bioRxiv preprint doi: https://doi.org/10.1101/2021.06.11.448055; this version posted June 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Highly potent photoinactivation of bacteria using a water soluble, cell

permeable, DNA-binding photosensitizer

Elyse M. Dighy, Tianyi Ma, Joshua N. Milstein and Andrew A. Beharry*

Authors

Elyse M. Digby

Department of Chemical & Physical Sciences, University of Toronto Mississauga, 3359
Mississauga Road North, Mississauga, Ontario L5L 1C6, Canada; Department of Chemistry,
University of Toronto, 80 St. George Street, Toronto, Ontario M5S 3H6, Canada

Tianyi Ma

Department of Chemical & Physical Sciences, University of Toronto Mississauga, 3359
Mississauga Road North, Mississauga, Ontario L5L 1C6, Canada; Department of Physics,
University of Toronto, 60 St. George Street, Toronto, Ontario M5S 1A7, Canada

Joshua N. Milstein

Department of Chemical & Physical Sciences, University of Toronto Mississauga, 3359
Mississauga Road North, Mississauga, Ontario L5L 1C6, Canada; Department of Physics,
University of Toronto, 60 St. George Street, Toronto, Ontario M5S 1A7, Canada

Corresponding Author
Andrew A. Beharry

Department of Chemical & Physical Sciences, University of Toronto Mississauga, 3359
Mississauga Road North, Mississauga, Ontario L5L 1C6, Canada; Department of Chemistry,
University of Toronto, 80 St. George Street, Toronto, Ontario M5S 3H6, Canada;
https://orcid.org/0000-0003-1505-2375

Email: andrew.behary@utoronto.ca


https://doi.org/10.1101/2021.06.11.448055

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.11.448055; this version posted June 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

ABSTRACT

Antimicrobial photodynamic therapy (APDT) employs a photosensitizer, light, and molecular
oxygen to treat infectious diseases via oxidative damage, with a low likelihood for the
development of resistance. For optimal APDT efficacy, photosensitizers with cationic charges that
can permeate bacteria cells and bind intracellular targets are desired to not limit oxidative damage
to the outer bacterial structure. Here we report the application of brominated DAPI (Br-DAPI), a
water-soluble, DNA-binding photosensitizer for eradication of both gram-negative and gram-
positive bacteria (as demonstrated on N99 E. coli and B. subtilis, respectively). We observe
intracellular uptake of Br-DAPI, ROS-mediated bacterial cell death via 1- and 2-photon excitation,
and selective photocytotoxicity of bacteria over mammalian cells. Photocytotoxicity of both N99
E. coli and B. subtilis occurred at sub-micromolar concentrations (ICso = 0.2 uM — 0.4 yM) and
low light doses (5-minute irradiation times, 4.5 J cm? dose) making it superior to commonly
employed APDT phenothiazinium photosensitizers such as methylene blue. Given its high
potency and 2-photon excitability, Br-DAPI is a promising novel photosensitizer for in vivo APDT

applications.

INTRODUCTION

The World Health Organization classifies antimicrobial resistance as one of the top ten
global health and development threats!. Due to the overuse of antibiotics, there exist an alarming
number of antibiotic resistant bacteria, which makes effective treatment and inactivation of these
pathogens challenging? To combat this global crisis, alternative treatments that kill bacteria
without the risk of inducing resistance are highly desirable. Over the years, some alternatives
have included phage therapy, antibody treatment, and delivery of antimicrobial peptides?;
however, these therapies suffer from immunogenicity, high cost of production, and susceptibility

to proteolytic degradation, respectively®. Moreover, in contrast to conventional antibiotics, most of
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the alternative approaches (e.g., phage therapy, CRISPR/Cas9, antibodies) are strain-specific
resulting in a need for different therapies to treat different types of infections.

