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This study describes the design, syntheses, and evaluation of two new near-infrared (NIR) carbocyanine
dyes as candidate photosensitizing agents for antimicrobial photodynamic therapy (@aPDT). In aPDT, light
activates photosensitizers to produce cytotoxic reactive oxygen species (ROS), to remediate treatment-

resistant microbial infections. The carbocyanines feature terminal indolium groups connected by

a heptamethine chain, enabling absorption of light in the tissue-penetrating NIR region. They also
incorporate strategically positioned halogen atoms for improving hydrophobicity, chemical stability, and
triplet-state yields. To enhance interactions with negatively charged bacterial cell walls and DNA, the
dyes have different net charges at pH 7.0 (+1 vs. +2) and quaternary ammonium contents (QAC = 0 vs.

1). Across all experiments, the di-cationic carbocyanine (QAC = 1) outperformed its mono-cationic

counterpart (QAC = 0), showing markedly greater stability in neutral aqueous solutions and generating

higher levels of direct plasmid DNA strand breakage and hydroxyl radical/singlet oxygen ROS production
under both 780 nm and broad-spectrum (707-759 nm) NIR irradiation. Spectral analyses and

competitive binding assays indicated that monomeric and aggregated forms of the di-cationic

carbocyanine bind within the minor groove of B-form DNA. At sub-micromolar concentrations, the di-

cationic dye exhibited minimal dark toxicity toward cultured E. coli cells. However, upon 780 nm
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illumination, it was approximately tenfold more effective at inhibiting growth of this Gram-negative

bacterium than its mono-cationic counterpart and the established aPDT agents indocyanine green and
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1 Introduction

Bacteria cause infections that range in intensity from mild to
life-threatening.” While the 20th century development of
conventional antibiotics remains a groundbreaking medical
advance, bacterial infectivity continues to have a major, nega-
tive impact on public health due to the phenomenon of anti-
biotic drug-resistance. When bacteria fail to respond to
treatment, localized disease can become systemic, causing
sepsis.”

A 2019 Institute for Health Metrics and Evaluation study of
204 countries and territories estimated that 23 bacterial path-
ogens caused ~4.95 million annual deaths that were related to
antibiotic resistant bacteria.® The six most lethal pathogens
included the four Gram-negative strains Escherichia coli,
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methylene blue (pH 7.0). These findings highlight the importance of developing di-cationic NIR
carbocyanine dyes for aPDT applications.

Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudo-
monas aeruginosa. Compared to Gram-positive bacteria, Gram-
negative pathogens are more prone to innate resistance to
multiple antibiotics* due to the enhanced permeability barriers
afforded by their complex cell wall structures.>® There exists
a great need for new therapeutic approaches to eradicate
resistant bacterial infections.

Photodynamic therapy (PDT) is an up-and-coming strategy to
treat diseases such as early-stage cancers and age-related
macular degeneration.”® The technique involves adminis-
tering a non-toxic photosensitizer (PS) via topical, oral, or
intravenous routes. The PS molecules in target tissues are then
activated by light to form extremely short-lived and cytotoxic
reactive oxygen species (ROS) that work exclusively at their sites
of origin. This spatial and temporal control minimizes adverse
side effects by selectively destroying cells in diseased tissues.
The cytotoxic ROS generated during PDT arise from two primary
mechanisms.”® Initially, the PS is in its singlet ground state (S,)
and after absorbing light, transitions to a singlet excited-state
S;. Upon intersystem crossing, a lower-energy, longer-lived
triplet state (T;) is then reached. In the T; state, the PS can

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Syntheses of heptamethine carbocyanine dyes 9 and 10.
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Details regarding experimental and compound characterization can be

found in the Sl file accompanying this manuscript (Fig. S2 to S7). Abbreviations: charge = net charge at pH 7.0; QAC = quaternary ammonium

content, excluding quaternary amines by resonance.

interact with ground state triplet oxygen (*0,) via type I electron
transfer, giving rise to superoxide anion radicals (O, ). These
radicals then undergo enzymatic or spontaneous dismutation
to produce hydrogen peroxide (H,0,), which reacts with trace
Fe”" ions by the oxidative Fenton reaction to generate the
strongly oxidizing hydroxyl radicals ("OH).>*® Alternatively, the
T, state of the PS can undergo type II energy transfer to >0, to
form the ROS singlet oxygen (*O,). With respective diffusion
distances of 0.8-6.0 nm"* and 50-100 nm,** and half-lives of 1
ns* and 3 ps,* the highly reactive hydroxyl radicals and singlet
oxygen vigorously oxidize nearby macromolecules - such as
nucleic acids, proteins, and lipids. This multitargeted oxidative
damage ultimately leads to cell death specifically in tissues
exposed to light via apoptotic (programmed) and/or
inflammatory/necrotic (non-programmed) mechanisms.*

Leveraging the same fundamental principle of highly local-
ized, ROS-induced cellular damage, antimicrobial photody-
namic therapy (aPDT) broadens PDT applications as a new tool
to combat drug-resistant bacterial infections.'® Unlike most
antibiotics, aPDT does not rely on deactivating one or a few
biochemical pathways or enzymes. Instead, the cytotoxic, short-
lived ROS generated upon exposure of aPDT agents to light
attack different types of molecules within and around targeted
cells. Drug resistance therefore evolves at a reduced rate in
aPDT as the microorganisms can no longer rely on a single
genetic mutation or pathway change to survive.**'”'* Through
its broad oxidative capabilities, aPDT works in vivo to resolve
infections involving bacteria (e.g., the extensively drug-resistant
Gram-negative bacterium Acinetobacter baumannii),> complex
biofilms (e.g., of the multidrug resistant Gram-negative bacte-
rium Pseudomonas aeruginosa),*® fungi*'’ (e.g., Candida spp.),*
viruses,*"” and different microorganisms present at the same
infection site."”

Among approved aPDT photosensitizers, good clinical
outcomes have been often obtained with positively charged
phenothiazine methylene blue (MB)"*'**% (A.x pu 7.0 = 664
nm) and other photosensitizers such as the negatively charged
benzo[e]indolium heptamethine carbocyanine dye indocyanine

© 2026 The Author(s). Published by the Royal Society of Chemistry

green (ICG)"7*"*" (Anax, pu 7.0 = 669 to 778 nm), especially in the
adjunctive treatment of bacterial periodontitis and root canal
disinfections (Fig. S1 in SI). Industrial interest in aPDT is now
growing, particularly in Europe and Canada. Anti-bacterial
products currently on the market include the light-activated
self-disinfecting surface coating Dyphox®,>* various systems
and kits used by dentists and at-home consumers to prevent
and treat endodontic and periodontal infections (e.g., MB-based
Periowave™ and HELBO®; ICG-based Lumoral®; FotoSan®
containing the phenothiazine Toluidine Blue O;*° and
Steriwave™ *¢ a MB-based nasal photo disinfection system for
the prevention of surgical site infections. Multiple
MB'7:21723:26:4448 and ICG*>***%*® aPDT clinical trials have been
conducted or are currently in progress world-wide.

