity of Erythrosin B to the benzoate ester
derivative (moiety responsible for CL), CRET is expected to
generate singlet oxygen (Figure 1A).

■ RESULTS AND DISCUSSION
Schaap’s adamantylidene−dioxetane green-emitting probe
precursor containing the methyl ester (CL-OMe) was
synthesized using established methods25,27 and then hydro-
lyzed using NaOH (Scheme S1). Commercially available
Erythrosin B was modified with an amine linker (Scheme S2,
compound EryB-Linker) and conjugated to Schaap’s probe via

Figure 1. (A) Proposed mechanism of singlet oxygen production without light excitation. The hydroxyl group on Schaap’s scaffold (highlighted in
green) when deprotonated in PBS pH 7.4 causes dioxetane breakdown and green chemiluminescence. Due to the close proximity of the green-
absorbing photosensitizer, Erythrosin B (highlighted in purple), chemiluminescence resonance energy transfer occurs, causing Erythrosin B to
produce singlet oxygen. (B) Structures of control compounds.
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amide bond formation followed by dioxetane formation to
produce compound CL-E1 (Figure 1A; Scheme S3). To aid in
validating the expected mechanism of singlet oxygen
production by CL-E1, we synthesized several control
compounds (Figure 1B): First, to emphasize the importance
of dioxetane breakdown for CRET, we employed the non-
dioxetane version, CL-E1a, the synthetic precursor to CL-E1
(Figure 1B; Scheme S3). To probe the role of the attached
Erythrosin B dye, we synthesized the dioxetane composed of
ortho-N,N-dimethylacrylamide (compound CL-A, Scheme S4),
which lacks Erythrosin B, expected to breakdown to produce
CL but not undergo CRET. To stress the requirement of a free
phenolic OH for dioxetane breakdown and subsequent CRET/
singlet oxygen production, we synthesized CL-E2 (Scheme
S5), whereby the phenolic OH was converted to a benzyl
ether. Finally, to Schaap’s CL scaffold, we conjugated the PS
phenalenone (PN), whose absorption (340−440 nm) does not
overlap with CL emission and thus can be used to further
prove that the function of CL-E1 occurs via CRET
(compound CL-PN and Scheme S6). The final probes were
purified by silica chromatography and/or RP-HPLC, and
identities were confirmed by NMR and MS (see the
Supporting Information). Stock solutions of all compounds
were freshly prepared in DMSO prior to each experiment as
under these conditions, the dioxetane samples are stable

(Figure S1). The concentrations of CL-E1 stock solutions
were measured by UV−Vis spectroscopy in EtOH using the
molar extinction coefficient of Erythrosin B, then aliquoted
accordingly, dried down, and stored at −20 °C.
We first tested whether CRET occurs in CL-E1. Comparing

the absorption and CL spectra of EryB-Linker and CL-A,
respectively, we observed good spectral overlap (Figure S2), a
requirement for CRET. When the absorbance and CL spectra
were measured for CL-E1 (PBS pH 7.4), a large degree of
overlap was still observed although the CL maximum shifted
relative to its unconjugated free form (i.e., CL-A), suggesting
that CRET is still possible using the selected Erythrosin B dye
and this Schaap derivative (Figure 2A). Note that although
Erythrosin B is capable of fluorescence, its emission band (λem
= 550 nm, Figure S3) was not detected in these luminescence
measurements, which we hypothesize is due to its low
fluorescence quantum yield (Φf = 0.08).26 Moreover, the
slight shoulder in the absorbance spectrum of CL-E1 at 600
nm is possibly due to the presence of some aggregated species
in aqueous conditions, since in organic solvents like methanol,
we do not observe the same shoulder (Figure S4). We next
measured the CL half-life of CL-E1 in PBS pH 7.4 at 37 °C.
We observed a half-life ∼1.5× shorter compared to that of CL-
A, which contains no Erythrosin B (i.e., 10 ± 1 min versus 15
± 3 min, respectively) (Figures 2B and S5). Moreover, CL-PN

