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Antimicrobial photodynamic therapy (aPDT) utilizes light, oxygen and a photosensitizer (PS) to enact cell

death via the production of reactive oxygen species (ROS). This mechanism of cell death, via oxidative

stress, has allowed aPDT to be effective against antibiotic-resistant bacterial strains, with the development

of resistance being minimal as no specific pathway is targeted. While promising, as ambient light can

activate PSs, damage to mammalian tissues can occur, leading to drug-induced photosensitivity. To

mitigate this, we developed a nitroreductase-activatable PS containing a quenching group that inhibits

fluorescence and ROS. Upon reaction with nitroreductase, the quenching group can be liberated, restoring

fluorescence and ROS production. As nitroreductase is not present in healthy mammalian tissues but

expressed in many bacteria, photosensitivity of mammalian cells can be reduced. Herein, the synthesis and

photophysical characterization of the nitroreductase-activatable PS, DB2, is described. DB2 was quenched

compared to the free PS, DB1, and activation both in vitro by purified nitroreductase and in the gram-

positive bacterial strain, Bacillus subtilis, was confirmed by fluorescence recovery. Cell viability studies in B.

subtilis showed low dark toxicity and an IC50 of 0.16 μM under 10-minute irradiation (530 nm, 42 mW

cm−2). Minimal toxicity was observed under the same conditions in mammalian cell cultures demonstrating

the potential of DB2 to mitigate photosensitivity and provide a promising approach for aPDT.

With the constant use of antibiotics to treat infections,
antimicrobial resistance (AMR) continues to rise, and it is
estimated that over 10 million deaths per year will be caused
by AMR by 2050.1 To combat this trend, alternative
treatments such as antimicrobial photodynamic therapy
(aPDT) are being developed. Antimicrobial PDT is a subset of
PDT, a clinically approved cancer treatment requiring light,
oxygen and a chromophore photosensitizer (PS).2–4 Upon
irradiation with light, a PS can absorb the incoming photon
entering an excited singlet state. From here, the PS can
undergo intersystem crossing into an excited triplet state
where they interact with nearby biomolecules and oxygen to
generate cytotoxic reactive oxygen species (ROS), such as

singlet oxygen (1O2), leading to cell death via oxidative
stress.2–4 Additionally, some PSs can relax from the singlet
excited state to the ground state via fluorescence, enabling
detection. For aPDT, bacteria, fungi, viruses and protozoa are
targeted instead of cancerous tissues and can provide certain
advantages over traditional antibiotics as the generation of
ROS invokes cell death by a different mechanism (i.e.
oxidative stress).5–7 Therefore, aPDT has been demonstrated
to be effective against antibiotic-resistant bacterial strains
and, as no specific enzyme or pathway is targeted, the
development of resistance in bacteria is also slower when
compared to the usage of antibiotics.5–7 This has led to the
development of many PSs for aPDT summarized in numerous
review articles.8–10 Although a promising strategy, aPDT can
have adverse side effects as PSs can accumulate in healthy
mammalian tissues. This may cause unwanted cell damage
and death leading to photosensitivity in patients.8–10

Cationic PSs have demonstrated higher efficacy towards
bacteria,10–12 and PS-conjugates to antibiotics,13–15

nanoparticles,16–18 and peptides19,20 are being developed to
promote permeability into bacteria. However, in both cases,
the PS is always in an “ON” state, whereby ambient light can
activate the PS, leading to photosensitivity. To mitigate this,
compounds containing quenched PSs, known as activatable
PSs (aPSs), are being pursued. By introducing an enzyme-
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activatable trigger group that can also quench the PS, aPSs
are effectively in an “OFF” state producing low levels of
fluorescence and ROS production when irradiated.21,22 Upon
reaction with the target enzyme, the trigger group can be
cleaved liberating a free PS in its “ON” state and recovering
its fluorescence and ROS production.21,22 As a result, only
cells (i.e. bacteria) that express the target enzyme can activate
the aPS and generate sufficient ROS upon irradiation to enact
cell death. Non-targeted cells (i.e. mammalian cells) will
contain the inactive aPS producing less ROS and, therefore,
minimize photosensitivity. As fluorescence is also quenched
for aPSs, this method can also be used to diagnose the
presence of the targeted cells, when activated, and to verify
specificity.21,22

