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Introduction

Enhanced photoinduced antimicrobial properties
of a copper(i) polypyridine naphthalene diimide
complex for wound infection treatment and
biomolecular interactionst

Leila Tabrizi,{* Kaja Turzanska, " Ross McGarry,? Chloe Mullen,?

John T. Costello, I € Deirdre Fitzgerald-Hughes (2 ** and Mary T. Pryce () *2
In this study, we synthesised and characterised a copper() naphthalenediimide-phenanthroline
(NDI-Phen) compound and the corresponding copper complex. The photophysical properties of both the
copper complex, Cu(NDI-Phen)Cl, (Cul) and the N-octyl-N-[1,10]phenanthroline-1,4,5,8-naphthalenete-
tracarboxylic-diimide (NDI-Phen, L1) were probed using laser flash photolysis on the nano to micro-
second timescales. The biological properties of the Cul complex and L1 were evaluated based on their
interactions with DNA, bovine serum albumin (BSA), and their antimicrobial properties against clinically
important pathogens were determined. The binding affinity of the Cul complex with calf thymus DNA
(CT DNA) was evaluated using UV-Vis absorption titrations, and fluorescence quenching measurements.
The results indicate a stronger intercalative binding mode for the copper complex, compared to L1,
suggesting enhanced stabilisation with the DNA helix. The interaction with BSA was also studied for the
Cul complex, which exhibited a higher quenching and binding constant compared to L1. This suggests a
stronger and more stable interaction with the protein, which may improve its bioavailability and resistance
to degradation under physiological conditions. The Cul complex demonstrated superior antibacterial
activity when compared to L1. These findings suggest that complexation of the NDI-Phen unit with a
copper centre significantly improves its potential as an antibacterial agent.

countries to preserve the efficacy of current antibiotics, invest-
ment in the antimicrobial pipeline is lacking. Relatively few new

Antimicrobial medicines are critical to human and animal
health. They are used therapeutically in the management of
infections and to support safer medical and surgical pro-
cedures, including cancer chemotherapy, organ transplant and
insertion of in-dwelling medical devices. Antimicrobial resis-
tance (AMR) is a natural evolutionary process among microor-
ganisms, amplified by the widespread use and/or inappropri-
ate use of antibiotics. AMR is among the top global threats to
human health and the delivery of global healthcare."” While
antimicrobial stewardship programs are implemented in many
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antibiotics have been approved for clinical use in recent years.
Most are derivatives of previously approved antibiotics and offer a
short-term solution, since the resistance mechanisms against
them are already established in nature.*” Multidrug resistant bac-
teria that represent the gravest threats to patients in health care
facilities are classified as priority pathogens by the World Health
Organisation (WHO). The Infectious Disease Society of America
(IDSA) coined the acronym ESKAPE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa and Enterobacter species) to
encompass these pathogens.®

The AMR crisis results in increasingly limited antibiotics
choices or reliance on more toxic or costly antibiotics, treat-
ment failures, increased morbidity/mortality rates and signifi-
cant costs. New drugs with entirely novel mechanisms of
action to those currently available and with efficacy against
ESKAPE pathogens should be a priority for novel antimicrobial
development.*”

Merging of expertise from inorganic chemistry and biology
have resulted in the development of metal-based pharmaceuti-
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cals with transformative human health impacts in other areas
of medicine, most notably cisplatin in cancer chemotherapy.®
Among the transition metal complexes with antimicrobial pro-
perties, copper(u) complexes have been extensively studied.
Copper is a bio-essential ion due to its redox nature and is
responsible for several bioactivities in living organisms, such
as enzymatic functions, electron transport, and redox
signaling.”*® In addition to well-documented anticancer
activity,"* 2 copper(u) complexes exhibit significant antimicrobial
activities.”*® 1,10-Phenanthroline and its derivatives are a sig-
nificant group of heterocyclics that act as chelating ligands in
coordination chemistry and building blocks in supramolecular
chemistry.*® The photochemical and redox properties of hetero-
cyclic complexes can be modified via suitable substitution on the
phenanthroline rings.*"**> Metal complexes of phenanthroline or
modified phenanthroline ligands have potential in biological
applications, with many having demonstrated DNA cleavage and
antimicrobial activity.*>** The interaction of copper() complexes
with DNA is another significant aspect of their biological activity.
Copper complexes can bind to DNA through intercalation, groove
binding, or electrostatic interactions, affecting the DNA structure
and function. This binding can lead to DNA cleavage, which is
central to anticancer therapies where DNA damage can induce
cell death in rapidly dividing cancer cells.*>™” Zelenko and col-
leagues (1997) synthesised Cu(phen), and demonstrated its
“chemical nuclease” activity. Cu(phen), was proposed to partially
bind to DNA via the intercalation of one phenanthroline
I_ing.48750

Metal-based complexes, including those of copper(u), have
been reported to exhibit strong binding affinities to serum pro-
teins such as bovine serum albumin (BSA).*> These inter-
actions can significantly influence their bioavailability, distri-
bution, and elimination in biological systems. Understanding
protein binding is therefore a key aspect in evaluating the
pharmacokinetics and pharmacodynamics of metal-based
therapeutic agents.*®*’

Naphthalenediimide (NDI) derivatives are a class of
n-electron-deficient, planar, and highly redox-active dyes that
strongly absorb between 330-380 nm range. While their
absorption in the near-UV region (~350 nm) limits their utility
in, in vivo diagnostic imaging—primarily due to poor tissue
penetration and autofluorescence interference, recent develop-
ments have however demonstrated that NDI-based systems
remain viable for therapeutic applications. In particular, the
design of heavy-atom-free NDI-based donor-acceptor-donor
structures has enabled dual-functional photodynamic and
photothermal therapy (PDT-PTT), particularly under hypoxic
tumor conditions where traditional oxygen-dependent PDT
often fails. Min et al. (2025) demonstrated that NDI-based
nanoparticles can effectively generate Type I ROS while also
achieving high photothermal conversion efficiency (19.7%),
thus offering a potent oxygen-independent therapeutic strat-
egy.’! Additionally, recent work has shown that core-extended
NDI systems can act as selective, light-activated cytotoxic
probes targeting tumor cells, and that related perylenediimide
scaffolds are increasingly applied in phototherapy and bio-
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imaging contexts.’>** These findings indicate that, although
conventional diagnostic use may be constrained by optical pro-
perties, there are potential routes to developing therapeutic
NDI-based platforms.