Figure 2. Evidence of CRET demonstrated by luminescence and absorbance spectral comparisons and half-lives. (A) Normalized absorption
spectrum of CL-E1 (dashed line) overlayed with its normalized chemiluminescence spectrum (solid line) in PBS pH 7.4 (5% DMSO) showing that
chemiluminescence resonance energy transfer is possible. (B) Chemiluminescence time course of CL-E1 (20 μM) plotted at its luminescence
wavelength maximum and normalized to 1 at the time of maximum luminescence intensity. Half-life of dioxetane breakdown was measured to be
10 ±1 min in PBS pH 7.4 (5% DMSO). Dioxetane half-life in PBS pH 7.4 (5% DMSO) for CL-E1 is shorter compared to control probes CL-A and
CL-PN (Figure S4), suggesting that energy transfer occurs instead of energy release via luminescence. Measurements were performed in triplicate
using independent samples.

Figure 3. ROS produced by (A) CL-E1 (10 μM) in the absence (purple line) or presence (orange line) of singlet oxygen scavenger NaN3 (10
mM) monitored by the fluorescence of the ROS sensor, DCFH2 (5 μM), which produces the green, fluorescent product DCF upon oxidation. A
higher fluorescence intensity was observed upon incubation with CL-E1 compared to CL-E1 in the presence of NaN3. (B) Increasing
concentrations of CL-E1 were incubated with DCFH2 (5 μM), where a concentration-dependent increase in DCF fluorescence was observed.
Analyzed by the two-tailed t-test, p-value <0.01 indicated by **. (C) To confirm that no ROS was produced by CL control compounds, each
compound at a final concentration of 10 μM was incubated with DCFH2 (5 μM). A minimal increase in the fluorescence of DCF was observed for
all controls. Conditions: PBS pH 7.4 (5% DMSO) at 37 °C. λex 490 nm. Measurements were performed in triplicate using independent samples.
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had a measured half-life of 16 ± 2 min (Figure S5),
comparable to that of CL-A. We hypothesize that the observed
small difference in half-lives is likely due to changes in the rate-
limiting step (i.e., electron transfer from the phenolate to the
dioxetane).28 Both CL-E1a and CL-E2 do not show any CL,
which is expected, given their inability to breakdown (Figure
S5). We further characterized the photophysical properties of
CL-E1 and control compounds CL-A and CL-PN by
measuring their fluorescence emission spectrum (Figure S6).
We next measured the CL quantum yield in PBS pH 7.4

using CL-OMe dioxetane as a CL standard, where a lower
quantum yield would suggest CRET if the CL scaffold is
conjugated to a suitable acceptor dye. CL-E1 (ΦCL 0.02 ±
0.006%) was found to be 80-fold dimmer compared to CL-A
(ΦCL 1.60 ± 0.04%) lacking Erythrosin B. Moreover, CL-PN
(ΦCL 0.56 ± 0.02%), which contains poor spectral overlap
(Figure S7), was only 2.8-fold dimmer compared to CL-A,
consistent with CRET being inefficient as set out in our design.
Thus, the lower CL brightness of CL-E1 confirms that CRET
occurs between Schaap’s adamantylidene−dioxetane derivative
and the selected PS Erythrosin B.
Since Erythrosin B is known to produce singlet oxygen via

irradiation,26 we sought out to determine whether the CRET
in CL-E1 results in ROS production. To determine this, we
employed the general ROS sensor, 2′,7′-dichlorofluorescin
(DCFH2), which gets oxidized by ROS to 2′,7′-dichloro-
fluorescein (DCF) to produce green fluorescence.29 To a
solution of 5 μM DCFH2 in PBS pH 7.4 containing 5%
DMSO, CL-E1 was added from a DMSO stock to yield a final