To develop an aPS selectively for aPDT, nitroreductase (NTR),
an enzyme capable of reducing nitro groups into amines using
nicotinamide adenine dinucleotide (NADH) as a cofactor, was
chosen for two reasons. First, NTR is expressed in many
bacterial strains such as Escherichia coli, Staphylococcus aureus,
and Bacillus subtilis, while not being expressed in healthy
mammalian cells.23 This has led to NTR prodrugs24,25 and NTR-
activated fluorophores26,27 being used for the treatment and
diagnostics of bacteria. Secondly, NTR can interact with the
4-nitrobenzyl trigger group, a known fluorescence and ROS
quencher. By tethering 4-nitrobenzyl onto a PS, we reasoned
that the NTR-aPSs would have low fluorescence and ROS
production until reaction with NTR (Fig. 1), thereby providing
higher selectivity when compared to using a PS alone. It should
be noted that NTR can also be expressed in the hypoxic, low-
oxygen environments commonly found within tumours, which
has led to many NTR-aPSs being synthesized and tested for PDT
applications.28,29 However, to our knowledge, studies using aPSs
for aPDT are limited and only one known exploiting NTR has
been reported, which used a hemicyanine-based PS that had a
low singlet oxygen quantum yield and targeted intracellular
bacteria.22 Herein, the synthesis and photophysical
characterization of DB2, a fluorescein-based NTR-aPS are
described. Fluorescein-based PSs can have high singlet oxygen
and fluorescence quantum yields. By appending the
4-nitrobenzyl group onto 4′,5′-dibromofluorescein (DBFCN), a
known PS, the fluorescence and ROS production is quenched.
After incubation with purified NTR and NADH, cleavage of the
trigger group was observed by the release of the fluorescent
product. Bacterial cell studies were then conducted in the gram-

positive Bacillus subtilis model strain where DB2 demonstrated
activation and managed to kill cells with an absolute IC50 value
of 0.16 μM with 10 minutes of irradiation (530 nm, 41.8 mW
cm−2). With the broad number of bacterial strains that express
NTR, and the rising health concerns caused by AMR bacteria,
the development of novel NTR-aPSs such as DB2 can further
build upon the foundation for aPDT.

Results and discussion

The synthesis of DB2 proceeded in two steps starting with
commercially available DBFCN (Scheme 1). To direct the
4-nitrobenzyl group towards the hydroxyl on the xanthene
core, the first step involved protecting the carboxylic acid
with a methyl group forming a methyl ester, DB1.
Nucleophilic substitution of DB1 to nitrobenzyl bromide
yielded DB2. All 1H and 13C NMR and MS data can be seen in
the supplementary information.

To determine DB2's potential as an NTR-aPS, the
photophysical properties were determined and compared to
DB1, the expected product from the NTR reaction (Fig. 1). All
photophysical characterizations were conducted using DMSO
stocks of the respective compounds diluted in phosphate
buffered saline (PBS) to a final concentration containing 2%
DMSO unless otherwise specified. The absorbance of DB1
showed a slight redshift of 5 nm (λabs = 508 nm) compared to
DBFCN. With the addition of the 4-nitrobenzyl group, the
absorbance of DB2 showed peak broadening with a significant
38 nm blueshift (λabs = 470 nm) (Fig. 2a). To monitor
fluorescence quenching, the absorbances of the compounds
were matched at 0.1 AU at 503 nm and fluorescence spectra
were obtained (Fig. 2b), showcasing that DB2 has lower
fluorescence than DB1. To further confirm the quenching
capabilities of the 4-nitrobenzl group, the fluorescence quantum
yields (Φf) were then obtained in PBS. DB2 was ∼11-fold
quenched compared to DB1 (0.024 ± 0.002 and 0.26 ± 0.01 for
DB2 and DB1, respectively, using Rhodamine B (Φf = 0.5 in
ethanol)30 as a standard, confirming that the 4-nitrobenzyl
group acts as a quencher. The singlet oxygen quantum yields
(ΦΔ) were then measured using 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA), a selective 1O2 sensor
that decreases in absorbance at 401 nm upon reaction with 1O2.
Consistent with fluorescence quenching, DB2 was ∼2-fold
quenched compared to DB1 (ΦΔ = 0.38 ± 0.04 and 0.20 ± 0.02