Recently, several NDI scaffolds were reported as anticancer
agents, with properties of double stranded or G-quadruplex
DNA binding, and reactive oxygen species (ROS)
generation.>*™>® The nature and size of the side-chain terminal
groups in NDI, which provide electrostatic interactions, are
important factors in its binding selectivity.”> Recently, Kuipers
et al. reported the antibacterial activity of a Guanidine DNA
quadruplex (G4-DNA) ligand library, based on the NDI phar-
macophore, against both Gram-positive and Gram-negative
bacteria.’” Some platinum(u) diimine complexes of NDI are
reported as electron-acceptor groups.’®>°

In this study, we have synthesised a novel mononuclear
copper(u) complex, designated as Cul, comprising N-octyl-N-
[1,10]phenanthroline-1,4,5,8-naphthalenetetracarboxylic-diimide.
This innovative antimicrobial agent integrates a copper(u) centre,
1,10-phenanthroline, and photo-activated singlet oxygen, offering
a unique approach to combating microbial infections. We investi-
gated the photophysical properties, as well as the antibacterial
efficacy of Cul against representatives of ESKAPE pathogens.
These pathogens included reference laboratory strains and clini-
cal isolates, specifically those recovered from wound infections.
Furthermore, we explored the photo-active antibacterial capabili-
ties of Cul when incorporated into a hydrogel matrix, aiming to
enhance its practical application in medical treatments. Pluronic
F127 is a hydrogel used for drug delivery in a range of therapeutic
applications. It produces a transparent gel, useful for topical
applications due to its biocompatibility and furthermore, it can
be loaded with antibiotics or antimicrobial compounds.
Although it has anti-adhesive properties, studies show that it has
no intrinsic antimicrobial activity.®® Incorporation of Cul into
the hydrogel not only demonstrated sustained antibacterial
activity under light activation but also presented a viable method
for localised treatment of infections. In addition to its antibacter-
ial properties, we assessed the DNA/BSA-binding activity of the
complex, which could further elucidate its mechanism of action
at the molecular level. To the best of our knowledge, this is the
first instance of designing a naphthalene-diimide copper
complex tailored for biological applications. Our findings suggest
that Cul has potential to be used as a multifunctional agent in
developing improved treatment strategies for wound infections
and related conditions.

Experimental
Materials and instruments

All chemicals and solvents were obtained from Aldrich
Chemicals Co. Anhydrous solvents with sure/seal were used
under a nitrogen atmosphere. NMR spectra were recorded on a
Bruker 600 MHz spectrometer and were referenced to the
deuterated solvent peak as an internal reference. FT-IR spectra
were obtained at room temperature using the Thermo

This journal is © The Royal Society of Chemistry 2025
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Scientific Nicolet iS5 IR-ATR instrument and Omnic Spectra
software. The UV-Vis and emission spectra of Cul and L1 were
recorded using a Horiba Duetta Fluorescence and Absorbance
Spectrometer. All solutions were prepared in spectroscopy
grade chloroform (Merck Life Science Ltd) using 1 cm quartz
fluorescence cuvettes. Mass spectrometry was conducted using
a Waters LCT Premiere XE mass spectrometer. Electron spray
ionisation (ESI) (positive mode, Na") and a time of flight (TOF)
mass analyser were employed. The samples were dissolved in a
solution of 1% DMF in acetonitrile (ACN).

Time correlated single photon counting

Time correlated single photon counting (TCSPC) measurements
were carried out using an FLS 1000 Photoluminescence spectro-
meter (Edinburgh Instruments) with a 375 nm diode laser. All
samples were prepared to an absorbance of 0.3 at 375 nm, in a
1 cm quartz fluorescence cuvette. Lifetime measurements were
obtained using both air equilibrated and N, purged samples.
The UV-Vis spectra of the samples were compared, before and
after the experiment to check for photostability. The analysis of
the results was performed using Floracle® software.

Nanosecond transient absorption spectroscopy

Nanosecond transient absorption spectroscopy was performed
using a LP980 transient absorption spectrometer (Edinburgh
Instruments) with a Q-smart Q450 (Quantel) laser providing
pulses with 3 mJ of energy at 355 nm. Samples were prepared
by the Schlenk technique in speciality designed 1 cm fluo-
rescence quartz cuvettes and measured under a N, environ-
ment. Similar to the TCSPC measurements, the optical density
of the samples was ~0.3 at 355 nm. The UV-Vis spectrum of
the samples was compared, before and after the experiment to
check for the presence of photodegradation. The analysis of
the results was performed using L900® software.

Synthesis

Synthesis of N-octyl-N-[1,10]phenanthroline-1,4,5,8-naphtha-
lenetetracarboxylic-diimide (L1). L1 was prepared according to
literature procedures.”®*® 'H NMR (CDCl;, 600 MHz) § =
9.14-9.24 (m, 2H), 8.79 (s, 4H), 8.23-8.25 (m, 1H), 7.92-7.94
(m, 1H), 7.84 (s, 1H), 7.64-7.66 (m, 1H), 7.52-7.54 (m, 1H),
4.17 (t, ] 7.68, 2H), 1.66-1.74 (m, 2H), 1.48 (s, 10H), 0.82 (t, t, J
6.84, 2H). *C NMR (CDCl;): § = 162.2, 158.8, 133.2, 131.2,
128.8, 127.9, 126.8, 122.7, 41.2, 31.8, 30.9, 29.3, 29.1, 27.0,
22.6, 14.1. FT-IR (ATR): v 3076 (W), 2954 (w), 2922 (W), 2850 (w),
1708 (m), 1660 (s), 1580 (m), 1509 (w), 1450 (w), 1421 (w), 1371
(w), 1340 (s), 1242 (s), 1190 (m), 1133 (w), 1088 (m), 1017 (w),
974 (w), 886 (w), 804 (m), 767 (s), 737 (s), 700 (w), 625 (W), 561
(w), 461 (w), 405 (m) cm™". TOF-MS: m/z: 579.1980 [M + Na]".
Anal. cale. (%) for C33H,3N,O,: C, 73.37; H, 5.07; N, 10.07;
found (%): C, 73.34; H, 5.08; N, 10.04.

Synthesis of (N-octyl-N-[1,10]phenanthroline-1,4,5,8-naphtha-
lene-tetracarboxylic-diimide)-dichloro copper(n) (complex Cutl). A
solution of 2 mL of DMF and CuCl,-2H,0 (17 mg, 0.1 mmol)
was added dropwise to L1 (56 mg, 0.1 mmol) in 2 mL DMF
and stirred at 70 °C for 24 hours. An immediate colour change
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to deep blue was observed. The complex Cul was precipitated
by the addition of diethyl ether (50 mL) and a centrifuge. Yield
(0.066 g, 95%). MS-TOF: 712.0684 [M + Na]'". FT-IR: v 3065 (w),
3012 (w), 2926 (w), 2861 (W), 1654 (s), 1517 (W), 1491 (m), 1464
(m), 1433 (m), 1385 (m), 1343 (w), 1317 (w), 1282 (w), 1253 (m),
1189 (w), 1091 (s), 983 (w), 906 (w), 862 (m), 821 (m), 798 (m),
765 (w), 721 (s), 658 (s), 544 (w), 512 (W), 479 (w), 426 (w) cm ™.
Anal. cale. (%) for C3,H,5Cl,CuN,O,: C, 59.09; H, 4.08; N, 8.11;
found (%): C, 59.06; H, 4.07; N, 8.08.

Solution stability study

The stability of the free ligand L1 and complex Cul were evalu-
ated in Tris-HCI/NaCl, buffer solution containing 5% DMSO
by monitoring them over 24 h at 37 °C using UV-Vis absorp-
tion spectroscopy (Fig. S8T). No change was observed in the
absorption peaks of the UV-Vis spectra over this time, confirm-
ing that these compounds are stable under in vitro conditions.