Although promising, aPDT photosensitizers targeting
bacteria face challenges, which include limited cell wall pene-
tration and/or poor transmission of the required photo-
sensitizing irradiation through biological media.® In the present
study, we have designed new aPDT photosensitizers that
address these limitations. An ideal aPDT agent should be non-
toxic in the dark, absorb 700 nm to 900 nm near-infrared (NIR)
light to minimize the absorption of incident irradiation by
surrounding biological tissues, and bear a net positive charge to
facilitate its transport across the negatively charged cell walls
characteristic of both Gram-positive and Gram-negative
bacteria.*®

Herein, we have developed and evaluated two symmetrical
carbocyanine dyes as phototherapeutic antimicrobial agents (9
and 10 in Scheme 1). Both are equipped with a heptamethine
framework that red-shifts absorption into the NIR wavelength
range and delocalizes a single positive charge between the two
indolium rings of each dye. A second positive charge was
incorporated into the heptamethine bridge of dye 10 via
a cyclohexene quaternary ammonium group to promote inter-
actions with the negative charge of DNA* and of bacterial cell
walls.*®*® The two NIR aPDT agents 9 and 10 thus differ with
respect to net charge at pH 7.0 (+1 and +2) and quaternary
ammonium content (QAC; 0 and 1). After characterizing DNA
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interactions and photosensitized ROS generation, the two
heptamethine carbocyanines were tested in under 780 nm NIR
irradiation in phototoxicity assays against Gram negative E. coli
cells. Bearing a net charge of +2, dye 10 was overwhelmingly
superior to mono-cationic dye 9 and approximately 10 times
more phototoxic to the E. coli than the conventional photo-
sensitizing agents methylene blue and indocyanine green.

2 Experimental
2.1 General

All purchased reagents were of the highest available quality and
were utilized without additional purification. Aqueous solutions
were prepared with sterilized deionized distilled water. Agarose
and deuterium oxide (99.9%) were respectively purchased from
BioRad and Cambridge Isotope Laboratories. Bacto-agar, Bacto-
tryptone, and Bacto-yeast extract were from Difco. Sodium
benzoate (SigmaUltra, minimum 99%), methyl green, and
pentamidine isethionate salt were provided by Sigma-Aldrich.
Fluorescein was purchased from GTI Laboratory Supplies.
XL1-Blue E. coli K-12 competent cells* and all other regents,
including deferoxamine mesylate, dimethyl sulfoxide (DMSO,
=99.99%), ethidium bromide, ethylenediaminetetraacetic acid
(EDTA), hydroxyphenyl fluorescein (HPF), Singlet Oxygen
Sensor Green (SOSG), Tiron (disodium 4,5 dihydroxy-1,3-
benzenedisulfonate), and UltraPure calf thymus (CT) DNA
(10 mg mL ™", average size =2000 bp) were from ThermoFisher
Scientific. The pUC19 plasmid was cloned using the Blue E. coli
K-12 competent cell by standard methods** and was purified as
with a QIAfilter Plasmid Mega Kit (Qiagen; Cat. No. 12263).
Organic reactions were monitored using silica gel 60 F254 thin
layer chromatography plates (Merck EMD Millipore, Darmstadt,
Germany). '"H NMR (400 MHz) and "*C NMR (100 MHz) spectra
were recorded on a Bruker Avance III spectrometer using either
DMSO-ds (Cambridge Isotope Laboratories, Andover, MA), or
CDCl; (Sigma-Aldrich, Burlington, MA) as solvent. High reso-
lution electrospray ionization mass spectra (ESI-MS) were
acquired for samples in 75% methanol with 0.1% of formic acid
by the Georgia State University Mass Spectrometry Facility using
a Xevo-G2-xs Q-TOF Mass Spectrometer (Waters Corporate,
Milford, MA). HPF and SOSG emission were recorded on
a SpectraMax iD5 Multi-Mode Microplate Reader (Molecular
Devices, San Jose, CA, USA) using BrandTech black, flat-
bottomed 96-well plates from Thomas Scientific (Cat. No.
1226]22). Circular dichroism spectra were measured with
a Jasco J-1500 spectropolarimeter (Easton, MD, USA). UV-visible
absorption and fluorescence emission spectra were respectively
acquired using PerkinElmer Lambda 35 and LS55
spectrophotometers.

2.2 Cyanine dye syntheses

Known synthetic precursors 1 through 8 (Scheme 1) were either
purchased commercially or prepared according to the pub-
lished procedures described in SI.

2.2.1 2-((E)-2-((E)-2-Chloro-3-(2-((E)-1-ethyl-5-fluoro-3,3-di-
methylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-1-
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ethyl-5-fluoro-3,3-dimethyl-3H-indol-1-ium iodide (9). The
precursor 1-ethyl-5-fluoro-2,3,3-trimethyl-3H-indol-1-ium
iodide (3) (500 mg, 1.5 mmol) and sodium acetate (369 mg,
4.5 mmol) were dissolved in acetic anhydride (10 mL). The
reaction mixture was stirred at room temperature for 30 min.
(E)-2-chloro-3-(hydroxymethylene) cyclohex-1-ene-1-
carbaldehyde (7) (129.4 mg, 0.75 mmol) was then added to the
solution and refluxed for 5 h. After excess solvent was removed
with a rotovap, the reaction mixture was cooled down to room
temperature, filtered, and subsequently washed with minimal
amounts of ethanol, ethyl acetate and hexane. Product 9 was
then purified by recrystallization using DMSO : EtOAc (5:95)
and dried under a vacuum overnight. Yield: (0.21 g, green solid,
41%). MP > 288 °C, UV-vis (DMSO): Aga/nm (/M cm™") 791
(1.9164 x 10°). 'H NMR (400 MHz, CDCl;): 6 8.31 ppm (d, ] =
14.1 Hz, 2H), 7.22 (dd, J = 9.5, 3.7 Hz, 2H), 7.09 (t, ] = 7.6 Hz,
4H), 6.14 (d, ] = 14.1 Hz, 2H), 4.24 (q,] = 7.1 Hz, 4H), 2.70 (t,] =
6.0 Hz, 4H), 2.01-1.90 (m, 2H), 1.70 (s, 12H), 1.44 (t, ] = 7.2 Hz,
6H). *C NMR (100 MHz, CDCl,): 6 ppm 171.72, 171.70, 162.11,
159.67, 150.62, 144.26, 143.10, 143.02, 137.78, 137.76, 127.41,
115.74, 115.50, 112.01, 111.93, 110.46, 110.21, 101.05, 49.52,
49.50, 40.47, 28.01, 26.71, 20.65, 12.43. ESI-MS (positive mode)
calculated for C;,H33CF,N," m/z 547.2692; found: m/z
547.2737.

2.2.2  2-((E)-2-((E)-4-Chloro-5-(2-((E)-1-ethyl-5-fluoro-3,3-di-
methylindolin-2-ylidene)ethylidene)-1,1-dimethyl-1,2,5,6-tetra-
hydropyridin-1-ium-3-yl)vinyl)-1-ethyl-5-fluoro-3,3-dimethyl-3H-
indol-1-ium iodide (10). Substituted indole 3 (500.0 mg, 1.5
mmol) and sodium acetate (184.6 mg, 2.2 mmol) were dissolved
in acetic anhydride (10 mL). (E)-4-chloro-5-formyl-3-
(hydroxymethylene)-1,1-dimethyl-1,2,3,6-tetrahydropyridin-1-
ium (8) (246.9 mg, 0.75 mmol) was added to the solution which
was then stirred at room temperature for 24 h. The solvent was
removed with a rotovap and the product was purified using
a short pad of silica gel with an eluent of 10% MeOH in DCM to
give 10 as a green solid. Yield: (0.20 g, 32%). MP > 204 °C. UV-vis
(DMSO): Amax/nm (/M ecm™?) 763 (2.1029 x 10°). 'H NMR
(400 MHz, DMSO-dg): 6 ppm 8.21 (d, ] = 14.6 Hz, 2H), 7.72 (d,] =
8.1 Hz, 2H), 7.64-7.56 (m, 2H), 7.35 (t,/ = 8.9 Hz, 2H), 6.36 (d,J
=14.7 Hz, 2H), 4.78 (s, 4H), 4.37 (d, ] = 6.9 Hz, 4H), 3.36 (s, 6H),
1.71 (s, 12H), 1.36 (t,J = 6.8 Hz, 6H). ">*C NMR (100 MHz, DMSO-
de): 6 ppm 174.48, 162.53, 160.11, 144.43, 144.34, 143.12,
143.08, 138.09, 116.13, 115.88, 114.05, 113.96, 113.69, 111.45,
111.20, 101.81, 60.50, 52.25, 50.33, 50.31, 27.53, 13.10. ESI-MS
(positive mode) calculated for C;sH,,CiF,N3," m/z 288.6507;
found: m/z 288.6508.