Fig. 1 Mechanism of action for NTR-aPSs. Upon reaction with NTR, the nitro group is reduced to an amine, leading to cleavage and the release of
the free PS.
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for DB1 and DB2 respectively) (Fig. 2c) using Eosin Y (EY) as a
control (ΦΔ = 0.50 in H2O)

31 under irradiation at 490 nm (28.0
mW cm−2).

With the quenching of fluorescence and ROS generation
observed in DB2 compared to DB1, the extinction coefficients
(ε) were determined in DMSO by quantitative NMR (Fig. S1†)
at their respective λabs in DMSO (Fig. S2†) and used to
determine the concentrations for subsequent experiments.
The difference in ε between the two compounds can further
enhance the quenching observed as DB2 has a significantly
lower ε (1,700 M−1 cm−1) compared to DB1 (123 000 M−1 cm−1)
when compared at 531 nm in DMSO. All photophysical
properties are summarized in Table 1.

To confirm that NTR can recognize DB2 and release DB1,
an in vitro fluorescence time-course assay was conducted.
Upon incubating purified NTR, NADH, and DB2, the
fluorescence increased over the 10-minute incubation period
in contrast to a sample containing only NADH and DB2
(Fig. 3a). The fluorescence spectra before and after the

incubation were also obtained (Fig. 3b) and the λem matched
that of DB1. To further confirm the release of DB1, the λabs of
the product after incubation also matched DB1 with a similar
peak shape showcasing its release (Fig. 3c). The increase in
absorbance observed after activation also highlights the
additional quenching caused by the change in ε between the
two compounds. No changes in fluorescence and absorbance
were observed upon incubating DB2 in the absence of NTR
(Fig. S3†).

With this promising in vitro data, DB2 was incubated
separately with two NTR-containing model bacteria, Bacillus
subtilis (Gram-positive strain) and Escherichia coli (Gram-
negative strain), to monitor the release of DB1 via observing
the fluorescence increase over time. Utilizing an initial
optical density (OD600) of 0.05 AU at 600 nm for both
bacterial strains, 1 μM of DB2 was incubated independently
with both strains and compared to controls with bacteria
only and DB2 only for 24 hours. As seen in Fig. 4a, B. subtilis
showed a fluorescence increase suggesting activation and
release of the free PS, DB1. However, no substantial
difference in fluorescence was observed with E. coli (Fig. S4†),
which we attributed to the permeability barrier formed by the
dual cell membrane of E. coli preventing entry of DB2.32

Therefore, B. subtilis was chosen for further experiments to
determine if DB2 can enact bacterial cell death.

Utilizing an initial OD600 of 0.05, a variety of concentrations
of DB2 were incubated with B. subtilis at room temperature for
4 hours and left in the dark or irradiated at 530 nm for 10
minutes (41.8 mW cm−2). The OD600 of the dark control (B.
subtilis only) was then measured to calculate the dilution factor
required to reach a final OD600 of 2.5 × 10−4 for plating. All

Scheme 1 Synthesis of DB2. The carboxylic acid on DBFCN is converted to a methyl ester in the first step to direct nucleophilic substitution of
the 4-nitrobenzyl group towards the hydroxyl group in the subsequent step.

Fig. 2 Photophysical characterizations of DB2 in PBS (2% DMSO). (a) Normalized absorbance spectra of compounds. (b) Fluorescence spectra of
compounds. (c) 1O2 generation of compounds monitored by the absorbance of ABDA at 401 nm under 490 nm irradiation (28.0 mW cm−2). EY was
chosen as the standard and ABDA under irradiation serves as a control. Experiments were conducted in triplicate.