concentration of 10 μM; then, the fluorescence was recorded
at 5 min intervals (with the cuvette kept in the dark between
measurements) at 37 °C. We observed an increase in
fluorescence with time with a plateau after ∼40 min and a
half-life of 13 min consistent with the measured CL lifetime/
half-life of CL-E1 (Figure 3A). As the production of DCF was
monitored using 490 nm excitation light, we observed minimal
light-induced ROS by direct excitation of Erythrosin B when
using EryB-Linker compared to CL-E1, indicating that ROS is
produced mostly dark dynamically during these measurements
(Figure S8). After 40 min incubation with increasing
concentrations of CL-E1 (5−20 μM), we also observed a
dose-dependent increase in ROS production (Figure 3B).
Moreover, we observed minimal DCF fluorescence from CL-
E1a and CL-E2, which cannot produce CL, and from CL-A
and CL-PN, which although produce CL are both incapable of
CRET (Figure 3C), thereby further confirming that CL-E1
produces ROS dark dynamically.
To determine the type of ROS produced by CL-E1, we

repeated the DCFH2 experiments with CL-E1 in the presence
of a singlet oxygen specific scavenger, sodium azide (NaN3, 10
mM).30,31 We observed ∼8-fold lower DCF fluorescence
compared to CL-E1 (Figure 3A), confirming that the type of
ROS produced by CL-E1 is singlet oxygen. We note that the
singlet oxygen specific sensors, 9,10-anthracenediyl-bis-
(methylene)dimalonic acid (ABDA) or 1,3-diphenylisobenzo-
furan (DPBF), did not show a response to up to 20 μM CL-E1
(Figure S9). We hypothesize that this is due to the lower
sensitivity of ABDA and DPBF trapping agents compared to

Figure 4. ROS production by CL-E1 in MCF7 breast cancer cells. (A) DCFH2-DA (10 μM) with increasing concentrations of CL-E1 (2.5−20
μM) upon 10 min incubation and washing shows a dose-dependent increase in the green fluorescence of DCF. (B) Quantification of the mean
fluorescence intensity of DCF demonstrates a statistically significant increase in the ROS production by CL-E1 at increasing concentrations. (C)
Cells were incubated with the general ROS sensor, DCFH2-DA (10 μM) for 30 min, followed by 10 min incubation with 5 μM CL-E1 (left) or CL-
E1 and singlet oxygen scavenger NaN3 (10 mM) (right). An increase in the green fluorescence from the ROS sensor in the presence of CL-E1 only
is indicative of ROS produced from CL-E1 without light excitation. Quantification of the mean fluorescence intensity of DCF demonstrates the
statistically significant decrease of ROS production by CL-E1 in the presence of singlet oxygen scavenger NaN3. (D) ROS production by CL-E1
after preincubation of the dioxetane-containing probe prior to adding to MCF7 breast cancer cells. The cells were incubated with the general ROS
sensor, DCFH2-DA (10 μM) for 30 min, followed by addition of 5 μM CL-E1 preincubated for 10 min (left) and 40 min (right) at 37 °C in cell
culture media. Lower green fluorescence from the ROS sensor in the presence of preincubated CL-E1 was observed, where decreased DCF signals
were present for the 10 min preincubated probe, while minimal DCF signals were present for the 40 min preincubated probeboth consistent with
the half-life of CL-E1. All images were acquired at 20×; scale bar = 50 μm. ROS sensor imaged by λex 470−490 nm and λem 500−550 nm. Analyzed
by the two-tailed t-test, p-value <0.0001 indicated by ****. All experiments were performed in triplicate using independent samples.
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DCFH2 oxidation,31,32 which have previously required high
probe concentrations (∼100 μM) and a high percentage of co-
organic solvents to produce observable changes,16 both of
which are currently not achievable with CL-E1 (i.e., solubility
limitations and CL requiring aqueous solution). Singlet
Oxygen Sensor Green did not show a response to CL-E1
(Figure S9) but also did not respond to singlet oxygen
produced by irradiating Erythrosin B (Figure S10), in contrast
to DCFH2 under the same conditions (Figure S10). Finally, we
estimated the singlet oxygen efficiency produced by CL-E1 by
relating the fluorescence intensity of DCF to its concentration,
using commercially available DCF and its known extinction
coefficient, to construct a calibration curve (Figure S11). Using
this curve with the DCF intensities produced by CL-E1 (5, 10,
and 20 μM), we calculate a singlet oxygen efficiency of 3.6 ±
0.51% (see the Supporting Information and Figure S11). We
note that this value is an underestimate since all singlet oxygen
produced will not be captured by DCFH2 due to its short
lifetime in water (∼4 μs).31 In support of this, repeating the
ROS experiments with CL-E1 (10 μM) containing D2O (1:2
D2O/PBS pH 7.4), known to increase the lifetime of singlet
oxygen (40−69 μs),31 led to an ∼2-fold higher production of
singlet oxygen compared to 100% PBS (Figure S12). Using the
ΦCL of CL-A and CL-E1 and the singlet oxygen quantum yield
of Erythrosin B, we calculate the theoretical efficiency of singlet
oxygen production by CL-E1 to be 0.95% (see the Supporting
Information). However, this calculation assumes that the
chemiexcitation yield in CL-E1 is equivalent to ΦCL‑A, but it
may be higher due to rapid energy transfer from the excited
phenolate to Erythrosin B in CL-E1, which would translate to
a higher singlet oxygen efficiency. Precedent for rapid energy
transfer via CRET has been observed with previously reported
Schaap’s fluorophore-conjugated probes, which have superior
brightness.27