An attractive alternative to antibiotics is antimicrobial photodynamic therapy (APDT).
Although discovered over 100 years ago, its use has gained renewed interest as antibiotics have
begun to fail against drug resistant bacteria®. APDT requires three main components — a
photosensitizer (PS), wavelength-specific light, and molecular oxygen. Upon irradiation, the PS
can produce reactive oxygen species (ROS)® which can oxidatively damage surrounding
biomolecules such as lipids, proteins and nucleic acids, ultimately leading to cell death®. The non-
selective, multi-target, ROS-induced damage renders resistance development highly
improbable®-® and enables broad spectrum activity against bacteria®. Despite its advantages over
other antimicrobial therapies, the use of APDT for treating bacterial infections has been limited by
the requirement for high concentrations of the PS and high doses of light to completely eliminate
infectious bacteria cells, leading to surrounding host cell damage. Since most PSs have poor
solubility in water, high concentrations often result in aggregation, which leads to poor APDT
efficacy®!®. To overcome this issue, PSs may be combined with other agents such as
antimicrobial peptides??, liposomal systems?'? or biodegradable polymers*3, or have small cationic
groups or other moieties!*1¢ conjugated to the PS. An enhanced permeability improves
intracellular ROS production thereby reducing concentrations and light doses needed to achieve
high efficacy against bacteria, all while avoiding host tissue damage.’” Although positive results
have been attained with combinatorial approaches, a PS applied as a single agent capable of
exerting high potency at low concentrations and light doses in both gram-negative and gram-
positive bacteria would be highly desirable for APDT.

We previously developed a DNA-targeting PS derived from the DNA binding/nucleic acid
stain 4’,6-diamidino-2-phenylindole (DAPI)!8. We found brominated DAPI (Br-DAPI) could bind
DNA and fluoresce like native DAPI, but had an additional property of producing ROS upon

irradiation. Due to the strong DNA binding of Br-DAPI and the short diffusion distance of ROS,
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irradiation caused double-strand DNA breaks that led to cancer cell death'®. We hypothesized
that Br-DAPI’s low molecular weight (355 Da) and poly-cationic charge (2+) would permit high
permeation in bacteria and given its strong DNA binding affinity would enable direct ROS-induced
damage towards DNA rendering it an effective, stand-alone agent for APDT.
RESULTS AND DISCUSSION

Br-DAPI (Figure 1) was synthesized starting from commercially available DAPI
dihydrochloride treated with 3 equiv. of N-bromosuccinimide and purified by RP-HPLC as
previously described'®. An extinction coefficient of 33 000 (+ 533) M* cm was measured by

guantitative H-NMR (see Experimental and Figure S1) and used for concentration measurements.
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Figure 1. Structure of the DNA binding photosensitizer, Br-DAPI.

We first investigated the intracellular uptake of Br-DAPI in bacteria. It is known that mono-
cationic PSs can penetrate deeply through the single-layered cell wall/membrane of gram-positive
bacteria, while poly-cationic PSs are usually required for penetration in gram-negative bacteria
due to their bilayer membrane structure*'”1°. Since Br-DAPI is inherently poly-cationic at
physiological pH, we reasoned it would display strong electrostatic binding to the negatively
charged lipopolysaccharides in both gram-positive and gram-negative bacteria. To test this, we
selected the gram-negative bacterial strain N99 E. coli, and the gram-positive bacterial strain B.
subtilis. Since Br-DAPI exhibits low fluorescence in solution (®r = 0.005) and increases in cyan
fluorescence when bound to DNA?8, we can directly assess intracellular Br-DAPI uptake, or more
specifically, DNA binding, using fluorescence microscopy. We incubated bacteria with Br-DAPI
(0.83 pM) in LB broth and, without washing, directly imaged the immobilized bacteria sandwiched
between an agarose pad and the coverslip. Within 5 minutes, we observed diffuse cyan

fluorescent signals in both the N99 E. Coli and B. subtilis above background, with similar mean
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fluorescence intensities (Figure 2 and Figure S2). This suggests Br-DAPI is capable of rapid
intracellular entry with similar efficiencies in both gram-negative and gram-positive bacteria, and

given the enhanced fluorescence response, at least some fraction is binding to DNA.

A B

10 pm

E
3 >
i }
: i
2 ‘\“l"'
) i

S0 i

i i a2

7 'é‘.’k At

PR 7~ |

Figure 2. (A) N99 E. coli and (B) B. subtilis incubated with Br-DAPI (0.83 pM) for 5 minutes. Cyan
fluorescence in bacteria above background (Figure S2 (C, D)) demonstrates intracellular uptake. 100x
magnification, scale bar = 10 um. Imaged using DAPI filter cube: Aex = 387 nm, Aem = 447 nm bandpass
filter.