2.3 UV-visible absorption spectrophotometry

Time course absorption spectra were recorded at intervals of
0 up to 30 min. Cuvettes contained 10 uM of dye in neat CH;CN
(9 or 10), in neat DMSO (ICG or MB), or in 10 mM sodium
phosphate pH 7.0 in the absence and presence of 150 uM bp CT
DNA (500 pL final volume, 22 °C). Additional studies were
carried out with the following adjustments. For Beer's Law
plots, dye 9 and 10 spectra were recorded in DMSO for samples
containing increasing 1.0 x 10 °t0 1.0 x 10> M or 1.0 x 10~ °

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to0 5.0 x 10~ ° M of dye. Then the molar extinction coefficients at
the Anax Of each dye were estimated by linear regression anal-
ysis. In DNA titration experiments, small volumes of CT DNA
were sequentially added to samples containing 10 pM dye 10 in
10 mM sodium phosphate pH 7.0 with an initial volume of 500
pL and final volume of 550 pL to give CT DNA concentrations
ranging from 27 pM bp up to 1223 uM bp. In competitive DNA
binding studies, UV-visible spectra were recorded for 500 pL
solutions of 10 mM sodium phosphate buffer pH 7.0 and one or
more of the following: 10 uM of dye 10, 250 pM of pentamidine,
250 pM of methyl green, and 150 pM bp CT DNA (22 °C).

2.4 DNA photocleavage

Reactions were run in 1.5 mL Eppendorf tubes containing 50
uM of dye 9 or 10 with 38 pM bp of pUC19 plasmid DNA and
10 mM of sodium phosphate (pH 7.0), for a total reaction
volume of 40 pL. To control reaction temperature, a 38 x 25 x
6 cm glass baking dish (Pyrex) was filled with crushed ice. Then,
an aluminum metal block was placed in the ice for about 5 min
for the block to cool down to 10 °C. The reactions in the
Eppendorf tubes were put into wells in the metal block which
made tight contact with the entire external surface of each tube,
leaving just the tube opening exposed. The samples in the ice-
immersed block were either kept in the dark or irradiated for
30 min either with a 741 nm LED medical lamp (0.3 W cm 2,
spectral output 707-759 nm; Larson Electronics) or a mono-
chromatic 780 nm LED laser (1.8 mW cm™?; Techood). For the
irradiated reactions, the Eppendorf tubes were left uncapped,
and the LED medical lamp or laser was positioned 50 mm above
the 10.8 mm diameter opening of each tube. Following irradi-
ation, 3 pL of loading buffer containing 15.0% (w/v) ficoll and
0.025% (w/v) bromophenol blue were added to each sample.
Twenty pL aliquots of the resulting solutions were loaded into
the wells of 1.5% agarose gels containing ethidium bromide
(EtBr) at a final concentration of 0.5 ug mL™". Electrophoresis
was performed at 100 V for 60 min using a Bio-Rad Laboratories
apparatus filled with 1X tris-acetate-EDTA (TAE) running buffer
containing 0.5 pg mL™ ' EtBr. After electrophoresis, gels were
visualized under 302 nm light with a VWR Scientific LM-20E
transilluminator and imaged with a UVP PhotoDoc-It™
system. DNA band intensities were quantitated using Image]J
software (National Institutes of Health). For supercoiled DNA,
integrated intensity values were multiplied by a factor of 1.22
(ref. 42) to account for the increased affinity of ethidium
bromide to the nicked and linear plasmid forms. DNA photo-
cleavage yields were then calculated using the equation: percent
photocleavage = [(linear + nicked DNA)/(linear + nicked +
supercoiled DNA)] x 100.

Subsequent photocleavage reactions were conducted as just
described, with adjustments. For dye titration experiments, the
concentration of dye 10 was varied from 0 to 50 uM. The reac-
tions mixtures in Eppendorf tubes were placed in a metal block
immersed in a 10 °C ice bath and then shielded from light with
aluminium foil or irradiated for 30 min with the 741 nm LED
medical lamp.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.5 Circular dichroism

CD samples contained 10 uM of dye 10 in 10 mM sodium
phosphate pH 7.0 with and without 27 uM bp up to 1223 uM uM
bp of CT DNA (final volume 2000 uL). Spectra were recorded at
22 °C from 200 to 900 nm using 3 mL quartz cuvettes (1.0 cm
path-length; Starna). Instrument settings were: response and
digital integration times, 4 s; scan rate, 100 nm min~'; sensi-
tivity, 200 millidegrees. Each final spectrum represents the
average of at least 12 scans.

2.6 Fluorescence spectrometry

Solutions of 10 mM sodium phosphate buffer (pH 7.0), 0 or 10
uM of dye 10, and CT DNA concentrations ranging from 0 uM bp
up to 1223 uM bp were transferred to quartz cuvettes (2000 pL
total volume). Fluorescence emission spectra were then
acquired at A, values of 680 nm, 740 nm, 760 nm, and 780 nm
(22 °C). The scan speed of the fluorescence spectrophotometer
was 100 nm min ', gain was set at medium, and the excitation
and emission slit widths were both 4.5 nm.

In ROS detection experiments, fluorescence emission was
measured for reactions containing 10 mM sodium phosphate
buffer (pH 7.0) with or without 0.5 pM of dye 9 or 10 and either 3
uM of the hydroxyl radical probe hydroxyphenyl fluorescein
(HPF)* or 1 uM of the singlet oxygen probe Singlet Oxygen
Sensor Green (SOSG)* (final volume of 1500 pL).** Parallel HPF
and SOSG reactions with chemical additive contained either
100 mM of sodium benzoate, 5 mM of deferoxamine mesylate,
or 90% (v/v) of D,O (1500 pL, final volume). Reactions were then
irradiated with a 780 nm LED laser (1.8 mW cm ™ ?; Techood)
and/or a 741 nm LED medical lamp (0.3 W cm ™2, spectral
output 707-759 nm; Larson Electronics) or kept in dark (30 min,
22 °C) and transferred to a 96-well plate (total volume per well,
200 pL). Fluorescein standards of 75 nM and 350 nM in 10 mM
NaOH were respectively used for HPF and SOSG reactions (200
uL per well). HPF and SOSG emission was recorded with the A,/
Aem Wavelengths set at 490/525 nm using a SpectraMax iD5
Multi-Mode Microplate Reader then averaged over two to four
independent trials with error bars indicating standard
deviation.

2.7 Reagent-induced changes in DNA photocleavage

Solutions containing 10 mM of sodium phosphate buffer (pH
7.0) and 38 uM bp of pUC19 plasmid DNA were prepared with or
without 30 uM of dye 10 and a chemical additive, either 100 mM
of sodium benzoate, 100 mM of EDTA, 10 mM of Tiron, or 79%
D,O (v/v), in a final volume of 40 pL. The reactions were then
irradiated for 30 min with the 741 nm LED medical lamp (0.3 W
ecm™?) or kept in the dark (22 °C). Following irradiation, DNA
photocleavage products were separated on 1.5%
denaturing agarose gels, visualized, and quantitated as just
described. The percent inhibition of DNA photocleavage caused
by each chemical additive was calculated using the equation:
percent inhibition = [((%linear + %nicked DNA with additive) —
(%linear + %nicked DNA without additive))/(%linear + %nicked
DNA without additive)] x 100.

non-

RSC Adv, 2026, 16, 21908-21924 | 21911


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01566b

Open Access Article. Published on 27 April 2026. Downloaded on 6/15/2026 12:20:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