Given the ability of CL-E1 to produce singlet oxygen
without light excitation in vitro, we asked whether this could
occur in cells. We incubated MCF7 cells with the cell-

permeable 2′,7′-dichlorofluorescin diacetate (DCFH2-DA)
ROS sensor, which when oxidized and cleaved via intracellular
esterases produces the green fluorescent product DCF.29 After
10 min incubation with CL-E1 (5 μM), green fluorescence
could be readily observed over background with maximum
signals produced at 40 min without washing between imaging
time points (Figure S13). Performing the same experiment
with CL-E1 but using a different sample devoted to each time
point and washing before imaging revealed that the highest
intracellular ROS signals occur at 10 min; and after that time,
we observed that the DCF product diffuses out of cells,
consistent with previous reports employing this sensor33,34

(Figure S13). The time-dependent increase in DCF
production is consistent with the CL lifetime of CL-E1 and
confirms that although CL-E1 has a CL half-life of only 10
min, a portion is still capable of permeating cells to generate
measurable intracellular ROS. Given that an incubation time of
10 min produced maximum intracellular signals, to accurately
compare CL-E1 data with controls, the remaining experiments
were conducted at this time point. At increasing concentrations
of CL-E1 (2.5−20 μM), we observe a dose-dependent increase
in ROS production (Figure 4A,B). To confirm that singlet
oxygen was the primary type of ROS being produced in cellulo,
we coincubated MCF7 cells with CL-E1 (5 μM) and the
singlet oxygen quencher NaN3 (10 mM). Compared to the
cells incubated with CL-E1 only (Figure 4C), the cells with the
addition of NaN3 produced weaker green fluorescence signals
(Figure 4C). Control compounds (CL-E1a, CL-E2, CL-A, and
CL-PN) lacking the ability to undergo CRET and the use of
free EryB-Linker, all produced DCF signals similar to
background from the DCFH2 sensor alone (Figures S14 and
S15), consistent with the in vitro experiments. Finally, to
further demonstrate that the breakdown of the dioxetane is
responsible for CRET and singlet oxygen production, we
preincubated CL-E1 (5 μM) in cell culture media for 10 or 40
min prior to addition to cells. We observed lower DCF
fluorescence for the CL-E1 sample preincubated for 10 min