To determine whether intracellular Br-DAPI would produce ROS upon irradiation, we used
the general ROS sensor, 2',7’-dichlorofluorescin diacetate (DCFH»-DA). DCFH,-DA is cell
permeable and non-fluorescent, but can be converted to a green fluorescent product, DCF, upon
oxidation via ROS?%?1, Standardized suspensions of N99 E. coli and B. subtilis (ODggo nm = 0.10)
were incubated with DCFH,-DA (10 uM) and Br-DAPI (0.25 uM) for 5 minutes. Bacteria were then
irradiated with a 365 nm LED (15 mW cm) for 1 minute for a total radiance dose of 0.9 J cm=.
Measuring the fluorescence of DCF, we found Br-DAPI produced approximately 11-fold and 4-

fold more ROS upon irradiation in N99 E. coli and B. subtilis, respectively, compared to non-
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irradiated (dark) controls (Figure 3). Given Br-DAPI’s ability to permeate bacteria cells, bind DNA,

and produce ROS, we asked whether a high degree of photocytotoxicity can be achieved.
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Figure 3. Standardized suspensions of N99 E. coli and B. subtilis were incubated with DCFH2-DA (10 uM)
and Br-DAPI (0.25 uM). Bacteria were treated with or without 0.9 J cm of irradiation (365 nm LED). ROS

production was monitored by the fluorescence of the general ROS sensor DCFH2-DA, which produces the
green fluorescent product DCF upon oxidation.

Standardized suspensions of N99 E. coli and B. subitilis were incubated with Br-DAPI (O uM - 0.83
uM) and irradiated for 5 minutes with a 365 nm LED (15 mW cm™, 4.5 J cm™). Under these
irradiation conditions, untreated bacteria remain viable (Figure S3). Bacteria were then diluted
and grown overnight on agar and assayed for colony forming units (CFU) 24 hours post treatment.
Br-DAPI induced a significant decrease in CFU in a dose-dependent manner under light (ICso =
0.20 uM for N99 E. Coli, and ICso= 0.42 uM for B. subtilis) (Figure 4). At 1 uM, nearly all colonies
were Killed under light in both N99 E. Coli and B. subtilis, with no dark toxicity (Figure 4). The 2-
fold higher ICso for B. subtilis is consistent with the ~2x less ROS produced compared to N99 E.
coli. Performing the same experiment with native DAPI, which contains no photosensitizing
properties, led to no photocytotoxicity (Figure S4), thereby confirming that Br-DAPI induces

toxicity in gram-negative and gram-positive bacteria via light-induced ROS production.
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Figure 4. Standardized suspensions of A) N99 E. coli and B) B. subtilis incubated with different

concentrations of Br-DAPI, treated with or without 365 nm irradiation (4.5 J cm'z) then incubated overnight
in the dark. CFU were assayed 24 hours post-treatment and normalized to 100% relative to untreated
bacteria (i.e., 0 UM compound without light). N99 E. coli: Light ICso = 0.20 uM, Dark ICso > 0.83 uM; B.
subtilis Light ICso = 0.42 uM Dark I1Cso >4 puM.

Given that Br-DAPI binds DNA, produces ROS and kills bacteria, we asked whether light-
mediated ROS production causes DNA damage. To determine this, we performed a DNA
photocleavage experiment as previously described!®. Bacteria were treated with Br-DAPI (1 uM)
for 5 minutes, irradiated (365 nm, 4.5 J cm?) or kept in the dark, then the DNA was extracted and
analyzed by agarose gel electrophoresis. Untreated bacteria, irradiated only or treated with Br-
DAPI but kept in the dark, showed intact genomic DNA as visualized by SYBR Safe DNA gel stain

(Figure 5). In contrast, bacteria treated with Br-DAPI and light reduced total genomic DNA of N99
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E. Coli and B. subtilis by 74% and 73%, respectively (Figure 5). The lack of appearance of new
bands at lower molecular weights is assumed to be due to ROS induced double-stranded DNA
breaks, which lead to fragments at concentrations too low to detect by staining, as observed in
previously reported PS photocleavage experiments!??2. Overall, these experiments confirm that
at least one molecular target of Br-DAPI is DNA, which may be one contributor to the observed

high potency in gram-negative and gram-positive bacteria.
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Figure 5. Electrophoretic profile of total DNA extracted from N99 E. coli (lanes 1-4) and B. subtilis (lanes
5-8) after cells were incubated with Br-DAPI for 5 min in the dark or irradiated with 365 nm LED (4.5 J cm”
2). Bacteria treated with Br-DAPI and light reduced total genomic DNA content by 74% in N99 E. coli and
73% in B. subtilis. Lanes 1, 3, 5 and 7 = 0 uM Br-DAPI; Lanes 2, 4, 6 and 8 = 0.5 uM Br-DAPI. DNA was
stained with SYBR Safe DNA gel stain.