Table 1 Summary of the photophysical data for DB1 and DB2

DB1 DB2

λabs (nm, PBS) 507 470
λem (nm, PBS) 534 537
λabs (nm, DMSO) 531 464
ε (M−1 cm−1, DMSO)a 123 000 39 000
Φf (PBS) 0.26 ± 0.01 0.024 ± 0.002
ΦΔ (PBS) 0.38 ± 0.04 0.20 ± 0.02

a Extinction coefficients were determined at the respective maximum
λabs in DMSO.
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samples were diluted with LB broth, plated into 6-well plates
containing agarose, and spread evenly with glass beads. The
plates were incubated overnight at 37 °C and then the colonies
were counted to assess cell viability (Fig. S5†). DB2 gave an
absolute IC50 value of 0.16 μM under the irradiation conditions
with dark toxicity being observed in concentrations >3.2 μM
demonstrating its dependence on light and its potential for
antimicrobial PDT (Fig. 4b).

Furthermore, DB2 was tested in MRC-9 fibroblast cells, a
normal lung cell line, to determine if toxicity would be
observed in mammalian cells under normoxic (21% oxygen)
conditions. The MRC-9 cells were incubated for four hours
with DB2 (0 or 0.32 μM) and treated under dark or the same
irradiation conditions (530 nm, 41.8 mW cm−2). A thiazolyl
blue tetrazolium bromide (MTT) assay was used to assess cell
viability, and no toxicity was observed in the mammalian
cells under dark conditions. A mild decrease in cell viability
(77 ± 8% survival) was observed in cells containing DB2 and
under irradiation (Fig. 4c) but when compared to the cell
viability of B. subtilis under the same concentration and
irradiation conditions (3.5 ± 0.8% survival), a difference of
21-fold can be seen. This is comparable to other
antimicrobial techniques and showcases the selectivity DB2
has towards targeting bacteria compared to mammalian
cells.33 We also tested DB1 under the same conditions and

observed no light or dark toxicity. Since DB1 contains not
NTR trigger group, we hypothesize its lack of light-dependent
toxicity may be due to poor cell permeability. Similar results
with DB2 were also obtained in the mammalian, HeLa
cervical cancer cell line (Fig. S6†),

To demonstrate that NTR expression aids DB2 in causing
bacterial cell death, the compound EY2 was synthesized
using similar synthetic procedures as DB2 except EY served
as the base PS (Fig. 5a, Scheme S1†). EY was chosen due to
the similarities it has with DBFCN except, instead of having
two bromines, EY contains four. Therefore, it was
hypothesized that the extra steric bulk around the ether bond
would hinder the recognition of the 4-nitrobenzyl group by
NTR making EY2 unable to be activated. In vitro experiments
were conducted and EY2 exhibited similar photophysical
properties to DB2 (Fig. S7–S9, Table S1†). However, when
incubating EY2 with purified NTR, no fluorescence recovery
was observed (Fig. S10†) demonstrating the inability of NTR
to recognize EY2. Furthermore, when EY2 was incubated with
B. subtilis, no substantial fluorescence was observed until 8
hours (Fig. 5b). Finally, the cell viability of B. subtilis was
tested under the same conditions with EY2 and less cell
death was observed compared to DB2 showcasing the
dependence of NTR and, generally, that activation of the aPS
can lead to improvements in IC50 values.

Fig. 3 Nitroreductase reaction with DB2 in PBS (2% DMSO). (a) Fluorescence time-course of DB2 with NTR and NADH. (b) Fluorescence spectra of
DB2 before and after 10-minute incubation with NTR and NADH. (c) Absorbance spectra of DB2 before and after 10-minute incubation with NTR
and NADH.