DNA binding studies

DNA binding studies were carried out with CT DNA in 10 mM
Tris-HC1/10 mM NaCl, buffer solutions, pH = 7.2. The quality/
purity of the DNA stock solutions was assessed by determining
the ratio of A,¢0/A250 Which was >1.80. Stock solutions of DNA
were stored at 4 °C in the dark and used within four days. The
bulk DNA solution was further diluted 1/10 and showed a
maximum absorbance at 260 nm. The absorption coefficient
of CT DNA was 6600 cm~" M~" per nucleotide.®* Solutions of
compounds L1, Cul (15 uM) in Tris-HCI/NaCl were prepared.
Aliquots of the complex solutions were transferred to a cuvette
containing DNA over the range 2-25 uM and changes in absor-
bance were measured.

The binding constant of the complexes with CT DNA (Kj,)
were obtained from the ratio of the slope to intercept in plots
[DNAJ/(e, — &¢) versus [DNA] according to the equation:**

[DNAV(sa — 8f) = [DNA]/(Sb — €f) + 1/Kb (€b — é‘f)

where &,, corresponds to Aypsq for the Cu complex or ligand, &¢
represents the extinction coefficient for the free copper
complex or ligand, and ¢, the extinction coefficient for the
copper complex or ligand in the fully bound form.

Fluorescence spectroscopy, with ethidium bromide (EB)
staining was used to investigate the binding of each complex
to DNA. The EB solution was prepared in Tris—-HCIl/NaCl buffer
(pH 7.2). Aliquots of 0-30 uM test solutions were added to
DNA-EB (5 uM). The resulting solution was allowed to equili-
brate for 2-5 min at room temperature. Changes in the fluo-
rescence intensity at 620 nm (450 nm excitation) were
recorded. The observed linearity in the plot of Io/I vs. the con-
centration ratio of the compounds to DNA is in good agree-
ment with the linear Stern-Volmer equation:*?

Io/I =1+ Ksy [Q] (1)

where, I, and I are the fluorescence intensities exhibited in the
absence and presence of the compounds, respectively; [Q] corres-
ponds to the concentration ratio of the compound to DNA.
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Protein binding studies

The interaction of L1 and Cul with bovine serum albumin (BSA)
was examined using fluorescence spectroscopy recorded at a
fixed excitation wavelength of 280 nm (corresponding to BSA
absorption) and monitoring the emission at 335 nm at 298 K.
Throughout all experiments, the excitation and emission slit
widths and scan rates were kept constant. UV-Vis absorption
spectra were measured in the range of 200-800 nm at 298 K. A
stock solution of BSA was prepared in a 50 mM phosphate buffer
(pH 7.2) and stored in the dark at 4 °C for future use.
Concentrated stock solutions of each test compound were pre-
pared by dissolving the compound in phosphate buffer and then
diluting with phosphate buffer to the required concentrations. A
2.5 mL solution containing BSA (10 pM) was titrated by succes-
sive additions of 0-24 pM test solutions (L1 or Cul) for fluo-
rescence or UV-Vis measurements.

For a static quenching interaction, the fluorescence inten-
sity data can also be used to determine the apparent binding
constant (K;,) and the number of BSA binding sites () for the
complex using the following equation:**

log ((Io —I)/I) = log Ky + n log [Q] (2)

Procedure of singlet oxygen photogeneration

The procedure for singlet oxygen photogeneration was per-
formed as described previously.®>®® Aliquots (1.5 mL) of the
compounds (5 uM) in methanol were added to 1.5 mL of 1,3-
diphenylisobenzofuran (DPBF) (25 puM) in methanol in a
quartz cell. Samples were irradiated using a 430 nm LED light
source. The samples were placed in a 1 cm path length quartz
cuvette and irradiated for up to 360 seconds. The distance
from the LED source to the sample surface was maintained at
30 cm. Absorbance changes were recorded at fixed intervals
using a UV-vis spectrophotometer. The absorption intensity of
DPBF at 410 nm was used to estimate the quantum yields for
the generation of singlet oxygen. The formula for estimating
the singlet oxygen quantum yield (®) was adapted from the fol-
lowing equation:

Dg = Dpet - (ms/mRef) . (aRef/as) (3)

where the indexes s and Ref indicate investigated compounds
and Rose Bengal, respectively, @ is the quantum yield of
singlet oxygen photogeneration; m is the slope of a trend line
of change in the absorbance of DPBF (at 410 nm) vs. time and
a is the absorption correction factor given by a = 1-107™ (4 is
the absorbance at 430 nm).

Antimicrobial testing

Strains and isolates. Light-activated bactericidal activity of
compounds was investigated against reference strains of
Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC
25923) and Pseudomonas aeruginosa (ATCC 27853) initially, to
establish time and concentration dependence. Thereafter,
further reference strains representing WHO designated priority
pathogens (ESKAPE) were included to establish the spectrum
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of activity. Reference strains were sourced from the American
Tissue Culture Collection (ATCC) or the National Collection of
Type Cultures (NCTC), United Kingdom Health Security
Agency (UK HSA). Where possible, an AMR strain and an anti-
biotic susceptible strain was included. In addition, clinical iso-
lates recovered from wound infections were investigated. These
were provided anonymously following confirmation of their
identity to species level by Matrix Assisted Laser Ionisation
Desorption Time of Flight Mass Spectrometry (MALDI-TOF
MS) using a Briiker Daltonik MALDI Biotyper. Ethical approval
was obtained from Beaumont Hospital Ethics Committee
(reference number 22/17) for use of these isolates. No patient
information was collected. Details of the strains and isolates
used are described in detail in a previous publication by
Doherty et al.®’

Bactericidal assay

Compounds were prepared as 1 mg ml~" stocks in phosphate
buffered saline (PBS) containing 10% DMSO and further
diluted as required. Bacterial colonies were plated onto
Mueller-Hinton (MH) agar and grown aerobically at 37 °C over-
night in a static incubator (Pol-Eko Aparatura). A bacterial sus-
pension was prepared from single colonies using PBS to a
density of 0.5 McFarland using a pre-calibrated turbidometer
(Densichek™, Biomerieux). The suspension was further
diluted 1/1000 in PBS (between 10°-10° colony forming units
(CFU) per ml approx.). Assays were prepared in triplicate, in 96
well plates by adding 20 pl of stock solution to 180 pl of
diluted bacterial suspension. Two control series were prepared
in which test compounds were replaced by diluent (PBS) or
10% DMSO. Where irradiation was required, duplicate plates
were prepared in this way, one was irradiated with a LED light
source (dichromatic lamp, Ae = 430 and 660 nm) suspended
at 30 cm above the plate, for up to 1 h at room temperature.
The fluence rate (21.93 mW cm™?) at this distance was
measured using a radiometer (Delta Ohm HD 2101.2)
equipped with an irradiance probe (LP 471 RAD). The tempera-
ture was monitored during irradiation. The second 96-well
plate was incubated in the dark at room temperature for the
same time period. The Miles et al., method was used to enu-
merate the bacteria.®® Briefly, after irradiation/incubation, 1/10
serial dilutions were prepared (10" to 10™*) from treated and
control wells under light and dark conditions, in PBS. Aliquots
(20 pL) from these dilutions were applied in triplicate to four
quadrants of MH agar plates. The plates were incubated over-
night at 37 °C in a static incubator. Resulting colonies were
counted, and bactericidal activity for light and dark con-
ditions, was determined based on log;, reduction in CFU
mL~" compared to untreated negative controls.