To compare the degree of photocytotoxicity of Br-DAPI to a commonly employed APDT
PS, we performed the same APDT experiments using methylene blue (MB)?324. MB is an FDA
approved, amphipathic phenothiazinium salt that exerts its photodynamic efficacy intracellularly
and has been traditionally used in a variety of clinical human infections of different etiologies?325.
MB was incubated with N99 E. coli and B. subtilis at the same concentration range (0 uM-0.83

puM) and exposed to the same light dosage (4.5 J cm™) that was used for Br-DAPI, except using
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a 625 nm LED (11 mW cm) where MB absorbs maximally. We found that MB did not induce a
comparable photocytotoxic effect in either type of bacteria, where CFUs did not reach less than
50% (ICso > 1 uM) (Figure 6). This result is consistent with previous studies of MB requiring higher
concentrations and light doses than that used here to exert its photocytotoxic effect!!23.26-28,
Interestingly, the intracellular ROS levels produced by MB were only ~2-fold less compared to Br-
DAPI (Figure 6), despite its ICso (i.e., photocytotoxicity) being at least greater than 5-fold. We
hypothesize this may be due to a higher permeability and strong DNA binding ability of Br-DAPI

rendering it less susceptible to being pumped out by microbial efflux pumps?°.
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Figure 6. Standardized suspensions of A) N99 E. coli and B) B. subtilis were incubated with different

concentrations of methylene blue, treated with or without 625 nm irradiation (4.5 J cm’z), and incubated
overnight in the dark. CFU were assayed 24 hours post-treatment and normalized to 100% relative to
untreated bacteria (i.e., 0 UM compound without light). C) Standardized suspensions of N99 E. coli and B.
subtilis were incubated with DCFH,-DA (10 uM) and methylene blue (0.25 uM). Bacteria were treated with

or without 0.9 J cm'2 of irradiation with a 625 nm LED. ROS production was monitored by the fluorescence
of the general ROS sensor DCFH.-DA, which produces the green fluorescent product DCF upon oxidation.
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Thus far, a drawback with Br-DAPI is that it requires UV-A excitation, wavelengths that
suffer from short tissue penetration depths and background toxicity in vivo. To minimize scattering
and absorption of light by biological tissues, longer irradiation wavelengths within a window from
650 nm — 950 nm are desirable to achieve maximal APDT in vivo?®. Using the notion that native
DAPI is 2-photon active®3!, we asked whether Br-DAPI is also 2-photon active and can be used
for APDT. To explore this, Br-DAPI was incubated with N99 E. coli (O uM -0.83 uM) and irradiated
with a 690 nm 2-photon laser (5 minutes, 30 J output power). Under these irradiation conditions,
no background photocytotoxicity was observed (Figure S5). We found 2-photon APDT with Br-
DAPI led to a dose-dependent photocytotoxic response with a potency similar to that achieved
with 1-photon, UV-A irradiation (ICso = 0.30 uM) (Figure 7). These results suggest longer
wavelengths of light can be used for Br-DAPI to exert its APDT effect, thereby allowing for deeper

tissue penetration and minimizing background phototoxicity in vivo.
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Figure 7. Standardized suspensions of N99 E. coli were incubated with different concentrations of Br-DAPI,
treated with 690 nm 2-photon laser irradiation (30 J output power), and incubated overnight in the dark.
CFU were assayed 24 hours post-treatment and normalized to 100% relative to untreated bacteria (i.e., 0
MM compound without light).