Figure 5. Intracellular uptake and cellular localization of CL-E1. (A) Fluorescence time course of MCF7 breast cancer cells incubated with 10 μM
CL-E1 for a total of 60 min. The benzoate ester product expected produces yellow fluorescence upon excitation (λex 400 nm) with increasing
fluorescence up to maximum signals between 20 and 40 min of incubation with CL-E1. (B) Quantification of the mean fluorescence intensity for
the benzoate ester product. Data for 0 min incubation represent the cells imaged immediately after addition of CL-E1. Analyzed by the two-tailed t-
test, p-value <0.0001 indicated by ****, p-value = 0.0076 indicated by **, and p-value >0.05 is not significant. (C) MCF7 breast cancer cells
incubated with 10 μM CL-E1 for 20 min. The benzoate ester product expected produces yellow fluorescence (top right) upon excitation (λex 400
nm), and the attached photosensitizer Erythrosin B to the CL scaffold shows green fluorescence (bottom left) (λex 509 nm). Yellow fluorescence
and green fluorescence overlay well with each other (bottom right), demonstrating the same cellular localization. (D) Nuclear costain with DAPI (5
μM) (top right) overlayed (bottom right) with green fluorescence from Erythrosin B (bottom left). Additional imaging of the benzoate ester with
nuclear costain is not feasible due to the excitation and emission properties interfering with those of DAPI. 40×, scale bar = 25 μm. Experiments
were performed in triplicate using independent samples.
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and very minimal DCF signals for the 40 min preincubated
sample (Figure 4D), both results being consistent with the
half-life of CL-E1 and the time-dependent requirement for
singlet oxygen production. To ensure that this result is not
uniquely specific to MCF7 cells, we also tested for ROS
production by CL-E1 in A549 lung cancer cells and observed
strong DCF signals in the cells incubated with CL-E1 (5 μM)
compared to minimal green fluorescence for those containing
CL-E1 in the presence of NaN3 (10 mM) and control probes
CL-E1a, CL-E2, CL-A, and CL-PN (5 μM) (Figures S16 and
S17).
To complement the above ROS imaging experiment, we

imaged the fluorescence from both the CL moiety for the
expected benzoate ester product (λex 400 nm and λem 560 nm)
and Erythrosin B (λex 509 nm and λem 544 nm) from CL-E1
using fluorescence microscopy. Both compounds, though dim,
have been previously fluorescently imaged in cellulo.35,36 We
incubated MCF7 cells with 10 μM CL-E1 and collected images
every 10 min with no washes. A time-dependent increase in the
fluorescence of the benzoate product after dioxetane break-
down was observed with maximum signals occurring after 20
min of incubation and no difference between 20 and 60 min,
consistent with the measured CL lifetime (Figure 5A,B). In
contrast, the fluorescence by Erythrosin B, expected to be
sustained before and after dioxetane breakdown, did not show
any statistically significant differences between 10 and 60 min
(Figure S18). Thus, the increases in the fluorescence of the
benzoate product with time and the maintained fluorescence of
Erythrosin B are consistent with dioxetane breakdown of CL-
E1 inside cells. It is worth noting that the observed intracellular
fluorescence of Erythrosin B within 10 min and the ability to
image the benzoate product intracellularly without washes
suggest that CL-E1 having a CL half-life of 10 min is able to
permeate cells rapidly to produce intracellular ROS. To ensure
that the yellow fluorescence from CL-E1 is due to the
production of its corresponding benzoate ester, we repeated
the experiment in MCF7 cells using CL-E2 (10 μM), which
contains Erythrosin B but produces no CL, hence no benzoate
ester fluorophore. We observed fluorescence comparable to
background in the yellow channel used to image the benzoate
ester, while maintained green fluorescence from Erythrosin B
was at similar intensities to that of CL-E1 (Figure S19).
Finally, the fluorescence from Erythrosin B of CL-E1 with the
fluorescence from the benzoate product after 30 min
incubation showed good overlay with signals in the cytosol
(Figure 5C) with some signals in the nucleus (Figure 5D).
Finally, we asked whether the amount of singlet oxygen

produced from CL-E1 was sufficient to kill cancer cells. We
incubated MCF7 cells with increasing concentrations of CL-E1
(0.5−64 μM) at 37 °C overnight and then assayed for viable
cells using a standard MTT assay. We observed a dose-
dependent decrease in cell viability with a relative IC50 = 14 ±
2 μM (Figure 6) (note that at concentrations >64 μM, CL-E1
exhibits solubility issues). In contrast, incubation with all
control compounds (CL-E1a, CL-E2, CL-A, and CL-PN)
under the same concentration range resulted in viable cells
(Figure 6), consistent with their inability to produce singlet
oxygen. The lack of cytotoxicity observed from CL-E1a and
CL-E2 suggests that the CL-E1 scaffold itself is not simply
cytotoxic, since both control compounds contain all main
components of CL-E1 except the dioxetane functionality (CL-
E1a) or a free phenolic OH (CL-E2). Furthermore, the lack of
cytotoxicity observed by CL-A and CL-PN demonstrates that