Antimicrobial testing of Cul incorporated in a hydrogel

Pluronic F127, 18% (w/v) in deionized water was prepared by
vigorous stirring at 4 °C for 24 h to obtain a clear solution,
which was then filtered (0.22 mm filter, Millipore). Aliquots
(900 ul) were prepared containing 100 pl of compound dis-
solved in DMSO or DMSO alone as a control. Bacterial suspen-

This journal is © The Royal Society of Chemistry 2025
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sions (100 pl), prepared as described earlier, were added to
96-well plates, followed by 100 pl of Pluronic F127-containing
test compound/DMSO. Duplicate plates were prepared in this
way, one was irradiated as described above, the second was
incubated in the dark at room temperature. The Miles et al.
method was used to enumerate bacteria, as described above.

Biocompatibility investigations

Potential cytotoxicity to human cells was investigated by deter-
mining metabolic activity in keratinocytes in culture and hae-
molytic activity in primary human erythrocytes. As described
previously,”® human HaCaT cells (aneuploid immortal kerati-
nocyte cell line) were cultured in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% foetal bovine serum.
Cells were seeded at 3 x 10° cells per mL for 24 hours at 37 °C,
before incubation with doubling dilutions of Cul and L1 from
800 to 1.56 pg ml™" in a final volume of 10% DMSO (v/v) for
24 h in dark conditions only (light conditions were not investi-
gated, in this case as this required removal of the plates from
CO, incubator for prolonged periods and resulted in cell
detachment due to their high pH sensitivity in this condition).
Triton-X-100 (2%, v/v) was used as a positive control and
culture media alone as a negative control. Media were
removed, and the cells were washed and incubated with
100 pL of 500 mg L' MTT (3-4,5-dimethyl-2-thiazolyl]-2,5-
diphenyl-2H-tetrazolium bromide; Sigma) for 4 hours, pro-
tected from light. DMSO was added to solubilise, and plates
were covered with aluminium foil and agitated on an orbital
shaker for 5-10 min. The absorbance was read at 590/595 nm
using a plate reader (VICTOR™ X3 2030 Multilabel Reader,

Fig. 1 The structures of ligand L1 and complex Cul.
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PerkinElmer). For estimation of haemolysis, the method
described by Zapotoczna et al. was used.®® Briefly, healthy
human volunteer blood was drawn into tubes containing
EDTA; 1.6 mg mL™". Erythrocytes were separated by centrifu-
gation at 1000g for 5 min at 18 °C and were washed twice with
PBS. The washed pellet was resuspended to five times the orig-
inal volume of blood collected. In a 96 well plate, 50 uL of the
erythrocyte suspension was mixed with 50 pl of Cul and L1 in
10% DMSO. Positive control (100% haemolysis) contained
Triton-X-100 (2%, v/v) and negative controls (0% haemolysis)
contained PBS instead of compounds. After 24 h of incubation
at 37 °C, the plates were centrifuged for 5 min at 500g. The
supernatant was removed into new 96 well-plates and the
absorbance was measured with a plate reader (VICTOR™ X3
2030 Multilabel Reader, PerkinElmer) at a wavelength of
405 nm. For both biocompatibility assays, retention of meta-
bolic activity (MTT assay) and % haemolysis was estimated
with reference to controls. Ethical approval with explicit
consent for human volunteer blood was obtained from the
Royal College of Surgeons Research Ethics Committee, refer-
ence number 202203014.

Results and discussion

Synthesis and characterisation

The N-octyl-N-[1,10]phenanthroline-1,4,5,8-naphthalenetetra-
carboxylic-diimide (L1) ligand was prepared according to a lit-
erature procedure.®® Subsequent treatment of L1 by
CuCl,-2H,0 in DMF generated the Cul complex (Fig. 1). The

L1

Cul
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L1 ligand was characterised by "H and *C NMR spectroscopy
(Fig. S1 and S27). The ESI-MS spectra show peaks centered at
m/z 579.1980 + 4.9 ppm for L1 ([M + Na]") and at m/z 712.0684
+ 0.4 ppm for Cul ([M + Na]"). The observed peaks are consist-
ent with simulated isotopic patterns (Fig. S3 and S4t}). The IR
spectra for the ligand L1 and the complex Cul (Fig. S5 and
S6t1) display stretching bands consistent with the proposed
structures. The stretching vibrations of the imide groups in the
range 1710-1650 cm ™" (¢(C=0)) in both Cul and L1 overlap
when ATR (attenuated total reflectance) is used.

Time resolved photophysical measurements

The UV-Vis spectrum of L1, is displayed in Fig. 2a. Three
characteristic absorption peaks are observed at 383, 340 and
302 nm, arising from Sy-S; (n-n*) transitions of the naphtha-
lene diimide core,”®”" with n-n* transitions observed at
267 nm. The compound features an emission band with a
maximum at 393 nm that is assigned to the S;-S, relaxation,
with significant tailing to 700 nm, indicative of the formation
of excimers.”” The same phenomenon has been observed in
other NDI systems and related compounds.”””® The UV-Vis
spectrum of the Cul complex is broadly similar to that of L1
with a slight redshift (Fig. 2b), and absorption features
between 260-400 nm assigned to n-n* transitions.”®’*
Furthermore, weak d-d transitions are observed between
400-540 nm. Unlike L1 the copper complex displayed no emis-
sion in the visible region.

Transient absorption spectroscopy was carried out on both
L1 and Cul and the results are displayed in Fig. 3 and 4
respectively. The changes in the transient absorption spectra
are indicated by the black arrows. L1 displayed ground state
bleaches at 380 nm and excited state absorption features were
observed between 395 nm to 550 nm, which closely matches
the spectral signatures of the *NDI (Fig. 3) species.”>”® The
kinetic profile of the parent bleach was recorded at 380 nm
and displayed two long-lived lifetimes of 33 ps and 122 ps
respectively. These lifetimes were assigned to a naphthalene
diimide centred triplet state and its biexponential behaviour
was attributed to self-quenching of the molecule.”*”” Due to
the planar nature of the compound, these systems regularly
aggregate.”>’® This resulting aggregation, at higher concen-
trations and laser energy, typically results in self-quenching of
the system via triplet-triplet annihilation.

The transient absorption spectrum of Cul following exci-
tation at 355 nm (Fig. 4) is similar to that obtained for L1, with
ground state bleaching at 380 nm and excited state absorp-
tions observed between 395 nm to 550 nm. As for L1, the ESA
features are assigned to *NDI.”>”® The kinetic profile of Cul at
480 nm and was fitted with a mono-exponential curve yielding
a lifetime of 270 ns. Based on the observed spectral signals,
this lifetime was assigned to a *NDI state and its subsequent
recovery to the ground state.