2.8 Phototoxicity assay

All solutions, media, and plasticware were autoclaved prior to
use. Starter cultures of XL1-Blue E. coli K-12 competent cells (5
mL) were grown at 37 °C for 8 h in Luria-Bertani (LB) broth
under vigorous shaking. An aliquot of the starter culture (~5 pL)
was then transferred to fresh LB broth to obtain 5 mL of
a bacterial suspension with an optical density at 600 nm (ODg)
between 0.002 to 0.003. For photosensitization, 30 pL of ddH,0,
4 pL of 100 mM sodium phosphate pH 7.0, 4 pL of the bacterial
suspension, and 2 pL of dye stock solution (9 or 10 in CH;CN;
MB or ICG in DMSO) were added to Eppendorf tubes to yield 40
uL reactions containing final concentrations of 0 to 32 uM of
dye 9, 0 to 0.6 uM of dye 10, and 0 to 50 uM of MB or ICG. For
controls without dye, 2 pL of solvent were used to substitute for
ddH,O. After a 5 min equilibration, samples were either irra-
diated with the monochromatic Techood 780 nm, 1.8 W cm >
LED laser (dyes 9, 10, ICG), a monochromatic Laserlands
638 nm 2.8 W cm ™~ LED laser (MB), or kept in the dark (30 min,
22 °C). After treatment, the 40 pL solutions were evenly spread
on LB agar plates with an inoculating loop, incubated in the
dark at 37 °C for 16 h, and then imaged. The colony numbers on
each plate were quantified using Image] software. Cell viability
for each plate was determined using the equation: (number of
colonies on plate with dye/number of colonies on control plate
without dye) x 100. The results were averaged over three inde-
pendent experiments, with error bars indicating standard
deviation.

3 Results and discussion
3.1 Design of aPDT agents

NIR carbocyanine dyes that effectively produce ROS are mainly
used for photodynamic therapy.*®* Among them, indocyanine
green (Fig. S1) is the most extensively studied cyanine photo-
sensitizer in human clinical PDT trials, particularly for the
treatment of periodontitis and other dental infections.?*?*3%8
Often modified with heavy atoms (I, Br, Se) to optimize ROS
yields,”™* some promising cyanine derivatives are under
development, but have not yet advanced to human clinical
evaluation. In an emerging application beyond medicine, NIR
ROS-generating cyanine dyes are being developed as photo-
catalysts in organic synthesis.*

As exemplified by ICG and compounds 9 and 10 (Scheme 1),
carbocyanine dyes are composed of two nitrogen-containing
heterocyclic aromatic rings connected by a polymethine chain
that delocalizes a single positive charge between them. The
advantages of carbocyanines include minimal dark toxicity and
excellent optical properties, including high molar absorption
coefficients and strong fluorescence quantum yields, depending
on the dye.**** In addition, the absorption and emission
maxima of carbocyanines can be easily red-shifted by modifying
the terminal heterocyclic groups and/or by lengthening the
connecting bridge. In the case of carbocyanines 9, 10, and ICG,
their extended heptamethine conjugation brings dye absorp-
tion into the desired NIR wavelength range (Fig. 1 and S8). Thus,
the deep tissue penetrating ability of the low energy photons
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required to activate heptamethine carbocyanines® renders
these chromophores as highly promising PDT agents.*® In
addition to aPDT, indocyanine green is in extensive clinical use
as a fluorescent probe in a variety of biomedical imaging
applications.”* However, ICG bears a net negative charge under
physiological conditions, which could place limits on its effec-
tiveness in aPDT treatment of infections caused by bacteria and
other microorganisms encased by negatively charged cell walls
(e.g., most fungi and yeast).>***

A number of steps were taken to design carbocyanine dyes 9
and 10 as aPDT-optimized photosensitizing agents (Scheme 1).
We placed an electron withdrawing chlorine atom at the meso
position of the heptamethine m-bridge of each dye. This was
done to reduce spontaneous dye autooxidation (no A»),”>*® and
through a heavy atom effect, to increase intersystem crossing
rates to the dyes’ triplet excited states.”” Rigidifying rings (either
cyclohexene or tetrahydro-pyridinium) were incorporated into
the bridges of carbocyanines 9 and 10, respectively. This was
implemented to further red-shift chromophore absorption by
increasing planarity and to suppress non-radiative decay path-
ways that shorten excited triplet state lifetimes.*® Our rationale
for adding a fluorine atom onto each indolium ring of carbo-
cyanines 9 and 10 was to promote dye interactions with the
phospholipid bilayers present in bacterial cell walls. Replacing
aromatic C-H with C-F bonds is a widely used strategy to
increase the membrane permeabilities and hydrophobic tar-
geting binding abilities of marketed drugs.*>*® Examples
include the cardiovascular agent Lipitor, the antidepressant
Flunarizine, and fluoroquinolone antibacterial agents such as
Ciprofloxacin, Levofloxacin, and Moxifloxacin, where fluorina-
tion enhances the drugs' passage through bacterial cell walls.*
Fluorine is a weak hydrogen-bond acceptor that cannot increase
water solubility by hydrogen bonding.®* Moreover, its high
electronegativity holds onto electrons more tightly than
hydrogen, making the C-F bond poorly polarizable relative C-H
and less able to engage in favourable electrostatic/induction
interactions with water.®* This leads to the stronger hydro-
phobic character of aromatic C-F bonds and increased drug
lipophilicity compared to more polarizable C-H environments.
Finally, to enhance interactions with negatively charged bacte-
rial cell walls**?** and DNA,*” we introduced a positively charged
quaternary amino group into dye 10 via the cyclohexene ring of
the linker, leaving dyes 9 and 10 with respective net charges of
+1, and +2 (pH 7.0). Long used in antiseptics and disinfectants,
cell wall-solubilizing quaternary ammonium groups are now
being incorporated into existing antibiotics to afford next-
generation antimicrobial agents with superior activities
against resistant bacteria.®*** While quaternary ammonium
salts are not uniquely selective, they show a distinct preference
for bacterial cells over eukaryotic cells, when present at low
concentrations.*

3.2 Chromophore stability and DNA interactions in solution

UV-visible absorption spectra recorded as a function of time
indicate that heptamethine carbocyanine dyes 9 and 10 are
stable in acetonitrile over 30 min (Fig. 1a and e). The frozen

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV-visible spectra recorded over 30 min for 10 uM of cyanine dyes 9 and 10 in: (a) and (d) neat acetonitrile; (b) and (e) 10 mM sodium
phosphate buffer pH 7.0; (c) and (f) 10 mM sodium phosphate buffer pH 7.0 and 150 uM bp CT DNA (22 °C).

solutions of the dyes remained unchanged over months,
leading us to use CH;CN as a dye storage solvent (—20 °C, no
hv). The absorption bands of dyes 9 and 10 in acetonitrile are all
well-defined, with NIR A, values of 776 nm (dye 9) and 746 nm
(dye 10) accompanied by respective high energy shoulders at
~712 nm and ~688 nm (Fig. 1a and d).