Lastly, the field of targeted APDT aims to kill pathogens without damaging healthy tissue.
Cationic PSs are well adapted to APDT as they are not only more efficient at permeating bacteria

compared to neutral or negatively charged PS, but they also induce some selectivity over normal
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cells given the higher density of negative charge on bacteria®’. However, since mammalian cells
are also negatively charged and given the high concentrations required for many clinically relevant
PSs to eliminate bacteria (e.g., MB used in concentration range of 0.3 mM - 60 mM)?23, selectivity
for bacteria has been difficult to achieve, leading to the development of targeted strategies by
derivatizing PSs'’. To test whether Br-DAPI has any intrinsic selectivity for bacterial cell death
over mammalian cell death, we performed a co-culture APDT experiment using a suspension of
N99 E. coli with adherent MRC-9 healthy lung cells. Br-DAPI (0.42 uM) was added to the co-
culture as well as the cell death stain, propidium iodide (PI). PI is only able to permeate cell
membranes that have been damaged, where it can then bind DNA producing red
fluorescence®334. Thus, PI fluorescence can be used to distinguish dead cells from live cells. After
5 minutes incubation in the dark, the cells were irradiated for 5 minutes with a 365 nm LED (15
mW cm2, 4.5 J cm2), then incubated in the dark for 30 minutes. We observed PI red fluorescence
in only the N99 E. coli and not in MRC-9 cells, suggesting only bacteria are dead and not the
mammalian cells (Figure 8). This selective killing is consistent with the micromolar concentrations
of Br-DAPI required to exert photocytotoxicity on MRC-9 cells only (Figure S6), while only sub-
micromolar concentrations are required to kill bacteria (Figure 4 A, B). Moreover, we observed
cyan fluorescence from Br-DAPI primarily in the N99 E. coli (Figure 4C) suggesting that
accumulation in bacteria is higher than that of the MRC-9 at the low micromolar concentration
used in the co-culture. Thus, Br-DAPI is capable of inducing selective photocytotoxicity of
bacteria in the presence of mammalian cells, making it a promising agent for efficacious APDT in

vivo with minimal damage to host cells.
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Figure 8. A co-culture of MRC-9 lung cells and a standardized suspension of N99 E. coli were incubated
with A) Br-DAPI (0.42 pM) and propidium iodide (5 pM), or B) propidium iodide only, treated with 365 nm

irradiation (4.5 J cm'z). Cells were imaged 30 minutes post-treatment for evidence of cell death which was
indicated by the red fluorescence of the propidium iodide cell death fluorescent indicator. (C) The cyan
fluorescence from Br-DAPI was selectively observed in bacteria and minimally in mammalian cells.
Brightfield images were overlayed with fluorescence of propidium iodide (A, B) or Br-DAPI (C). 16x
magnification, scale bar 100 um. Pl imaged using Cy5 filter cube: Aex = 628 nm, Aem = 692 nm bandpass
filter. Br-DAPI imaged using DAPI filter cube: Aex = 387 nm, Aem = 447 nm bandpass filter.

CONCLUSION

We have employed our previously developed DNA-binding PS, Br-DAPI, for APDT. The
polycationic charge state of Br-DAPI renders the molecule highly water soluble and cell
permeable in both gram-negative and gram-positive bacteria despite the different compositions
of their cell walls/membranes. The binding of Br-DAPI to DNA allows real-time fluorescence
visualization of bacteria, and both intracellular ROS production and complete photoinactivation
can be achieved with low light doses (1-photon at 365 nm or 2-photon at 690 nm). Moreover,
selective killing of bacteria can be readily achieved in the presence of mammalian cells. Br-
DAPI's sub-micromolar potency in both gram-negative and gram-positive bacteria make it
superior to commonly employed phenothiazinium PSs like the FDA approved MB as
demonstrated here, and to other recently reported PSs, which in addition to having lower
potencies, often photoinactivate either gram-positive or gram-negative bacteria, but not both
10163536 Given its high potency, bacterial selectivity over mammalian cells, and 2-photon
excitability, Br-DAPI may be a promising stand-alone PS for treating more complex bacterial
systems. For example, the treatment of skin infections may benefit from topical applications of Br-

DAPI given its large therapeutic window capable of killing bacteria without eukaryotic cell damage,
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and its ability to photoinactive using long-wavelengths would permit targeting bacteria deep within
tissues. Moreover, eradication of bacteria in biofilms are often poor due to inefficient compound
penetration and binding to bacteria in the extracellular polymer matrix, resulting in 100-fold higher
concentrations of antimicrobial treatments than the determined minimum inhibitory concentrations
in culture®’. Using Br-DAPI, it may be possible to overcome such challenges given its polycationic
charge, low molecular weight and already high (sub-micromolar) potency. Such applications are

currently being explored.