Singlet oxygen ('0,) production measurements

Singlet oxygen detection, generated from L1 and Cul was
carried out by monitoring the change in absorbance of DFBF
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at 410 nm during different irradiation times using a 395 nm
LED (Fig. S71). The irradiated solutions contain air-saturated
solutions of DPBF in methanol with L1 or Cul. Fig. S7{-insert
is obtained by plotting A/A, versus time, where A is the absor-
bance at 410 nm in the presence of L1 or Cul, and 4, is the
initial absorbance. The quantum yields of singlet oxygen (®,)
for L1 and Cul were 0.73 and 0.30, respectively. The quantum
yield of singlet oxygen (®,) for Rose Bengal as a reference was
0.80 according to a report in the literature.®

The generation of singlet oxygen by Cul indicates the invol-
vement of an excited triplet state, which is consistent with the
transient absorption spectroscopy data. The observed spectral
features and the kinetic lifetime of 270 ns strongly support the
formation of a >NDI triplet state. Although the lifetime is sig-
nificantly shorter than that of the free ligand L1, it remains
sufficiently long to enable energy transfer to ground-state
molecular oxygen, thereby producing singlet oxygen with a @,
of 0.30. This demonstrates that Cul undergoes intersystem
crossing to a triplet state, which serves as the reactive inter-
mediate in the generation of singlet oxygen.

DNA binding studies

UV-Vis absorption spectroscopy. Electronic absorption spec-
troscopy is widely used to assess the binding of complexes
with DNA. Typically, a red shift (or blue shift) and a hypochro-
mic (or hyperchromic) effect are observed in the absorption
spectra of small molecules when they intercalate with DNA.
With increasing CT DNA (0-25 uM), the n—n* absorption bands
of L1 and Cul exhibit a hypochromism with a red shift of
~3 nm for L1 and 7 nm for Cul. While the broad bands in the
range 325 to 395 nm (corresponding to the n-r* transition in
L1 and "MLCT (d-r*) in Cul) remain unshifted in the UV-Vis
spectra for L1 and Cul (Fig. 5 and S97). Successive addition of
DNA to either L1 and Cul aliquots, induce a slight red shift
attributed to intercalation and strong stacking interactions
between the aromatic chromophore and the base pairs of
DNA.”®%% A plot of [DNA]/(e, - &) versus [DNA] gives a slope of
1/(ep — &) and a y-intercept equal to 1/K;, (e, — &); Ky is the
ratio of the slope to the y-intercept (Fig. 5 and S10f). The
binding constants (K) obtained for L1 and Cul are (1.51 +
0.02) x 10* M, and (3.69 * 0.02) x 10° M, respectively. The
increase in K}, for Cul indicates a strong binding affinity for
CT DNA compared to L1.

To assess the relative strength of these interactions, the
DNA-binding behavior of ethidium bromide (EtBr), a well-
known DNA intercalator, was also evaluated (Fig. S10t). EtBr
exhibits hypochromism with a red shift of ~3 nm upon
binding to CT DNA, with a binding constant of (1.20 + 0.02) x
10> M. There is a threefold increase in the binding constant
of Cul with CT DNA compared to that with EtBr. In the case of
L1, the binding with CT DNA is significantly less than with
EtBr (1.51  0.02) x 10* M~ vs. (1.20 £ 0.02) x 10° M.

The significantly higher DNA-binding affinity of Cul com-
pared to L1 can be attributed primarily to the coordination of
the copper(u) ion and its influence on the molecular geometry
and electronic properties of the complex. Although both com-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2

(@) The normalised UV-Vis and emission spectra of L1. The insert displays the emission lifetime of L1, recorded at 393 nm, following exci-

tation at 375 nm. (b) The UV-Vis spectrum of Cul. All spectra were recorded in chloroform.

pounds contain the NDI moiety, which contributes to n-n
stacking interactions with DNA base pairs, and incorporation
of Cu(u) may result in electrostatic interactions with the nega-
tively charged phosphate backbone of DNA, further stabilizing
the complex DNA association. These combined effects, absent

This journal is © The Royal Society of Chemistry 2025

in the free ligand L1, may account for the substantially higher
binding constant observed for Cu1.*%4%>%3°

The binding constant of Cul with DNA was found to be
substantially higher than that of previously reported-phenan-
throline copper(n) complexes with binding constants of 2.82 x
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Fig. 4 The transient absorption spectrum of Cul in CHCl3 (4ex = 355 nm), recorded over a 1400 ns time range. The insert displays the kinetic trace

recorded at 380 nm.

10* M™! or 1.05 x 10> M~ reported.®"®* The higher value of
3.69 x 10° M, observed by us, is attributed to n-n stacking
interactions as a result of the naphthalenediimide moiety. The
aromatic structure of naphthalenediimide facilitates stronger
intercalation between the DNA base pairs, thereby increasing
the stability of the Cu complex-DNA interaction.®***

Ethidium bromide-DNA fluorescence quenching. To further
confirm the interaction mode, the binding of L1 and Cul to
CT DNA was studied through a competitive binding fluo-
rescence assay using ethidium bromide (EB). In our experi-

12224 | Dalton Trans., 2025, 54, 12217-12234

ments, the addition of various amounts of L1 and Cul to DNA
pre-treated with EB resulted in a significant reduction in fluo-
rescence emission intensity (Fig. 6 and S11}). This reduction
is due to the replacement of the EB fluorophore in the EB-
DNA adduct by the complex, leading to a corresponding
decrease in emission intensity suggesting that intercalation
occurs between Cul and DNA.®*> The slope of the plot of I,/I
versus [Q] gives Ksy (Fig. 6 and S11}). The Stern-Volmer con-
stant, Kgy, was calculated to be (3.68 + 0.02) x 10* M™" for L1
and (6.53 + 0.02) x 10* M~ for Cul.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Fluorescence quenching curves of EB bound to DNA in the pres-
ence of complex Cul in Tris-HCl buffer. [DNA] = 5 uM, [EB] = 5 pM and
[Cul] = 0—-30 pM. Insert: Stern—Volmer plot of fluorescence titrations of
the complex Cul with CT DNA.

The quenching constant (K,) can be obtained from the
equation, Ksy = K10, Where 7, is the lifetime of the fluorophore
(CT-DNA-EB) in the absence of the quencher (19.2 ns).*® The
K, was calculated to be (1.92 + 0.02) x 10'> M™' 87" for L1 and
(3.4 £ 0.02) x 10" M~ S7* for Cul. The quenching constants
obtained for both compounds, L1 and Cul are similar. While
this assay provides no information on the binding mode, it
does confirm the strength of the interaction.

This journal is © The Royal Society of Chemistry 2025

Protein binding studies

BSA is a widely studied protein due to its structural homology
with human serum albumin and its applications in drug deliv-
ery and biochemical research. Intercalation of ligands and
complexes with BSA can reveal crucial information about
binding modes, stability, and potential applications in phar-
maceuticals.’” Naphthalenediimide (NDI) derivatives are
known for their strong n-n stacking interactions and electron-
accepting properties.®® Phenanthroline is another compound
with significant binding capabilities.®® When combined, these
ligands can form interesting complexes with metals such as
copper, thus enhancing their binding interactions and biologi-
cal relevance.® ™"

A simple method used to distinguish the protein-binding
ability of drugs is UV-Vis absorption spectroscopy.’®?
Displayed in Fig. 7 and S12} are the UV-Vis absorption spectra
of BSA in the presence of various concentrations of Cul and
L1, respectively. Two types of quenching can occur, namely
dynamic and static. Displayed in Fig. 7 and S121 are the
changes in the absorption spectra of BSA and BSA-Cul or L1.
The absorption spectra of BSA exhibit a peak at 278 nm. Upon
the addition of L1, no shift of the 278 nm peak occurs
(Fig. S12t). However, with the addition of Cul, the absorption
decreases together with a red shift of 4 nm (Fig. S77). This
result is indicative of static quenching, with the formation of a
new ground state complex of a BSA-Cul type. In contrast, the
interaction between L1 and BSA does not lead to the formation
of a ground state complex, suggesting a dynamic quenching
process instead.