Fig. 4 Cell experiments with DB2. (a) Activation of DB2 in B. subtilis monitored by fluorescence. Experiments were conducted in triplicate. (b) Cell
viability curve of DB2 with B. subtilis under dark or light conditions (10 minutes, 530 nm, 41.8 mW cm−2). Experiments were conducted in triplicate.
(c) Cell viability of DB1 and DB2 in MRC-9 cells under dark or light conditions (10 minutes, 530 nm, 41.8 mW cm−2). Experiments were conducted
in triplicate.
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Conclusion

By utilizing DBFCN as the base PS and appending the
4-nitrobenzyl trigger group, the NTR-aPS DB2 was designed and
synthesized. The fluorescence and ROS production of DB2 is
effectively in an “OFF” state, with lower Φf (0.024 ± 0.002) and ΦΔ

(0.20 ± 0.02), relative to DB1 (Φf = 0.26 ± 0.01, ΦΔ = 0.38 ± 0.04),
which is the product of the NTR reaction. When incubating with
purified NTR enzyme, DB2 demonstrated a release of DB1,
monitored by fluorescence recovery, showcasing activation and
turning the probe “ON”. Although DB2 did not show activation
in gram-negative E. coli, likely due to an inability to penetrate the
cell envelope, fluorescence recovery was observed in gram-
positive B. subtilis indicating internalization and activation of the
compound. In B. subtilis, DB2 demonstrated an absolute IC50

value of 0.16 μM with dark toxicity being observed at >0.32 μM.
In MRC-9 cells, DB2 once again demonstrated low dark toxicity
and had a cell viability of 77 ± 8%, showcasing a 21-fold
difference compared to B. subtilis treated under the same
conditions. Finally, EY2 was synthesized as a control to mimic
DB2 that could not be recognized by NTR. Under the same
conditions, EY2 was unable to be activated and demonstrated
lower efficacy in killing B. subtilis, showcasing the potential of
using aPSs.

Future works include testing DB2 against clinically relevant
gram-positive bacterial strains such as Staphylococcus aureus34,35

and in bacterial biofilms to mimic disease models more
accurately.36,37 The synthesis of DB2 with different NTR trigger
groups such as 5-nitrothiophene and 5-nitrofuran can also be
pursued.38 By varying the trigger group, the fluorescence and
ROS quenching, permeability into cells, and the time scale for
activation with NTR can be altered, which may lead to more
effective NTR-aPSs. Overall, the development of DB2 further
validates the use of aPSs for aPDT to mitigate photosensitivity
and provide a solution to the rising trend in AMR.

Methods
Synthetic materials and instrumentation

All chemicals and solvents were purchased from commercial
suppliers and used without further purification. 1H NMR

spectra were obtained using a Bruker 400 MHz NMR
spectrometer while 13C NMR spectra were obtained using a
500 MHz Agilent DD2 NMR spectrometer. High-resolution
mass spectroscopy (HRMS) was obtained using the Agilent
6538 UHD. Cell lines, MRC-9 and HeLa were purchased from
ATCC.

Synthesis of DB1

4′,5′-Dibromofluorescein (123 mg, 0.25 mmol) was dissolved
in a 2 : 1 mixture of CHCl3 and MeOH (15 mL). 1-Ethyl-3-(3-
dimethyllaminopropyl)carbodiimide hydrochloride (48 mg,
0.25 mmol) and hydroxy-benzotriazole (34 mg, 0.25 mmol)
were stirred at room temperature for 30 minutes.
4-(Dimethylamino)pyridine (122 mg, 1 mmol) was added and
refluxed overnight at 65 °C. The reaction was then evaporated
under vacuum and purified by silica chromatography (100%
DCM to DCM/MeOH 90 : 10) to yield an orange solid (107 mg,
85% yield). 1H NMR (400 MHz, DMSO) δ 8.23 (d, J = 7.8 Hz,
1H), 7.91–7.75 (m, 2H), 7.51 (d, J = 7.5 Hz, 1H), 6.90–6.75 (m,
4H), 3.59 (s, 3H). 13C NMR (126 MHz, DMSO) δ 165.11,
151.32, 133.59, 133.24, 130.74, 130.70, 130.26, 129.33, 128.96,
115.49, 52.40. HRMS (ESI-MS): calculated for C21H12Br2O5 ([M
− H]−) = 500.8973 Da, found 500.8971 Da.