METHODS

Materials and General Methods

All chemicals and instruments were obtained from commercial suppliers. UV-Vis absorption
spectra were recorded in a 1.0 cm path length quartz cuvette on a Shimadzu UV-1800 UV-Vis
spectrometer. 1-photon irradiation experiments were performed with a mounted 365 nm LED (7.5
nm bandwidth, 360 mW LED Output Power; 8.9 yW mm2 maximum irradiance; M365L2) or a
mounted 625 nm LED (17 nm bandwidth, 920 mW LED Output Power; 21.9 yW mm2 maximum
irradiance; M625L4) purchased from ThorLabs. 2-photon irradiation experiments were performed
on an LSM880 confocal microscope equipped with an InSight®X3™ Tunable Laser. Microscope
images were obtained on an Olympus® IX81 Motorized Inverted Research Microscope equipped
with a Hamamatsu® C4742-95 CCD camera. Fluorescence imaging was captured using Semrock
Brightline Cy5 Fluorescence Filter Cube and Semrock Brightline DAPI Fluorescence Filter Cube.
Image processing was performed using ImageJ software.

Synthesis of Br-DAPI8

4’,6-Diamidino-2-phenylindole 2HCI (purchased from Biosynth Carbosynth, 1 eq., 0.0100 g, 0.029
mmol) was dissolved in 1:1 distilled water/acetone (1 mL). Next, N-bromosuccinimide (3 eq.,
0.0154 g, 0.087 mmol) was added and the reaction mixture was stirred overnight at r.t. protected
from light. The crude mixture was dried under reduced pressure and purified directly by RP-HPLC
in acetonitrile and 0.1% formic acid in milli-q water (45 min. method with a 25 min. gradient from
5-100% 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 (4.6 mg, 0.013 mmol). HRMS (ESI+) m/z calculated
for C16H14BrNs 355.04; found 356.0500. *H NMR (400 MHz, de-DMSO) & 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). *C NMR
(101 MHz, de-DMSO) 6 168.62, 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.

Br-DAPI Quantitative *H NMR

Br-DAPI was dissolved in ds-DMSO containing 150 mM 1,4-dioxane as a standard, with a total
volume of 400 pL. A *H NMR was run on the sample and analyzed accordingly, where the peak
corresponding to 1,4-dioxane integrated to 100.88 ppm. The concentration of Br-DAPI was then
determined using Eq. 1 to be 12 mM. The absorbance of Br-DAPI in the NMR sample was
measured using a series of dilutions (0-10x). The absorbance at 353 nm was plotted against the

13
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sample’s molar concentration to obtain the molar extinction coefficient from the slope of the line
using the Beer Lamber equation (Eq. 2). The molar extinction coefficient of Br-DAPI was
measured to be 33 000 (+533) Mt cm™ at 353 nm.

. integration under compound peak #protons standard peak .
Equation 1. [Br-DAPI] = ( —E il )( £ P ) [1,4 — dioxane]
integration under standard peak #protons compound peak

Equation 2. Absorbance = ecl, where € = molar extinction coefficient, ¢ = molar concentration,

and | = path length of the cuvette

Concentrations

All stock solutions were prepared in DMSO (Sigma Aldrich). The molar extinction coefficient for
all compounds in PBS pH 7.4 were used to measure concentrations of stock solutions — 33 000
(£533) Mt cm* at 353 nm for Br-DAPI, 27 000 Mt cm* at 353 nm for DAPI%8, and 95 000 M1 cm-
L at 664 nm for MB*,

Bacterial Strains and Preparation

Colonies of Escherichia coli (N99 pXG10sf-GFP) and Bacillus 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
100x into fresh LB broth (5 mL total volume) (antibiotics added for N99 E. coli). Bacteria were
grown at 37°C for an additional 2 hours with shaking at 250 rpm until they reached an exponential
phase (ODew = 0.10-0.50). Standardized suspensions of bacteria were prepared for all
experiments to the same ODeoo.