The interaction of L1 and Cul with BSA was investigated
using fluorescence spectroscopy, an effective method for quali-
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tatively analysing the binding of complexes to BSA. The native
fluorescence of BSA arises from three protein residues: trypto-
phan, tyrosine, and phenylalanine, with the fluorescence at
348 nm primarily attributable to tryptophan residues.
Fluorescence quenching is indicative of BSA binding. Fig. 8
and S13t display the fluorescence emission spectra of BSA in
the presence of different concentrations of Cul and L1,
respectively. For both compounds, there was no significant
difference in the emission profile or emission wavelength,
thereby indicating that the conformation of BSA did not
change significantly. The emission intensity of BSA did
however decrease upon the addition of L1 or Cul, suggesting
that both compounds interact with BSA near the tryptophan
residues.

The Stern-Volmer constant, Ky, were calculated (1.07 +
0.03) x 10° M™" for L1 and (2.50 + 0.02) x 10° M~ for Cul
(Fig. 8 and S13t). The quenching constants (K,) were obtained
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Fig. 8 Fluorescence quenching curves of BSA (10 pM) in PBS solution

in the presence of different amounts (0-24 pM) of Cul. Insert: Stern—
Volmer plot of the fluorescence titrations.
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from the equation, Kgy = Kq7o, Where 7, is the lifetime of the
fluorophore (BSA) in the absence of the quencher (10 ns).”*
The K, value was calculated to be (10.7 + 0.03) x 10> M~' S7!
for L1 and (25 + 0.02) x 10> M~" S™" for Cul. The K, value for
Cul was higher than that for L1, and for both compounds, it
was significantly higher than the proposed value of the order
of 10" M™" s for diffusion-controlled dynamic quenching.
Therefore, it can be assumed that the interaction of L1 and
Cul with BSA follows a static quenching process.””

From the plot of log ((I, — I)/I) versus log [Q] (Fig. S147), the
number of binding sites (n) and the binding constant (k)
values have been calculated. For both compounds, a linear
relation is observed with comparable binding constant Kj, of
8.86 x 10° and 9.29 x 10° for L1 and Cul, respectively. In both
compounds, the value of n was calculated to be 1.15 and 1.13
for L1 and Cul, respectively. Both values are close to 1,
suggesting that there is only one binding site for L1 or Cul on
the BSA molecule. The BSA binding constant of the Cu1l
complex was of the order of 10° M™" which indicates strong
binding with BSA. Previous studies by others indicated that
several copper complexes bind strongly to BSA with a binding
constant ranging between 10> M~ to 10° M~".%°°® The higher
binding affinity of Cul to BSA compared to other copper com-
plexes is attributed predominantly to n-=n stacking interactions.
The potential for n-n interactions between the aromatic rings
of the naphthalenediimide and the aromatic amino acids
within BSA further stabilises the interaction.”'%" Future
studies are required to gain a more detailed insight into the
mechanism.

Antimicrobial activity under dark and light activation
conditions

Initial evaluation of complexes was against S. aureus 25923,
E. coli 25922 and P. aeruginosa 27853. In the absence of light
activation, 24 h incubation with Cul (100 pg ml™, 145.1 uM)
resulted in 6 log reduction in CFU ml ™" for S. aureus, E. coli
(which was the upper limit of the assay) and almost 2 log
reduction for P. aeruginosa. In comparison L1 had low or negli-
gible activity under the same conditions, with 1.1, 0.6 and
0 log respectively (Fig. 9). The full range of ESKAPE pathogens,
including antibiotic resistant strains was next tested. In the
dark, 24 h incubation resulted in high level (5-6 log) killing for
S. aureus, E. coli and A. baumanii, but less potent activity was
found among other ESKAPE pathogens (Fig. 10). This pattern
of activity is perhaps unsurprising given the known anti-
microbial properties of copper. Indeed, the spectrum of
activity of copper-1,10 phenanthroline complexes against
healthcare-associated pathogens are reported to vary. Pereira
et al. reported bacteristatic and bactericidal activity of a
number of Cu(u)-1,10 phenathroline complexes by determining
the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) against S. aureus with MIC/
MBCs from 31.25 to 125 pg ml™" but >500 pg ml™' for
E. coli."®® In another study MICs of 5-25 ug ml™" were reported
for S. aureus and K. pneumoniae but poor susceptibility of
P. aeruginosa to Cu(u)-1,10 phenathroline complexes.'”

This journal is © The Royal Society of Chemistry 2025
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Copper has multimodal killing mechanisms, including disrup- (S. aureus, E. coli) and negligible killing for P. aeruginosa.
tion of bacterial energy generation in the electron transport However, photo-activation of Cul at 430 nm, enhanced killing
chain by competing for binding to [Fe-S] clusters'®* and ROS to >6 log for S. aureus and E. coli, but not P. aeruginosa, at this
(reactive oxygen species) mediated protein damage and lipid much shorter incubation time. This suggests dual activity of
peroxidation. Cul under these conditions, with killing mediated by photo-

In the absence of light activation, Cul mediated activity was activated singlet oxygen production and from copper-1,10 phe-
time-dependent, with <3log reduction for 1 h incubation nanthroline. To further investigate the activity spectrum, this

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 12217-12234 | 12227
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Table 1 Summary of antibacterial activity of Cul against ESKAPE pathogens under dark and irradiation conditions

Reduction in log;o CFU ml™" for treatment relative to DMSO

control® Statistical
significance

Bacteria ATCC/NCTC code 24 h dark 1 h dark 1 h irradiated Pvalue®
Gram-positive
S. aureus 25923 6.02 £ 0.14 2.85 +£0.24 6.19 £ 0.05 <0.01**
S. aureus 43300 2.36 + 0.16 2.69 +0.17 6.17 + 0.18 <0.001***
E. faecium 7174 1.70 = 0.09 1.51 +0.27 1.09 + 0.19 >0.05
E. faecium 12204 <1 <1 <1 >0.05
A. baumannii 19 606 5.80 + 0.06 3.09 +0.65 6.03 +0.13 <0.01**
Gram-negative
E. coli 25922 5.66 + 0.16 2.83 £ 0.39 5.96 +0.37 <0.001***
K. pneumoniae 9633 <1 <1 <1 >0.05
P. aeruginosa 27 853 2.17 £ 0.27 <1 <1 >0.05
P. aeruginosa 13437 <1 <1 2.30 £ 0.27 <0.01**
E. cloacae complex 13405 <1 <1 5.92 + 0.07 <0.001***

“Bacteria incubated with 100 pg m1~" (145.1 M Cu1), values are mean + SD for three separate assays each conducted in triplicate. ? For compari-
son of dark vs. irradiated (values in grey shading) using Student’s ¢ test. ATCC = American Type Culture Collection, NCTC = National Collection of

Type Cultures, CFU = colony forming units.