the dioxetane breakdown products (i.e., the benzoate and
adamantyl ketone moieties) are not the cause of cell death by
CL-E1, and no death is exerted specifically by CL-PN, which is
capable of CL, further emphasizing that CRET is required in
CL-E1 to cause cell death. To further confirm that cytotoxicity
was due to intracellular ROS production by CL-E1, we
preincubated CL-E1 for 40 min in cell culture media and then
added the media containing broken down CL-E1 to cells for
overnight incubation. We observed minimal cell death (Figure
6), consistent with the lack of intracellular ROS-produced
post-dioxetane breakdown (Figure 4D) and confirming that
the dioxetane breakdown products from CL-E1 are not the
cause of cytotoxicity. Finally, we confirmed ROS or specifically
singlet oxygen as the primary cytotoxic agent and cause of cell
death exerted by CL-E1 by incubating cells with CL-E1 in the
presence of NaN3 (10 mM), which led to an increase in the
number of viable cells (Figure 6). No cytotoxicity from NaN3
was observed in MCF7 cells up to 10 mM (Figure S20).
Overall, CRET-induced singlet oxygen production from CL-E1
is capable of killing cancer cells.
To further elucidate the mechanism of cell death, we

incubated MCF7 breast cancer cells with CL-E1 (32 μM) and
then added Annexin V-FITC and propidium iodide (PI) to
cells. Annexin V-FITC binds phosphatidylserine that gets
translocated to the outer cell membrane in cells undergoing
apoptosis, while PI is a DNA-intercalating fluorophore that can
only enter cells undergoing necrosis once their cell membrane
is compromised.37 After incubation with CL-E1, we observed
bright red nuclear signals from PI with time and minimal green
fluorescence suggesting that CL-E1 kills MCF7 cells via
necrosis (Figures 7 and S21).
As a proof-of-principle, to demonstrate that CL-E1 can be

activated enzymatically to produce singlet oxygen in a specific
tumor cell line, we masked the phenol on the CL scaffold with
a 4-nitrobenzyl group, a commonly employed trigger group for
nitroreductase (NTR)-responsive probes,38−40 including a
recent CL probe constructed via Schaap’s scaffold.41 NTR’s
mechanism of action is to reduce nitro groups to amines in the
presence of nicotinamide adenine dinucleotide (NADH).42 We
hypothesized that in the presence of NTR and NADH,
reduction of 4-nitrobenzyl to 4-aminobenzyl would occur,
followed by 1,4-elimination to generate the phenol on CL-E1,
thereby triggering chemiexcitation, CRET, and then produc-
tion of singlet oxygen (Figure 8A). To ensure that

Figure 6. Cell viability of MCF7 cells. CL-E1-treated cells produce a
dose response on viability (relative IC50 14 ± 2 μM) but not in the
presence of the singlet oxygen quencher NaN3 or if preincubated for
40 min prior to adding to MCF7 cells. Controls lacking dioxetane,
Erythrosin B, and a free phenol showed minimal cell death compared
to CL-E1. All compounds were incubated with MCF7 cells overnight
and then assayed for viability using an MTT assay. Experiments were
performed in triplicate.
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chemiexcitation was not the rate-limiting step, we modified
CL-E1 with a chlorine ortho to the phenol to lower the pKa of
the phenol proton, which has been shown to result in faster
dioxetane breakdown at physiological pH 7.4 once the
phenolate is produced.25 The synthesis required coupling
between EryB-Linker and the previously reported NTR-CL
probe41 via amide bond formation to generate NTR-CL-E1
(Scheme S9).
To test NTR-CL-E1 for its ability to be acted upon by NTR,