Cell Culture

MRC-9 (human lung fibroblasts) were purchased from American Type Culture Collection (ATCC)
and cultured in Eagle’s Minimum Essential Medium (EMEM) with sodium pyruvate and L-
glutamine (ATCC), supplemented with 10% FBS and 1% antibiotic-antimycotic solution. Cells
were cultured in a 75 cm? culture flask at 37°C under 5% CO; in a humidified incubator.

Fluorescence Imaging for Intracellular Uptake of Br-DAPI

Bacteria (N99 E. coli and B. subtilis) were cultured overnight and regrown to an ODego = 0.40. Br-
DAPI was added to 100 L suspensions of bacteria for a final concentration of 0.83 UM (<1%
DMSO) and incubated at 37°C for 5 minutes before imaging on agarose pads. Agarose pads were
prepared by melting 1.5% low-melt agarose in LB broth, placing 1 mL of the mixture onto a micro
cover glass (22x22 um), covering the droplet with a second cover glass, and leaving to solidify at
room temperature. After the agarose solidified, the top cover glass was removed, and the agarose
was cut into approximately 5x5 mm square pads. 1 pL of bacteria was dropped onto each agar
pad and left to air dry for 5 minutes. Agarose pads containing bacteria samples were flipped onto
a new cover glass (cells facing onto cover glass), sandwiched between a second cover glass,
and sealed into an imaging chamber containing a custom spacer. Br-DAPI’s fluorescence was
imaged using a DAPI filter cube (Aex = 387 nm, Aem = 447 nm bandpass filter) for N99 E. coli and
B. subtilis at 100x magnification, scale bar = 10 um).

Detection of ROS Production in Bacteria

Bacteria (N99 E. coli and B. subtilis) were cultured overnight, regrown, and standardized to an
ODeoo = 0.10. 100 pL standardized suspensions of bacteria, the ROS sensor 2,7-
dichlorofluorescin diacetate (DCFH2DA, 10 uM) and Br-DAPI or MB (0.25, 0.50 uM; < 1% DMSO)
were added and incubated at 37°C for 5 minutes in two black 96-well plates (separate plate for
dark and light treatments). Bacteria containing Br-DAPI were irradiated with a 365 nm LED for 60
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seconds (0.9 J cm?) and bacteria containing MB were irradiated with a 625 nm LED for 84
seconds (0.9 J cm™). The green fluorescence of DCF (oxidized product of the ROS sensor) was
measured in bacteria on a multimode microplate reader (Tecan Spark® 20M): Aex=495 nm,
Aem=525 nm. The fluorescence intensity of DCF for bacteria containing the PSs were corrected
for any background fluorescence due to the sensor alone under both dark and light conditions.

Agarose Gel Electrophoresis of Bacterial Genomic DNA

Genomic DNA was extracted from N99 E. coli and B. subtilis after treatment as reported in a
previous study'® using PureLink™ Genomic DNA Mini Kit (purchased from ThermoFisher
Sceintific). 1 mL suspensions of bacteria from the overnight culture were incubated with Br-DAPI
(0.5 pM; < 1% DMSO) for 5 minutes at 37°C and those designated for light treatment irradiated
with a 365 nm LED for 5 minutes (4.5 J cm). All bacteria samples were then collected by
centrifugation at 14 000 g for 2 minutes, washed with 0.1% NaCl, and extracted according to the
manufacturer’s instructions using 25 yL of the elution buffer per sample. Concentrations of
extracted DNA samples were measured using a nano-drop spectrophotometer
(NanoPhotometer® P-330) using the ratio of absorbance at 260/280 nm. The extracted DNA was
analyzed by gel electrophoresis using 0.8% (w/v) agarose containing SYBR Safe DNA gel stain
(5 pL in 5 mL agar solution) in 1X TAE buffer for 45 minutes at 100 V. Gels were imaged using
BIORAD ChemiDoc™MP Imaging System.

Antimicrobial Photocytotoxicity in N99 E. coli and B. subtilis

Optimal light dose determination in N99 E. coli for 1-photon PDT:

N99 E. coli were cultured overnight, regrown, and standardized to an ODsgo = 0.10. 100 pL of
bacteria were added to wells in a 96-well plate and irradiated with a 365 nm LED for times between
0-5 minutes (0-4.5 J cm™).