Synthesis of DB2

DB1 (100 mg, 0.2 mmol), 4-nitrobenzyl bromide (172.8 mg,
0.8 mmol), and tetrabutylammonium bromide (129 mg, 0.4
mmol) were dissolved in DCM (5 mL). K2CO3 (55.3 mg, 0.4
mmol) was dissolved in water (5 mL) and added to the above
solution. The reaction was then stirred vigorously for 18
hours at room temperature. The reaction was then extracted
with DCM and brine. The organic layer was dried with
sodium sulphate, filtered, and evaporated under vacuum
before purification by silica chromatography (100% DCM to
DCM/MeOH 98 : 2) to yield an orange solid (28 mg, 22%
yield). 1H NMR (400 MHz, DMSO) δ 8.31 (d, J = 8.5 Hz, 2H),
8.25 (d, J = 7.8 Hz, 1H), 7.94–7.75 (m, 4H), 7.52 (d, J = 7.5 Hz,
1H), 7.25 (d, J = 9.1 Hz, 1H), 6.99 (d, J = 9.0 Hz, 1H), 6.87 (d, J
= 9.8 Hz, 1H), 6.60 (d, J = 9.7 Hz, 1H), 5.55 (s, 2H), 3.60 (s,
3H). 13C NMR (126 MHz, DMSO) δ 177.51, 165.11, 158.81,

Fig. 5 Cell experiments with EY2 control. (a) Structure of EY2. (b) Activation of EY2 in B. subtilis monitored by fluorescence and compared with
DB2. Experiments were conducted in triplicate. (c) Cell viability of EY2 in B. subtilis under dark or light conditions (10 minutes, 530 nm, 41.8 mW
cm−2) compared with DB2. Experiments were conducted in triplicate.
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154.78, 150.61, 149.55, 147.28, 143.52, 133.39, 133.35, 130.84,
130.73, 130.41, 130.05, 129.32, 128.29, 123.80, 117.73, 116.22,
111.28, 102.20, 99.37, 69.86, 52.44. HRMS (ESI-MS):
calculated for C28H17Br2NO7 ([M + H]+) = 637.9450 Da, found
637.9435 Da.

Synthesis of EY1

Synthesized using procedures for DB1, the compound was an
orange-red solid (92% yield). 1H NMR (400 MHz, DMSO) δ

8.21 (d, J = 7.8 Hz, 1H), 7.85 (dt, J = 32.8, 7.6 Hz, 2H), 7.51 (d,
J = 7.5 Hz, 1H), 7.00 (s, 2H), 3.61 (s, 3H). 13C NMR (126 MHz,
DMSO) δ 165.16, 152.48, 151.02, 133.24, 133.08, 130.79,
130.68, 130.45, 129.58, 129.52, 128.40, 123.60, 112.49, 99.83,
52.47. HRMS (ESI-MS): calculated for C21H10Br4O5 ([M − H]−)
= 656.7183 Da, found 656.7172 Da.

Synthesis of EY2

Synthesized using procedures for DB1, the compound was a
red solid (24% yield). 1H NMR (400 MHz, DMSO) δ 8.31 (m,
3H), 7.98–7.83 (m, 4H), 7.53 (d, J = 8.2 Hz, 1H), 7.33 (s, 1H),
7.20 (s, 1H), 5.33 (s, 2H), 3.65 (s, 3H). 13C NMR (126 MHz,
DMSO) δ 165.03, 156.33, 150.18, 148.83, 147.45, 143.10,
133.65, 132.23, 131.17, 130.94, 130.68, 130.09, 129.31, 128.99,
125.78, 123.69, 120.20, 119.35, 114.09, 107.79, 100.94, 73.74,
52.61. HRMS (ESI-MS): calculated for C28H15Br4NO7 ([M +
H]+) = 793.7660 Da, found 793.7641 Da.