we used analytical RP-HPLC. We incubated a solution of
NTR-CL-E1 (50 μM) in PBS pH 7.4 with NTR (1.5 μM) and
NADH (200 μM) overnight at 37 °C. Compared to NTR-CL-
E1 incubated with NADH only (elution time 41 min), the
sample containing NTR showed the presence of a new peak at
37 min, which corresponds to the CL benzoate ester product
at ∼36% abundance (Figure S22). Repeating the experiment
using a higher concentration of NTR (10 μM) produced more
benzoate ester product (∼56%) (Figure S22). We confirmed
that an NTR substrate was required for CL phenol
deprotection by repeating the experiments with CL-E2 (i.e.,
lacking a nitro group), where no new peak was observed
(Figure S23).
To determine if singlet oxygen was selectively produced

upon NTR activation, we incubated NTR-CL-E1 (10 μM)
with NTR (1.5 μM) and NADH (200 μM), along with the
general ROS sensor, DCFH2 (5 μM), in PBS pH 7.4 for 24 h

Figure 7.Mechanism of cell death induced by CL-E1 in MCF7 breast
cancer cells was determined by incubating cells with 32 μM CL-E1,
followed by the addition of cell death indicators Annexin V-FITC and
propidium iodide (PI), which were used to differentiate between
apoptotic cells and necrotic cells, respectively. Only red fluorescent
signals from PI were observed when overlayed with the fluorescence
image of Annexin V-FITC, with a time-dependent increase in red
fluorescence and nuclear signals being most prominent after 4 h
incubation with CL-E1, suggesting that necrosis is the mechanism of
cell death induced. 20×, scale bar = 50 μm. Annexin V-FITC imaged
by λex = 470−490 nm and λem = 500−550 nm and PI imaged by λex =
505−555 nm and λem = 600−700 nm. Experiments were performed in
triplicate using independent samples.

Figure 8. (A) Proposed mechanism of NTR activation toward NTR-CL-E1. NTR reduces the nitro group on the 4-nitrobenzyl trigger group in the
presence of NADH, releasing the CL scaffold with a free phenol, followed by dioxetane breakdown and energy transfer to the photosensitizer,
Erythrosin B, for singlet oxygen production. (B) ROS production by 10 μM NTR-CL-E1 (blue) or CL-E2 (purple), after overnight incubation in
the presence of NADH (200 μM) with or without NTR (1.5 μM) (blue). ROS observed for NTR-CL-E1 and not CL-E2. Analyzed by the two-
tailed t-test, p-value <0.01 indicated by **. Conditions: PBS pH 7.4 (5% DMSO) at 37 °C. λex 490 nm. (C) ROS production by NTR-CL-E1 in
MDA-MB231 triple negative breast cancer cells +/− NTR expression. The cells were incubated with NTR-CL-E1 (10 μM) for 15 min, followed by
the addition of the general ROS sensor, DCFH2-DA (10 μM) for an additional 30 min (45 min total incubation with NTR-CL-E1). An increase in
the green fluorescence from the oxidized ROS sensor (DCF) in the presence of NTR-CL-E1 was only present in cells expressing NTR. 20×, scale
bar = 50 μm. ROS sensor imaged by λex 470−490 nm and λem 500−550 nm. (D) Incubation of NTR-CL-E1 in MDA-MB231 triple negative breast
cancer cells +/− NTR expression demonstrates dose-dependent cytotoxicity in cells only expressing NTR after 24 h and after 72 h incubation (IC50
= 1.9 ± 0.7 μM). Measurements were performed in triplicate.
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at 37 °C. The fluorescence of DCF was ∼8-fold higher for
NTR-CL-E1 incubated with NTR and NADH, compared to
NTR-CL-E1 incubated with NADH alone (Figure 8B),
suggesting that NTR is required for NTR-CL-E1 to produce
singlet oxygen. To further demonstrate that the removal of the
trigger group is necessary for ROS to be produced, we repeated
the experiments with CL-E2 (10 μM) under the same NTR
and NADH conditions, where minimal DCF fluorescence was
observed with or without NTR (Figure 8B). To ensure that the
increase in DCF fluorescence is not due to the production of
nitro radical species that may be produced upon NTR
reduction of nitro groups,43 we conjugated 4-nitrobenzyl to
the fluorophore resorufin (4NB-Reso) (Scheme S10). 4NB-
Reso is initially quenched in fluorescence (λex 472 nm) with an
absorbance maximum at 450 nm. Incubation with NTR (0.5
μM) and NADH (100 μM) results in complete release of
resorufin in 40 min (Figure S24). We measured ROS
production from 4NB-Reso under the same conditions used
for NTR-CL-E1 and observed a minimal increase in DCF
fluorescence, thereby confirming that ROS from NTR-CL-E1
is produced by CRET from the CL scaffold to Erythrosin B.
Finally, we set out to determine if NTR-CL-E1 can produce