To test for hypsochromic H-type dye aggregation, DMSO
solutions containing 1.0, 2.0, 3.0, 4.0, 5.0 and 10.0 pM of dyes 9
and 10 were read for absorption. (While DMSO was not optimal
for stable, long-term storage of the dyes, it was used in place of
acetonitrile in these experiments to avoid error caused by the
high vapor pressure of the latter solvent (~88 mm Hg at 20 °C)
leading to noticeable evaporation of CH;CN from our 500 pL
cuvettes.) We then employed the A,,,,, absorbance values at each
dye concentration to plot the Beer's Law graphs in Fig. S9 of SI.
The data show that carbocyanines 9 and 10 slightly deviate from
linearity at 10.0 pM of dye due to a decrease in A, absorbance,
particularly in the case of 10 (Fig. S9b and d). Upon carrying out
a similar Beer's law analysis of dye 10's high energy shoulder
(~705 nm in DMSO, Fig S9e), there was a corresponding 10.0
uM absorbance increase (Fig. S9d vs. e). We then charted the
ratios obtained by dividing the absorbance at each dye's Apax
value by corresponding high energy shoulder absorbance
(DMSO; Fig. S10). The results illustrate that the amounts of light

© 2026 The Author(s). Published by the Royal Society of Chemistry

taken up by dye 9 or 10 are diminished at the A;,,.x and enhanced
at the hypochromic shoulder as a function of increasing dye
concentration, a trend suggestive of the conversion of mono-
meric to aggregated dye forms. Polar aprotic solvents such as
acetonitrile®*®* and DMSO®*** possess much weaker hydro-
phobic driving forces than water and therefore do not strongly
promote the aggregation of amphiphilic/hydrophobic solutes.
As a result, it is conceivable that the main absorption bands of
dyes 9 and 10 in CH3CN and DMSO arise from monomeric dye
while the hypsochromic shoulders correspond to H-type
aggregates.®® There is also a possibility that this putative
aggregate absorption overlaps with hypsochromic, main peak
vibrational fine structure, an optical feature in common to
many carbocyanine dyes.*®® Highly linear spectral responses
were seen when we excluded the 10 uM data points, to generate
new Amax Beer's Law plots from 1.0 up to 5 pM of each dye
(Fig. S11b and d). The slopes of the resulting best straight-line
fits were employed to estimate dye molar extinction coeffi-
cients in DMSO: dye 9, &,max = 1.9164 x 10° M~ " em ™" (Apax =
791 nm); dye 10, exmax = 2.1029 x 10° M~ ' em ™, (Apax = 763
nm).

The chemical and optical properties of carbocyanine dyes 9
and 10 in aqueous solutions were studied next. The peak
absorption wavelengths and shoulders of the dyes in sodium

RSC Adv, 2026, 16, 21908-21924 | 21913
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phosphate buffer (pH 7) were blue-shifted by ~3 nm to 7 nm
with respect to neat acetonitrile (Fig. 1b and e vs. a and d). While
both showed some signs of degradation in H,O, the effect was
more pronounced in the case of dye 9, where the putative dye
monomer was converted to a highly unstable, red-shifted
species (Amax = 901 nm; Fig. 1b). The main absorption band
of dye 10 in neutral aqueous buffer, CH;CN, and DMSO has
a very similar shape, bandwidth, and high energy shoulder,
indicating that the monomeric form of the dye and blue-shifted
H-type aggregate might also exist in pH 7.0 buffered water
(Fig. 1d, e and S9c).

Carbocyanine aromaticity and delocalized positive charge
often enhance the ability of these dyes to bind to double-helical
DNA in their monomeric and/or aggregated forms. Depending
on binding mode, the aromatic rings of the monomers can
either intercalate between DNA base pairs or, for both mono-
mers and aggregates, form extensive van der Waals contacts
with the walls of the B-form minor groove.®*”** When we
transferred genomic calf thymus (CT) DNA to our aqueous pH
7.0 buffered dye solutions, nucleic acid interactions were clearly
indicated (Fig. 1c and fvs. b and e). The positions and of main
spectral bands of dyes 9 and 10 were respectively blue- and red-
shifted upon DNA addition, the dyes' high energy shoulders
were red-shifted, and one or more bathochromic shoulders
suggestive of possible J-type dye aggregation®®”* were formed.

3.3 Carbocyanine dye-photosensitized ROS production

3.3.1 DNA photocleavage. Select classical antibiotics,
including some fluoroquinolones (e.g., norfloxacin), B-lactams

a) DNA Cleavage, + 741 nm hv:

Lane: 1 2 3 4 5 6
N —
S —
Dye: - 9 10 - 9 10
hv: - - - + + +

Yield (%): 11#1  9+1  9+1  12+1 26+4 55+4

b) DNA Cleavage, + 780 nm hv:

Lane: 1 2 3 4 5 6
N —
L—
S —»
Dye: - 9 10 - 9 10
hv: - - - + + +

Yield (%): 10+1 11+2 11+4 1242  29+5 7842

Fig. 2 Representative ethidium bromide-stained agarose gels
depicting photocleavage of 38 uM bp pUC19 plasmid DNA in absence
and presence of 50 uM of dyes 9 and 10 (10 mM sodium phosphate
buffer pH 7.0). To prevent interference from heat arising from the LED
lamps, the reactions were left in a ~10 °C metal block either: in the
dark (=), or while being irradiated (+) for 30 min with (a) a 741 nm LED
medical lamp or (b) a 780 nm, 1.8 mW cm~2 LED laser. Abbrevia-
tions: N, nicked; L, linear; S, supercoiled. Yields were averaged over 2
to 3 trials. Error bars show standard deviation.
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(e.g., ampicillin) and aminoglycosides (e.g., kanamycin), trigger
metabolic shifts that amplify ROS production.””* Although the
ROS are not the main mechanism for killing bacterial,” the
damage to bacterial DNA caused by the ROS increase has been
proposed to play a contributing, secondary role.”>”* This being
said, photosensitization reactions are known to generate ROS
that cause significant DNA damage in the form of DNA adducts
and/or direct strand breaks.”®

To test carbocyanine dyes 9 and 10 for ROS activity, neutral
aqueous solutions of E. coli plasmid DNA in the absence and
presence of dye were either kept in the dark or irradiated for
30 min with a light source overlapping dye absorption: a broad
spectrum 741 nm LED medical lamp (spectral output 707 nm to
759 nm) or a monochromatic 780 nm LED laser (Fig. 2). The
reactions were then electrophoresed on non-denaturing agarose
gels.* A change in the conformation of the plasmid from
a compact, rapidly migrating supercoiled state to less mobile,
nicked and linear DNA forms revealed photosensitized direct
strand breakage of the DNA by both carbocyanine dyes (Fig. 2).
Minimal levels of cleavage appeared in reactions without dye
and/or irradiation. Under the 741 and 780 nm light sources, dye
10, with a net charge = +2, was significantly more reactive
towards the negatively charged DNA than mono-cationic dye 9.
Our findings complement a number of published studies in
which polymethine carbocyanine dyes*>*”””® and asymmetrical
cyanines” photosensitize the production of DNA cleaving ROS
in the visible or near-infrared wavelength range. The DNA
photocleavage yields in our experiments likely reflect a combi-
nation of factors including dye stability, the molar absorptivity
of each DNA/dye complex vs. lamp spectral output, and DNA/dye
binding affinity.

DNA cleavage levels at dye 10 concentrations ranging from
2.5 pM up to 50 pM were examined next (741 nm kv, 30 min, pH

a) Dye 10 Concentration Titration, dark:

Lane: 1 2 3 4 5 6 7 8

N —

S —»
Dye(uM): 0 25 5 10 20 30 40 50
hv: - - - - - - - -

Yield (%): 8+4 11+8 13+3 13+4 8+2 845 9+2 9+3

b) Dye 10 Concentration Titration, 741 nm hv:

Lane: 1 2 3 4 5 6 7 8

N —

s —
Dye(M): 0 25 5 10 20 30 40 50

hv: - - + + + + + +

Yield (%): 103 15+2 16+6 26+1 37+40 50+3 55+9 51+9

Fig. 3 Representative agarose gels showing photocleavage of 38 uM
bp pUC19 DNA in the presence of dye 10 concentrations ranging from
0-50 puM (10 mM sodium phosphate buffer pH 7.0; 10 °C). Reactions
were either (a) kept in the dark, or (b) irradiated with a 741 nm LED lamp
(0.3 W cm™2; spectral output 707-759 nm) for 30 min. Errors represent
standard deviation. Abbreviations: N, nicked; S, supercoiled.
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Fig. 4 Fluorescence emission of ROS probes. Reactions containing
10 mM sodium phosphate buffer (pH 7.0) in the presence and absence
of 0.5 uM of dyes 9 and 10 and either (a) 3 uM of HPF or (b) 1 uM of
SOSG, were either kept in dark or irradiated using the 780 nm, 1.8 mW
cm™2 LED laser and/or a 741 nm, 0.3 W cm™2 LED medical lamp
(30 min, 22 °C, no DNA). HPF (a) and SOSG (b) emission was recorded
at 525 nm upon 490 nm excitation, normalized relative to respective
75 nM and 350 nM fluorescein standards, and averaged over 3 trials.
Error bars represent standard deviation.