light-activated killing investigation was extended to reference
strains and clinical wound isolates of the ESKAPE pathogens.
Enhanced activity with irradiation was statistically significant
for S. aureus ATCC25923 and ATCC44330 (methicillin resistant
S. aureus (MRSA)), E. coli ATCC25922, A. baumanni ATCC19606,
E. cloaceae complex and P. aeruginosa ATCC13437. However,
for all other pathogens tested, they were either, not susceptible
or poorly susceptible to Cul (e.g., E. faecium ATCC12204,
P. aeruginosa ATCC27853) under these conditions, or enhanced
activity was observed with light, but it was not statistically sig-
nificant (Fig. 10 and Table 1). A similar spectrum was observed
for clinical isolates recovered from infections, in which
irradiation resulted in enhanced activity towards S. aureus,
including MRSA and E. coli. Notably, the P. aeruginosa clinical
isolates did not show enhanced activity with irradiation, com-
pared to the reference strain (Fig. S15%). A direct comparison
of bactericidal activity achieved with Cul relative to antibiotics
was precluded on the basis of the wide range of bacterial
species investigated including AMR strains, along with the
challenge in selecting appropriate comparator antibiotics and
assay conditions relevant to topical applications. Nonetheless,
some cautious comparisons are possible based on our pre-
vious studies and with the caveat that antibiotic susceptibility
testing is usually based on Minimum Inhibitory Concentration
(MIC). A recent study by Connolly et al., 2024 reported MICs
for ciprofloxacin, a broad-spectrum antibiotic, against ESKAPE
pathogens ranging from 0.048uM to 12.5 uM.'®® By compari-
son, the Cul MICs of ESKAPE pathogens (albeit different
strains) tested in the present study using the same method-
ology, ranged from 6.25-200uM (ESI Table S17).

Copper complexes have unique redox properties that dis-
tinguish them from similar complexes with platinum or palla-
dium.'® This redox activity, is considered crucial for the
ability of coordination complexes to mediate DNA cleavage.'®”
However, this nuclease activity is not intrinsic and requires the

12228 | Dalton Trans., 2025, 54, 12217-12234

presence of exogenous reagents, such as ascorbate, thiols, and
hydrogen peroxide to generate the reactive species responsible
for inducing DNA strand scission.'®®'°®'% In bacterial
systems, the required reducing environment is typically pro-
vided by low molecular mass thiols, which are abundant
within the bacterial cytoplasm, maintaining it in a strongly
reducing state. The specific thiol that delivers this role varies
between different types of bacteria. In most Gram-negative bac-
teria, glutathione serves as the primary low molecular mass
thiol, contributing to the maintenance of the cytoplasmic
reducing environment. Conversely, in several Gram-positive
bacteria, including S. aureus, bacillithiol assumes this critical
function. Bacillithiol is structurally distinct from glutathione
but serves a similar role in sustaining the redox balance within
these bacterial cells.'®"'® The interplay between the copper
complex, the exogenous reagents, and the bacterial thiols is
essential for understanding the mechanism of DNA cleavage.
Even without irradiation, differences in capability of bacteria
to generate damaging ROS species in response to Cul may
partly explain the variations in killing activity across strains
(Fig. 12).

One of our initial hypotheses was that the Cu(u) com-
pounds bind to extracellular DNA. Extracellular DNA (eDNA) is
known to be a significant component of the extracellular
matrix (ECM) in biofilms, which are complex communities of
microorganisms adhering to surfaces and encased within a
self-produced matrix. The presence of eDNA in the ECM plays
a crucial role in the structural integrity and stability of bio-
films. This structural role is critical because biofilms provide a
protective environment for bacterial communities, making
them more resistant to antibiotics and the host immune
response. Research has demonstrated that disrupting eDNA
can lead to a significant reduction in biofilm biomass. For
instance, treatment with DNase, an enzyme that degrades
DNA, has been shown to substantially reduce the biomass of

This journal is © The Royal Society of Chemistry 2025
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biofilms formed by S. aureus and other bacterial species. This
reduction occurs because the degradation of eDNA weakens
the biofilm structure, making it more susceptible to external
forces and antimicrobial agents. In the context of our hypoth-
esis, if Cu(u) compounds bind to eDNA, they could potentially
interfere with the integrity of the biofilm matrix in a manner
similar to DNase treatment. This interaction could disrupt the
biofilm structure, reducing its biomass and making the bac-
terial communities more vulnerable. Therefore, understanding
the binding properties of Cu(u) compounds to eDNA could
provide valuable insights into novel strategies for biofilm
control and the development antimicrobial
treatments." " "7

of new

Photoactive killing in hydrogels

Exploiting novel antimicrobials for applications in wound
treatment or surgery will require their formulation in appropri-
ate matrices in which their antimicrobial activity is main-
tained. Hydrogel preparations of Cul (145.1 pM) were used to
further investigate killing of three bacteria that are among
those most frequently associated with wound infections. When
incorporated into a hydrogel, Cul retained bactericidal activity
without light activation of 5-6 log reduction in CFU ml~" over
24 h (S. aureus 5.39log, P. aeruginosa 5.48log, A. baumannii
6.23 log) (Fig. 11). This activity was lower for 1 h incubation
but could be enhanced by irradiation, to reach 5-6log killing
across the strains tested (S. aureus 2.38 and 5.66 log for dark
and irradiated respectively, P. aeruginosa 0 vs. 5.97log,
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A. baumannii 2.22 vs. 5.19 log). The high activity across these
bacteria, which was similarly potent for 24 h treatment with
Cul impregnated hydrogel alone and for 1 h with the
irradiation of the Cul hydrogel is encouraging. This provides
the potential for flexibility in clinical practice. For example, in
surgical applications, photosensitive antimicrobial hydrogels
may be beneficial for skin decolonisation if applied in advance
with flexible light activation at the wound site, immediately
pre- or post-surgery. This approach has shown positive results
for MRSA decolonisation using methylene blue aPDT for nasal
decolonisation and chlorhexidine wipes for skin decolonisa-
tion, with a significant reduction in surgical site infection
among patients in the treatment group compared to con-
trols."*® The finding that the hydrogel preparations of Cul sig-
nificantly improved the anti-pseudomonal activity, compared
to activity in PBS was unexpected. However, the hydrogel
matrix may enhance photodynamic performance due to
several factors including prevention of PS aggregation,
enhanced stability and enhanced oxygen diffusion. A recent
systematic review of PDT delivered using hydrogels for treat-
ment of S. aureus infections concluded that this delivery
system can enhance PDT efficiency.'"®

Cytotoxicity studies

HacCaT cell viability was determined following exposure to Cul
and L1 for 24 h. The test was performed based on the meta-
bolic activity of the cells using the MTT assay. The ICs, value
(defined as the concentration at which half the maximum inhi-