Photophysical characterization instrumentation

All absorbance spectra were obtained on a Shimadzu UV-
1800 UV Spectrophotometer and blanked with the respective
solvent before measurements. Normalized spectra were
obtained by normalizing to the λmax

abs of the respective
compound. All fluorescence emission spectra and
fluorescence time courses were obtained on a Shimadzu RF-
6000 Spectrofluorophotometer. Quartz cuvettes with a 1.0 cm
path length were used and purchased from Starna Scientific
Ltd. Two LEDs, a 490 nm (M490L4) and a 530 nm (M530L3),
were used for irradiation and were purchased from Thorlabs.
The irradiation powers were determined using a Newport
Optical Power meter Model 1916-R.

Fluorescence quantum yield determination

Fluorescence quantum yields of DB1 and DB2 in PBS were
measured using rhodamine B (Φf = 0.50 in ethanol)30 as the
reference standard and determined using the following equation:

ΦS
f ¼ ΦR

f
nS
nR

� �2 IS
IR

� �
AR
AS

� �

where: S = sample, R = reference, n = refractive index, I =

integrated fluorescence intensity, A = absorbance, Φ =
fluorescence quantum yield.

Subscripts s and r represent sample and reference standard,
respectively.

Rhodamine B was measured in ethanol (n = 1.36) while
samples were measured in PBS (n = 1.33). The absorbance of
rhodamine B was taken at the maximal wavelength (λmax)
indicated in Table 1 to be 0.1 AU. Absorbance values of DB1
and DB2 were all ≤ 0.1 AU to avoid inner filter effects.
Emission spectra of each sample with excitation at maximal
wavelength (3 nm bandwidth) was taken with emission
measured from λmax + 5 nm to 800 nm (1 nm emission
bandwidth) at 1 nm s−1 scan speed. Each emission spectra
was integrated by Riemann sums at 1 nm intervals from λmax

+ 5 nm to 800 nm.

1O2 Quantum yield determination (ABDA)

The absorbance of all compounds and the respective control,
EY (ΦΔ = 0.50 in H2O),

31 were matched at 490 nm to an
absorbance of ∼0.1 AU in PBS containing 2% DMSO. A 10
mM stock of ABDA was prepared in DMSO and diluted into
the sample to an absorbance of ∼0.3 AU at 401 nm.
Absorbance at 401 nm was monitored over the irradiation
period (490 nm, 28.0 mW cm−2) to obtain the slopes of
degradation of ABDA and calculate the singlet oxygen
quantum yield using the following equation:

ΦS
Δ ¼ ΦR

Δ

1 − 10 −AR

1 − 10 − AS

� �
mS

mR

� �

where: S = sample, R = reference, A = absorbance, m = slope

of ABDA degradation.
The equation does not consider differences in refractive

indexes or irradiation powers as the experiments were all
conducted in MeOH with the same LED. All measurements
were conducted in triplicate.

Determination of extinction coefficients by qNMR

Compounds were dissolved in 392 μL DMSO-d6 and 8 μL of a
500 μM stock of 1,4-dioxane in DMSO-d6 was added. This
provided a final concentration of 10 μM of 1,4-dioxane as the
standard. The sample was then analyzed using a Bruker 400
MHz spectrometer and the ratio of the integrals of the
chemical peaks was used to determine the concentration of
the compound. UV-vis spectra were then obtained in
anhydrous DMSO with a series of dilutions to generate a
slope of the absorbance vs. concentration to determine the ε

using Beer–Lambert Law (A = εlc, where l is 1 cm). All
measurements were done in triplicate.

NTR assay

Stocks of all compounds were kept in DMSO and all
absorbance and fluorescence spectra were obtained at a final
concentration of PBS (2% DMSO). Nitroreductase enzyme
expressed in E. coli was purchased from Sigma-Aldrich and a
final concentration of 200 μM NADH and 500 nM NTR was
used for all experiments. Fluorescence time courses were
obtained upon exciting at the λabs and monitoring the λem for
DB1 and EY1 respectively.
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Bacterial strains and preparation

Colonies of E. coli (N99 pXG10sf-GFP) and B. subtilis (wild-
type) were thawed from frozen concentrated stocks. Bacteria
were inoculated from an agar plate into 5 mL of LB broth
(ampicillin and tetracycline antibiotics added to N99 E. coli)
and grown at 37 °C overnight with shaking at 250 rpm. The
next day, bacteria were regrown by diluting the overnight
culture 100× into fresh LB broth (5 mL total volume)
(antibiotics added for N99 E. coli). Bacteria were grown at 37
°C for an additional 2 hr with shaking at 250 rpm until they
reached an exponential phase (OD600 = 0.10–0.50).
Standardized suspensions of bacteria were prepared for all
experiments to the same OD600.