7.0; Fig. 3). As expected, photosensitized direct strand breakage
generally increased with the amount of dye present in the
reactions. Statistically significant levels of DNA photocleavage
appeared at 10 uM of dye 10, reaching a plateau at 30 uM to 50
uM of dye.

3.3.2 Identification of dye-photosensitized ROS. Potential
ROS include superoxide anions radicals (O, ), hydrogen
peroxide (H,0,), hydroxyl radicals ("OH), and singlet oxygen
(*0,), but only "‘OH and 'O, are reactive enough to directly break
DNA.**** To test for hydroxyl radical and singlet oxygen
production by carbocyanine dyes 9 and 10, we respectively
employed the fluorescent probes hydroxyphenyl fluorescein
(HPF) and Singlet Oxygen Sensor Green (SOSG).** Samples
containing sodium phosphate buffer (pH 7.0) and HPF or SOSG,
in the absence and presence of carbocyanine dyes 9 or 10, were
either kept in the dark or irradiated at 780 nm and/or 741 nm
(30 min, 22 °C). DNA was not included due to the ability of
nucleic acids to rapidly scavenge ‘OH and '0,.7 After the irra-
diation interval, the HPF and SOSG samples were loaded into

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the wells of a microplate and read for fluorescence with
a microplate reader (Fig. 4). Significant levels of "OH and 'O,
were detected by the probes in the reactions containing dye 10
(net charge = +2). It is therefore possible that hydroxyl radicals
and/or singlet oxygen contribute to the relatively high DNA
cleavage levels photosensitized by this dye (Fig. 2). On the other
hand, reactions with dye 9 (net charge = +1) gave rise to only
slightly more fluorescence than irradiated control reactions
without dye, even when the 0.3 W cm ™2 741 nm broad spectrum
medical lamp was replaced with the more powerful 1.8 mW
ecm ™2 780 nm monochromatic laser (Fig. 4). Due to the insta-
bility exhibited by dye 9 in pH 7.0 buffered water (Fig. 1b), and
the low levels of DNA photocleavage (Fig. 2) and DNA cleaving
ROS (Fig. 4) photosensitized by this dye, most of the remaining
studies in this paper are on focussed on carbocyanine 10.

While SOSG is highly specific for '0,,* the popular hydroxyl
radical probe HFP detects ("OH), peroxynitrite anions (ONOO ™),
superoxide anions radicals (O, "), hypochlorite anions (ClO™),
singlet oxygen (*0,), and hydrogen peroxide (H,0,) at ratios of
730 (for "OH): 120 (for ONOO™): 8 (for O, ~): 6 (for ClO™): 5 (for
10,): 2 (for H,0,).** To confirm the specificities of SOSG and
HPF for the respective analytes 'O, and "OH, we next included
the following chemical additives in cyanine dye 10 reactions:
sodium benzoate, which scavenges hydroxyl radicals at near
diffusion-controlled rates,®> the Fe®' chelator deferoxamine
mesylate (DFM), which would reduce the formation of hydroxyl
radicals arising from Fenton Chemistry,”* and deuterium
oxide, a solvent that extends the half-life of singlet oxygen by
a factor of 10.*® Upon irradiating dye 10, both sodium benzoate
and DFM significantly decrease the HPF signal while D,O
enhances SOSG fluorescence, thus supporting the respective
detection hydroxyl radicals and singlet oxygen by the HPF and
SOSG probes (Fig. 5).

ROS Detection: Dye 10, 741 nm hv + Chemical Additive:

Fluorescein
HPF +10

HPF +10 + SB
HPF + 10 + DFM
Fluorescein
SOSG + 10

SOSG + 10 +D,0

Fig. 5 Samples contained 10 mM sodium phosphate buffer pH 7.0, 3
uM HPF or 1 uM SOSG, 0.5 pM dye 10 in the absence and presence of
a final concentration of: 100 mM of sodium benzoate, 5 mM of DFM,
and 90% D,O (v/v). The reactions were irradiated for 30 min using
a 741 nm, 0.3 W cm™2 LED lamp (22 °C, no DNA). HPF and SOSG
emission at 525 nm was recorded upon 490 nm excitation. Error bars
represent standard deviation. HPF (left) and SOSG (right) emission data
were normalized relative to respective 75 nM and 350 nM fluorescein
standards and were averaged over 2 to 4 trials. Error is reported as
standard deviation.
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Table 1 DNA photocleavage upon additive addition®

Reagents Species Decrease in DNA

added targeted direct strand breaks (%)
Na'benzoate "OH 77+3

EDTA M 81+3

Tiron 0, 59+ 8

D,O 10, 4+5

“ To reactions containing 10 mM sodium phosphate buffer pH 7.0, 38
uM bp of pUC19 plasmid DNA, and 30 puM of dye 10, a final
concentration of one of the following chemicals was added: sodium
benzoate (100 mM), EDTA (100 mM), Tiron (10 mM), or 79% D,O (v/
v). The samples were kept in dark or were irradiated for 30 min
alongside controls without additive using a 741 nm LED lamp (0.3 W
em™?% 22 °C). Cleavage inhibition yields were averaged over 3 trials
with error reported as standard deviation. A representative gel appears
in Fig. S12 of SL.

3.3.3 DNA photocleavage mechanisms. To establish a link
between hydroxyl radicals, singlet oxygen, and the DNA strand
breakage (Fig. 2), reactions containing dye 10 and pUC19
plasmid DNA in the absence and presence of chemical additives
were irradiated and then resolved on agarose gels. In addition to
sodium benzoate and deuterium oxide, we employed the metal
chelating agent EDTA, and Tiron to scavenge the hydroxyl
radical precursor superoxide.®* The percent of DNA photo-
cleavage inhibition caused by each additive was calculated after
integrating gel photographs (Table 1). The resulting data show
that sodium benzoate, EDTA, and Tiron significantly reduce the
formation of dye 10-photosensitized DNA direct strand breaks,
while replacing water with 79% D,O (v/v) has a negligible effect
(Table 1 and Fig. S12 in SI). Taken together with the HPF
experiments in Fig. 4a and 5, these results suggest that hydroxyl
radicals generated through metal-assisted Fenton chemistry
contribute to DNA photocleavage by dye 10 (Fig. 2, 3, and
S12).%% Hydroxyl radicals vigorously cut the DNA backbone by
abstracting hydrogen atoms from 2-deoxyribose.* In contrast,
singlet oxygen mostly generates 8-hydroxy-2’-deoxyguanosine
lesions (8-OHdG),*® accompanied by small amounts of direct
strand breakage.*”*® The oxidized DNA adduct 8-OHdG requires
alkaline conditions for DNA cleavage,® and therefore cannot be
detected by non-denaturing agarose gel electrophoresis.

Redox active metal ions that fuel Fenton Chemistry are
commonly found in trace amounts in purified plasmid DNA and
in laboratory reagents including distilled water (e.g., metals
transferred from plasticware, equipment and the fumes and
aerosols in ambient air).**®* Adventitious levels of weakly
chelated, redox active iron and copper ions are also present in
living organisms under conditions of oxidative stress,’>* where
they play a major role in accelerating cellular damage and death

94-96

through rapid Fenton-driven hydroxyl radical production.