%k %k %k

—

L

[ Dark 24 h
B Dark 1h
3 Light1h

Fig. 11 Bactericidal activity of NDI-Cu (Cul) in hydrogel. Cul in Pluronic

F127® hydrogel (100 pg ml™, 145.1 uM) against S. aureus ATCC 44330,

P. aeruginosa ATCC 27853, and A. baumannii ATCC 19606 in the dark for 24 h or for 1 h with and without irradiation. For each data set, CFU ml™*
from hydrogels containing Cul (treated), were subtracted from CFU ml™* from hydrogels containing 10% DMSO only (control) and presented as the

log difference. Data are the mean + SEM for 3 experiments. *** = P < 0.001.
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Fig. 12 Biocompatibility testing of L1 and Cul. HaCaT cells were seeded in 96-well plates and incubated until a confluent monolayer was formed.
Cells were treated with decreasing concentrations of L1 and Cul (800 to 1.56 pg ml™) and incubated for 24 h. Cell viability after treatment was
determined by MTT assay, dashed line indicates half maximal killing, X axis is a log scale (a). Percentage hemolysis of healthy human erythrocytes
exposed to 800-1.56 ug ml™ L1 and Cul for 24 h, dashed line indicated 5% haemolysis (b). Values shown are mean + SEM for assays carried out

three times (each in at least triplicate).

bition of cell metabolic activity occurs) of 8.64 pg ml™
(12.5 pM) (Cu1) and 4.64 pg ml™" (8.34 pM) (L1) were deter-
mined by interpolation of the dose-response curve (Fig. 12a).
As shown in Fig. 12b, biocompatibility was further character-
ized using hemolysis assays that were performed on freshly
collected healthy human erythrocytes. At a concentration of
100 pg ml~" at which NDI-Cu (Cu1) showed the best antibacter-
ial activity, there was a significant difference in hemolysis
induced by Cul 17.12% compared to L1 45.52%. The minimal
hemolytic concentration, defined as the lowest concentration
causing up to 5% hemolysis (MHC 5%) for L1 was obtained at
12.5 pg ml~* (22.5 pM, 0.32%) while for Cul it was obtained at

12230 | Dalton Trans., 2025, 54, 12217-12234

25 pg ml™' (36.3 pM, 3.05%). This indicates somewhat
improved biocompatibility of Cul compared to L1.
Nonetheless, the NDI component of the molecule is likely con-
tributing to haemolysis and cytotoxicity in this case.
Naphthalene-derived compounds, such as naphthalimide and
1,4,5,8-naphthalenetetracarboxylic diimide, have been exten-
sively investigated for their roles as intercalative agents and
potential anticancer therapeutics. Notable representatives of
the NI class, including mitonafide and amonafide, showed
promising anticancer effects; however, did not pass phase II
because of their toxicity.>® Specific studies on the toxicity of

NDIs in HaCaT cells or human erythrocytes are limited.

This journal is © The Royal Society of Chemistry 2025
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Nevertheless, given the strong affinity of NDIs for nucleic acids
and their capacity to generate ROS, there is concern that NDIs
may exert toxic effects, particularly at high doses or under con-
ditions conducive to ROS formation. HaCaT cells, which serve
as models for human keratinocytes, are potentially susceptible
to oxidative damage from NDIs, especially during photo-
dynamic treatments. Thus, while NDIs offer potential in diag-
nostic and therapeutic applications, their cytotoxicity under
certain conditions underscores the need for careful assess-
ment in biological and clinical use. For technical and resource
reasons, potential cytotoxic effects associated with photoactiva-
tion could not be tested reliably, which is a study limitation.

Conclusion

A novel copper(n) naphthalenediimide-phenanthroline complex,
Cul was synthesised and the photophysical properties deter-
mined, in addition to evaluating DNA/BSA binding, cytotoxic pro-
perties, and antimicrobial activity. The introduction of naphtha-
lene moieties into inorganic complexes has been demonstrated
to be an effective strategy for enhancing the photophysical pro-
perties of various systems.®””>'* In the case of the Cul, incorpor-
ating naphthalene diimide allows for the formation of a long-
lived excited state with a lifetime of 270 nanoseconds, without
the need for sterically hindering ligands to shield the metal
centre. Furthermore, the unique spectral signature of NDI, obser-
vable in both the infrared (IR) region and the excited state, makes
it a desirable ligand for further studies, such as time-resolved
infrared (TRIR) spectroscopy,'*' to explore its excited-state path-
ways and to investigate the complex’s interactions with DNA.

Cul exhibited a strong interaction with DNA, as demon-
strated by various spectroscopic techniques. Its binding
affinity was significantly higher than that of L1, suggesting
that Cul binds more effectively—likely through intercalation—
which may lead to structural alterations in the DNA or inter-
ference with replication. Both Cul and L1 also showed the
ability to bind to bovine serum albumin (BSA). Fluorescence
quenching studies revealed that Cu1 (9.29 x 10°) had a higher
binding constant to BSA than L1 (8.86 x 10°), indicating a
stronger affinity for protein binding as well. When comparing
Cul to other copper(n) complexes containing only 1,10-phe-
nanthroline ligands, it is evident that the inclusion of the
naphthalenediimide moiety significantly enhances the
binding dynamics. The increased n-n stacking capability and
hydrophobic interactions provided by the naphthalenediimide
group are not present in complexes with solely 1,10-phenan-
throline, which may explain the observed differences in
binding constants. This suggests that the design and synthesis
of metal complexes incorporating such moieties could be a
viable strategy for enhancing binding interactions with biologi-
cal molecules.

The antimicrobial tests revealed that the Cul exhibited
enhanced activity against a range of bacterial strains compared
to L1. This increased efficacy is likely due to the synergistic
effects of the copper ion, which can disrupt microbial cell

This journal is © The Royal Society of Chemistry 2025
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membranes and interfere with enzyme functions, in addition
to the intrinsic properties of the ligand L1.

Research indicates that incorporating copper ions into
hydrogels significantly enhances their antibacterial effective-
ness. This effect arises from both the hydrogel’s structural pro-
perties and the controlled release of copper ions, which are
well-documented for their ability to disrupt bacterial cell mem-
branes and interfere with metabolic processes, resulting in
broad-spectrum antibacterial action. Embedding copper
within a hydrogel matrix further amplifies its effects by
enabling sustained, gradual ion release, making it a promising
approach for applications such as wound healing and infec-
tion prevention. In a study by Li et al., a copper-silica nano-
particle-infused hydrogel was developed that leverages near-
infrared (NIR) light to activate copper ions, leading to notable
antibacterial efficacy against E. coli and S. aureus. This mecha-
nism facilitates a prolonged ion release profile, crucial for
maintaining antibacterial potency over time and particularly
valuable for wound care and medical coatings.'*” Similarly,
Ivanova et al. reported that copper nanoparticles embedded in
hydrogels exhibit consistent antimicrobial action that may
counteract the rise of bacterial resistance, proving effective
against resistant strains such as MRSA. The hydrogel matrix
plays an essential role in stabilizing the copper nanoparticles,
potentially lowering cytotoxicity and allowing for targeted anti-
microbial activity in medical contexts.'*

Overall, the results of this study highlight the potential of
the Cul as a multifaceted bioactive agent with promising
applications in medical and pharmaceutical fields. The built-
in photodynamic properties of Cul can shorten the time
required for its antimicrobial activity. While poor biocompat-
ibility properties in solution, most likely due to the NDI com-
ponent, requires further compounds optimisation, its strong
DNA and BSA interactions suggest possible uses in targeted
drug delivery systems. Importantly, confirmation of potent
antimicrobial activity in hydrogel formulations is further evi-
dence of its potential for pharmaceutical applications.
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