Photosensitizing effect due to bromination of native DAPI in N99 E. coli:

N99 E. coli were cultured overnight, regrown, and standardized to an ODgoo = 0.10. Br-DAPI or
DAPI at increasing concentrations (0-6.70 uM; <1% DMSO) were added to 100 pL of the
standardized suspension in two 96-well plates (dark and light) and incubated at 37°C for 5
minutes. Bacteria in the light-designated plate were irradiated with a 365 nm LED for 5 minutes
(4.5 J cm™).

Comparison of photocytotoxicity due to Br-DAPI and MB in bacteria with 1-photon PDT:
Bacteria (N99 E. coli and B. subtilis) were cultured overnight, regrown, and standardized to an
ODeoo = 0.10. Br-DAPI or MB at increasing concentrations (0 - 0.83 uM for N99 E. coli, 0 - 3.3 uM
for B. subtilis; <1% DMSOQO) were added to 100 L of the standardized suspensions in two 96-well
plates (dark and light) and incubated at 37°C for 5 minutes. Bacteria in the light-designated plate
containing Br-DAPI were irradiated with a 365 nm LED for 5 minutes (4.5 J cm) and those
containing MB were irradiated with a 625 nm LED for 7 minutes (4.5 J cm2).

Optimal light dose determination in N99 E. coli for 2-photon PDT:

N99 E. coli were cultured overnight, regrown, and standardized to an ODsgo = 0.10. 100 pL of
bacteria were added to wells in a clear 384-well plate and irradiated with a 690 nm 2-photon laser
for 5 minutes with increasing laser power (0-150 J).

Photocytotoxicity due to Br-DAPI with 2-photon PDT:

N99 E. coli were cultured overnight, regrown, and standardized to an ODego = 0.10. Br-DAPI at
increasing concentrations (0 - 0.83 uM; <1% DMSO) were added to 100 L of the standardized
suspension in a clear 384-well plate at 37°C for 5 minutes. Bacteria were irradiated with a 690 nm
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2-photon laser for 5 minutes (30 J output power).

CFEU assay for dark and light treated bacteria:

6-well cell culture plates (Cell Star, Cat. -No. 657 160) were prepared by melting agarose
(purchased from Bio Basic Canada Inc.; ABO015) pouring 3 mL into each well, and leaving to
solidify at room temperature. Bacteria from each treatment were diluted in LB broth (1500x N99
E. coli, 100x B. subtilis), and 5 pL of each were transferred onto 50 uL of LB broth in separate
wells. The bacteria mixtures were spread onto the agarose surface with glass beads and left to
incubate overnight at 37°C. 24 hours post-treatment, CFU were counted manually — any wells
containing <30 or >300 CFU were the lower and upper limit, respectively.

Photocytotoxicity due to Br-DAPI PDT in co-culture with MRC-9 lung cells and N99 E. coli
N99 E. coli were cultured overnight and regrown to an ODgg = 0.50. MRC-9 lung cells were
cultured at a cell density of 40 000 cells well*in 250 puL of EMEM overnight at 37°C with 5% CO-
in an 8-well chamber (ThermoFisher Scientific, Cat. -No. 154534). To a 250 yL suspension of
bacteria in LB broth, Br-DAPI for a final concentration of 0.42 uM (<1% DMSO) and propidium
iodide (PI, 5 pM) were added. The old media from MRC-9 was removed and the bacteria
containing Br-DAPI and PI were added to a well and put to incubate at 37°C for 5 minutes. The
co-culture was then irradiated with a 365 nm LED for 5 minutes (4.5 J cm™). The bacteria were
transferred to an Eppendorf, washed with 0.1% saline, centrifuged, and then resuspended in
DPBS, while the MRC-9 were washed 1x with DPBS. Bacteria were then added back into the well
containing MRC-9 and left to incubate at 37°C for 30 minutes for cell death to occur. Cell death
was determined by the red fluorescence of Pl which will only permeate and bind DNA of dying
cells®440, Pl and Br-DAPI’s fluorescence were imaged using a Cy5 filter cube (Aex = 628 nm, Aem
= 692 nm bandpass filter) and DAPI (Aex = 387 nm, Aem = 447 nm bandpass filter) filter cube,
respectively. 16x magnification, scale bar = 100 um.
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