3.4 DNA binding mode analyses

3.4.1 UV-visible spectrophotometry. Absorption spectra of
dye 10 in pH 7.0 buffered ddH,O were sequentially recorded
upon CT DNA addition (Fig. 6). As the DNA concentration of the
solution was gradually increased, the dye's main peak was red-
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Fig. 6 UV-visible absorption spectra of solutions containing 10 uM of
dye 10, 10 mM sodium phosphate buffer pH 7.0 in the absence and
presence of increasing CT DNA concentrations from 27 uM bp up to
1223 uM bp (22 °C).

shifted from 740 nm to 746 nm and then gained intensity,
confirming dye/DNA binding interactions. The final, main
746 nm dye absorption band at 1223 pM bp of DNA (solid black
line in Fig. 6), is very similar in shape to the main absorption
band of free dye in the buffer (dashed black line in Fig. 6, Ayax =
740 nm), CH;3CN (Fig. 1d, Apax = 746 nm), and DMSO (Fig. S9c,
Amax = 763 nm), suggesting that the dye is interacting with DNA
in its monomeric form. The high energy shoulder between
~685-693 nm, a putative H-type aggregate (Fig. 1f), lost
absorption upon DNA addition. At the same time, a red-shifted
shoulder between ~785-780 nm emerged, then gradually
subsided as the titration was continued, confirming possible J-
type aggregation of cyanine dye 10 (Fig. 1f).”* While B-form DNA
serves as a template for dye aggregation, raising DNA concen-
trations above threshold levels “solubilizes” H-"° and J-*
cyanine aggregates to re-form monomeric dye and lower order
aggregates. Initial UV-visible spectra containing the DNA likely
represent the absorption of free and bound dye, with the
equilibrium gradually shifting towards the DNA-bound state as
more nucleic acid is added. The titration experiment was
stopped after the added volume of concentrated DNA exceeded
10%*” of the initial 500 pL solution volume to avoid disrupting
binding equilibria. As a results, a titration endpoint could not
be reached (Fig. 6).

3.4.2 Circular dichroism. Binding interactions between
chiral B-form DNA and achiral ligands generate induced
circular dichroism (ICD) signals that give valuable insights into
ligand DNA binding modes. For example, the ICDs of DNA
intercalators are relatively weak and have signs that are either
positive or negative when the orientation of the dye's transition
moment relative to the pseudo dyad axis of the DNA duplex is
either parallel or perpendicular, respectively.”® Monomeric and
dimeric ligands that bind to the DNA minor groove are typically
associated with strong positive ICD signals.®®*® Upon forming
end-to-end dimers and higher order aggregates, most DNA
ligands bind either externally”® or in the DNA minor

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Double y-axis plots superimposing the circular dichroism (CD) and/or induced circular dichroism (ICD) spectra and corresponding UV-
visible absorption (Abs.) spectra. Data were recorded for samples containing 10 mM sodium phosphate buffer pH 7.0 in the absence and
presence of 10 uM of dye 10 and CT DNA concentrations ranging from 0 uM bp up to 1223 uM bp (22 °C). Absorption, CD & ICD spectra are
plotted from 200 nm to 900 nm (left panel); absorption & ICD spectra are plotted from: 600 to 900 nm (right panel). The absorption spectra were

taken from Fig. 6.

grooves.®®”*”* This aggregate formation typically generates
a strong, signature exciton coupling ICD signal that when
compared to the absorption spectrum of the aggregate can be
used to determine not only aggregate handedness but H vs. ]
character.®* In the case of cyanine H aggregates bound to
right-handed B-form DNA, the main absorption band of the
aggregate is usually blue-shifted relative to the dye monomer
and sits near the high energy, negative lobe of the bisignate ICD
couplet.’ When staggered ] aggregates interact with B-form
DNA, the ordering is usually reversed. The aggregate's main
absorption band is red-shifted relative to the monomer and
overlaps with the low energy, positive couplet lobe.'**"* The
negative high-energy, positive low-energy lobe patterns of H and
J aggregates bound to B-form DNA generally point to right
handed exciton geometry consistent with the right handed B-
form helix.”

We next recorded circular dichroism spectra of cyanine dye
10 in the absence and presence of increasing CT DNA concen-
trations. The ICD signals generated by binding of the achiral
dye to the chiral DNA were then superimposed on correspond-
ing dye absorption on double Y axis plots (Fig. 7). As expected,
no CD signal was seen for achiral dye 10. However, when DNA
was introduced, the titration data revealed a strong bisignate
exciton coupling ICD signal consistent with right-handed J-
aggregation templated by right-handed B-form DNA.” The bi-
signate feature is comprised of a negative 742-741 nm short
wavelength lobe followed by a positive 785-780 nm long wave-
length component that overlaps the DNA-induced, ~785-
780 nm long wavelength shoulder in the absorption spectra of
dye 10 (Fig. 7). Upon the sequential DNA addition, the positive
ICD peak exhibits intensity changes (solid arrows in Fig. 7) like
those seen in the long wavelength absorption shoulder (dashed
arrows). Compared to the positive 785-780 nm bisignate ICD
component, the negative 742-741 nm exciton peak is less
intense, a spectral feature in common to many'**'*>'** but not
all”* DNA bound cyanine J-aggregates. The attenuated intensity

© 2026 The Author(s). Published by the Royal Society of Chemistry

and 702-692 nm shoulder of the negative ICD exciton Iobe
might also be related to underlying, masked, positive ICD
signals generated by competing DNA binding modes'* (e.g., the
putative 692-690 nm H-aggregated and 740-746 monomeric
forms of dye 10; Fig. 7).

3.4.3 Fluorescence spectroscopy. Strong enhancements in
fluorescence are commonly observed when cyanine monomers
intercalate in between DNA base pairs. Conformational twisting
is highly restricted by this binding mode, preventing non-
radiative decay from the dye's singlet excited state and
increasing fluorescence quantum yields.®® In contrast, emission
tends to be weaker when cyanine monomers bind in the DNA
minor groove,'” and is usually quenched upon the formation of
groove-bound H-aggregates.”®'*® To re-screen for intercalative
DNA binding by the monomeric form of dye 10, fluorescence
spectroscopy was employed.

Emission spectra of carbocyanine dye 10 were recorded in
the presence of 0, 106, 567, 1042, and 1223 pM bp of CT DNA
(pH 7.0; Fig. S13). The samples were excited at 680, 740, 760 and
780 nm, wavelengths strongly overlapping absorption by free
and/or DNA-bound dye (Fig. 1e, f and 6). At all excitation
wavelengths, apparent fluorescence emission peaks were
observed. However, the peaks were found to be light scattering
artefacts because they consistently appeared in parallel control
solutions without dye, ever after soaking the fluorescence
cuvettes in concentrated sulfuric acid overnight (Fig. S13). The
results of these experiments suggest that dye 10 does not engage
in a significant degree of DNA intercalation. However, the
absence of fluorescence does not necessarily rule out the
possibility of J-type aggregation. While DNA-templated cyanine
J aggregates generally fluorescence, their emission is highly
dependent on dye structure and the local environment.®®
Interactions between cyanine J aggregates and DNA can intro-
duce changes in molecular geometry that accelerate competing
that strongly quench

non-radiative decay pathways

emission, 01103107
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3.4.4 Competitive binding analyses. To test for groove
binding interactions, the classical groove binders pentamidine
and methyl green were used to displace pre-bound dye 10 from
B-form duplex DNA (pH 7.0). Pentamidine, a well-studied
aromatic diamidine with therapeutic activity against
a number of infectious fungi and protozoa, binds deeply within
the narrow minor groove of AT-rich DNA sequences, making
substantial van der Waals contacts with the groove walls,
hydrogen bonding interactions with bases, and distant elec-
trostatic interactions with the negatively charged oxygen atoms
in the DNA backbone.'”® Some reported equilibrium dissocia-
tion constants (Kp) for pentamidine with AATT rich double
stranded DNA range from ~5.55 to 7.69 uM, depending on the
analytical method employed (pH 7.0).'* By comparison, methyl
green is a bulky triphenylmethane dye that binds in the wider
DNA major groove also with a preference for AT rich
sequences.'’® Methyl green interacts with DNA in a semi-
external fashion with its positively charged dimethylamino
groups in close proximity to the negatively charged phosphate
backbone, and its hydrophobic core packed against the exposed
base edges in the major groove floor."** A reported Kp, value of
methyl green for B-form DNA is ~11.3 uM (pH 6.9, 50 mM
NaCl), which decreases as a function of increasing ionic
strength.”*> The respective minor and major groove binders
pentamidine'® and methyl green™ can effectively complete for
binding sites in B-form DNA, directly displacing ligands pre-
bound to their individual grooves.

a) Dye 10 + DNA vs. pentamidine
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et |
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b) Dye 10 + DNA vs. methylene green
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Fig. 8 UV-visible absorption spectra of solutions containing 10 mM
sodium phosphate buffer pH 7.0 mixed with combinations of 10 uM of
dye 10, 150 uM bp CT DNA, and (a) 250 uM of pentamidine (P) or (b)
250 uM of methyl green (MG).