Fluorescent assay with bacteria

After the bacteria were cultured overnight and regrown, an
initial OD600 = 0.05 AU was used for fluorescent assays.
Compound stocks in DMSO were added to the bacterial
solution to a final concentration of 1 μM and contained a
final concentration of 2% DMSO. Fluorescence was
monitored by exciting the λabs and monitoring the λem of
either DB1 or EY1 every 2 hours for the first 8 hours and one
final timepoint at 24 hours. Bacteria were kept in the dark
and at room temperature to prevent irradiation from ambient
light and to minimize the growth of the bacteria. All
measurements were conducted in triplicate.

Cell viability B. subtilis

After culturing and regrowing B. subtilis, an initial OD600 =
0.05 AU was used and incubated with a range of
concentrations of DB2 or EY2 (0–3.2 μM) at room
temperature for 4 hours and either left in the dark or
irradiated with a 530 nm for 10 minutes (41.8 mW cm−2). The
OD600 of the dark control (B. subtilis only) was measured to
calculate the dilution factor required to reach a final OD600

of 2.5 × 10−4 for plating. All samples were diluted with LB
broth and 5 μL of the diluted sample was spread using glass
beads onto 6-well cell culture plates (35 mm diameter, cell
star, cat. no. 657160) prepared previously by melting agarose
(3 mL) and leaving to solidify at room temperature. Plates
were left to incubate at 37 °C overnight before counting the
colonies formed. Experiments were conducted in triplicate.

Mammalian (HeLa and MRC-9) cell culture conditions

HeLa cells were cultured and maintained in a 75 cm2 culture
flask (Nunc™ EasYFlask™ 75 cm2 Nunclon™ Delta Surface)
at 37 °C and 5% CO2 atmosphere in a Thermo Scientific
Forma Steri-Cycle CO2 Incubator. The cells were grown in
Dulbecco's Modified Eagle Medium (DMEM) with sodium
pyruvate, 4.5 g L−1 glucose and L-glutamine (Wisent Inc.)
supplemented with 10% fetal bovine serum and 1%
antibiotics/antimycotics (complete growth medium).

MRC-9 cells were grown in minimum essential medium
Eagle's (EMEM) with L-alanine, L-proline, L-serine, 1.5 g L−1

sodium bicarbonate and sodium pyruvate, Earle's salts,
L-glutamine, and glycine (Wisent Inc.) supplemented with
10% fetal bovine serum and 1% antibiotics/antimycotics
(complete growth medium).

Cell viability with DB1 or DB2 (MTT assay)

MRC-9 and HeLa cells were seeded at a density of 10000 cells
per well into 96-well plates (Thermo Scientific Nunclon™ Delta
Surface) and incubated with 200 μL of EMEM or DMEM,
respectively, overnight. The following day, the media was
removed, and the cells were washed with D-PBS and replaced
with 200 μL opti-minimal essential medium (Opti-MEM™,
Thermo Scientific) containing 0 or 0.32 μM DB2 and DB1 to a
final concentration of 2% DMSO. Plates were incubated at 37 °C
for four hours, washed with D-PBS and the media was replaced
with 200 μL of corresponding media. Plates were either kept in
the dark or irradiated with a 530 nm LED for 10 minutes before
incubating at 37 °C overnight. The following day, 20 μL of a 5
mg mL−1 solution of thiazolyl blue tetrazolium bromide (MTT)
in D-PBS was added to each well and incubated for 3 hours. The
media was removed, and 150 μL DMSO was added to dissolve
the formazan products. Plates were then read at 565 nm using a
BioTek Synergy™ HTX multi-mode microplate reader.
Absorbance values were then used to calculate the cell viability,
and all viability experiments were conducted in triplicate.
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