ROS intracellularly and induce cancer cell death, dependent on
NTR activity. To test this, we used triple-negative breast
cancer cells, which have been modified to stably express NTR
(MDA-MB231-NTR).44 Incubating NTR-CL-E1 (10 μM)
and DCFH2-DA (10 μM) in MDA-MB231-NTR cells for 45
min resulted in green DCF fluorescence (Figures 8C and S25).
In contrast, incubation with native MDA-MB231 cells (i.e.,
containing no NTR) showed minimal DCF fluorescence
(Figures 8C and S25), comparable to background fluorescence
from the DCFH2-DA sensor alone (Figure S25). Moreover,
incubation of both cell lines with NTR-CL-E1 and DCFH2-
DA for 90 min still showed ROS production at levels similar to
the 45-min time point, suggesting that NTR-CL-E1 is still
being activated (Figure S25). Dosing NTR-CL-E1 (0.1−32
μM) in both types of MDA-MB231 cell lines produced
selective cytotoxicity in cells expressing NTR (Figure 8D).
Higher potency was observed after 72-h (relative IC50 = 1.9 ±
0.7 μM) versus 24-h incubation, which we hypothesize is due
to slow activation of our probe by NTR, consistent with our in
vitro and in cellulo ROS imaging data. In contrast, CL-E2
induced no cytotoxicity, since it does not contain a substrate
for NTR (Figure S26). Overall, these results demonstrate that
CL-E1 can be activated enzymatically in cancer cells when
masking the phenol with a trigger group, thereby making dark
dynamic therapy via CRET using Schaap’s scaffold possible for
tumor-selective applications. Although the potency of NTR-
CL-E1 to that of CL-E1 cannot be compared as they were
determined in different cell lines, generally, we do expect caged
versions of CL-E1 to have higher potencies due to potentially
higher cell permeability and a larger fraction containing the
intact dioxetane (i.e., cytotoxic form) entering cells. However,
the slow-release mechanism (or production of ROS over a long
timescale) of NTR-CL-E1 by NTR activation could be
weakening its full potential cytotoxicity, and hence, future
constructs having faster uncaging release mechanisms may be
desirable.

■ CONCLUSIONS
In summary, we present a small molecule strategy to produce
singlet oxygen in cells without the use of light excitation. Our
strategy uses the CL resulting from the spontaneous break-

down of Schaap’s dioxetane to excite a nearby PS causing
production of single oxygen. Although our CRET strategy
inherently produces lower amounts of singlet oxygen
compared to PS irradiation as performed in PDT, we found
that the amounts produced were sufficient to induce cancer
cell death with low micromolar IC50 values. We show that
protecting the phenolic OH (CL-E2) abolishes the therapeutic
properties of CL-E1 and that installing an NTR-responsive
trigger group can produce ROS and kill cancer cells in an
NTR-dependent manner. Given the previous reports of
Schaap’s scaffold as a bioluminescence sensor,24 it is likely
that cancer selectivity can be achieved by installing additional
trigger groups on the phenol group of CL-E1 to serve as a
replacement for the spatial selectivity exerted by light
irradiation as achieved with classic PDT. Moreover, given the
known derivatives of the dioxetane having different CL
emission wavelengths,24 the use of PS with different
absorptions having near unity quantum yields may be used
to potentially increase ROS production. Thus, the properties
exerted by CL-E1 represent a significant starting point for
further investigations of dark dynamic therapy as a strategy to
overcome the limitations of light excitation in conventional
PDT. The versatility of Schaap’s scaffold lends considerable
promise to such explorations.
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