21918 | RSC Adv, 2026, 16, 21908-21924

View Article Online

Paper

To “push” dye 10 off B-form DNA, to samples containing pH
7.0 buffer, we added one or more of the following agents in the
order: CT DNA, dye 10, methyl green or pentamidine. UV-visible
absorption spectra of the resulting solutions were then recorded
and compared as shown in Fig. 8 and S14. When either
competing ligand, methyl green or pentamidine, was added to
dye 10/CT DNA solutions, the dye's spectral absorption band
reverted back to a shape very similar to the band generated by
free dye in buffer (no DNA; blue lines, Fig. 8), but was markedly
different from corresponding band in the UV-visible spectrum
of DNA-bound dye (no competitor; black lines, Fig. 8). When
DNA was omitted from the prepared solutions, methyl green
and pentamidine addition did not significantly change cyanine
dye 10's main UV-visible band (green vs. blue lines in Fig S14).
This suggests that the groove binders pentamidine and methyl
green are unlikely to “remove” dye 10 from B-form DNA by
directly binding to free dye and shifting its equilibrium in
solution. Our spectra instead indicate that the competitors eject
the dye by binding directly to DNA. A careful look at Fig. 8 shows
that major groove binder methyl green is in fact more effective
than minor groove binding pentamidine in resorting the
740 nm A, of the putative monomeric form of free dye 10 and
in eliminating the bathochromic shoulder that our CD studies
associated with DNA templated J-type aggregation (Fig. 7). Do
the competitors displace dye 10 by directly competing for DNA
binding sites in their respective grooves or by altering DNA
structure? Pentamidine causes only minimal distortions to the
B-form helix, which primarily occur in the DNA minor
groove.'*®'* Similar to pentamidine,’*®'** the major groove
binder methyl green affects only minor DNA structural
changes.''* However unlike pentamidine,'** methyl green
binding to the major groove can initiate cross-talk that can
cause weak to moderate levels of displacement of DNA ligands
from the opposing minor groove.'*> There are no clear and
explicit examples of cyanines that bind to the B-form DNA major
groove, only limited, indirect evidence of major groove inter-
actions."'®'” The shape, size, and hydrophobicity of most
monomeric and aggregated cyanine dyes are a much better fit
for narrower width of the B-form DNA minor groove.®® This
being considered, our pentamidine results suggest that dye 10
binds directly to the minor groove of DNA. While the efficient
displacement of cyanine dye 10 by methyl green could point to
direct, major groove interactions, displacement by cross-talk
between grooves is indicated by literature precedent.'****”

3.5 Antimicrobial photodynamic activity in E. coli

We next compared the photodynamic effects of the di-cationic
and mono-cationic heptamethine carbocyanine dyes 10 and 9
vs. the established aPDT agents®***® mono-anionic hepta-
methine carbocyanine indocyanine green and the mono-
cationic phenothiazine dye methylene blue, in Gram-negative
XL1-Blue K-12 E. coli cells.* This was done by equilibrating
parallel solutions of the dyes at concentrations ranging from
0 to 50 uM in the dark or under 638 nm (MB) or 780 nm (9, 10,
ICG) illumination. After spreading the cells on individual LB

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Final dye concentrations ranging from: (a) O to 32 uM of 9, (b)
0to 0.6 uM of 10, (c) 0 to 50 uM of indocyanine green (11), and (d) O to
50 uM of methylene blue (12; Fig S1) were added to aliquots of cultured
E. coli strain K12 cells in LB broth (40 ulL total volume). Each reaction
was equilibrated for 5 min, then the cells were either kept in the dark or
irradiated for 30 min with: (a—c) a 780 nm, 1.8 W cm™2 LED laser or (d)
2638 nm 2.8 W cm™2 LED laser (22 °C). Reactions were then spread on
LB plates and grown for 16 h at 37 °C in the dark. Colonies were
counted using ImageJ software. Each point on the plot represents the
average cell viability (%) from 3 independent trials, with error bars
indicating standard deviation.

plates and overnight incubation, cell viability percentages were
calculated (Fig. 9).

Our results show that all four dyes were more toxic to the
bacterial cells when irradiated, with light alone having no effect
on cell viability (red vs. blue lines). Under 780 nm hv, carbo-
cyanine 10 was ~10 times more effective in inhibiting E. coli
bacterial growth compared to dyes 9, ICG, and MB (Fig. 9 and
S1). Most notably, at 0.20 uM of carbocyanine dye 10, a total of 8
+ 3% of cells survived under 780 nm NIR illumination
compared to 75 £ 6% of dye-treated E. coli cells kept in the dark.
Compound 10, a dicationic carbocyanine with terminal fluori-
nated indolium rings and a central heptamethine bridge with
a chlorinated cyclohexene quaternary ammonium group, also
shows ~ tenfold greater photodynamic efficacy in eliminating
Gram-negative E. coli when compared to results reported in the
literature for premiere NIR carbocyanine dyes, including those
modified with heavy atoms to optimize ROS yields.*”~** These
comparator dyes are mono-*"** or dicationic*® carbocyanines
with benzylated 4-quinolinium,* benzoselenazole,*” benzo-
thiazole,” or iodinated indolium*® terminal groups, connected
by a pentamethine® or heptamethine**® bridge, with*" or
without*®*® a central chlorinated cyclohexene ring.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

Antimicrobial photodynamic therapy (aPDT) has emerged as
a promising strategy to response to the challenge to global
health presented by antibiotic resistant bacteria.>* Upon light
activation, aPDT agents generate cytotoxic, short-lived ROS with
broad oxidative capabilities'*** that suppress the development
of drug resistance**'® and demonstrate efficacy against
bacterial infections resistant to multiple drugs.***®

With a single quaternary ammonium group (QAC = 1) and
an overall charge of +2, carbocyanine 10 demonstrated signifi-
cantly greater efficacy than mono-cationic dye 9 (QAC = 0) in
photosensitizing DNA direct strand breaks, hydroxyl radical and
singlet oxygen generation, and Gram-negative bacterial cell
death (Fig. 2, 4, and 9). Design elements in common to both
dyes include: extended polymethine conjugation to red-shift
absorption into the tissue-penetrating NIR wavelength range,
and the placement of halogen atoms, chlorine to reduce dye
autoxidation®**® and to promote intersystem crossing from the
singlet to triplet excited dye states,’” and fluorine to encourage
hydrophobic interactions with the phospholipid bilayers
present in bacterial cell walls.®* Taking into consideration that
DNA?* and bacterial cell walls are negatively charged,*®*® our
comparison of carbocyanines 9 and 10 underscores the impor-
tance of QAC content and net positive charge to the photody-
namic action of antibacterial aPDT agents. We are now
incorporating new quaternary ammonium design elements into
next-generation NIR cyanine-based photosensitizers for anti-
microbial applications.
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