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The global rise of multidrug-resistant microorganisms necessitates antimicrobial technologies that avoid the resistance
mechanisms associated with conventional antibiotics and chemical disinfectants. Light-activated antimicrobial systems

represent a promising alternative because they generate reactive oxygen species in situ, producing rapid and broad-

spectrum pathogen inactivation through non-specific oxidative damage to multiple cellular targets. Such multitarget activity

significantly reduces the probability of resistance development. Herein, the chemical synthesis, photophysical and biological

evaluation of the encapsulation of a binuclear ruthenium-platinum photosensitizer into electrospun nanofibrous

membranes for antimicrobial photodynamic therapy is reported. The binuclear photosensitizer was found to produce singlet

oxygen by energy transfer and superoxide through electron transfer, enabling a combined Type | and Type Il photochemical

mechanisms. The complex was incorporated into electrospun nanofibrous membranes based on polyacrylonitrile and

polycaprolactone, yielding high-surface-area materials. Systematic optimization of the fabrication process produced bead-

free fibers with controlled morphology, while comparative analysis revealed superior photosensitizer retention and

structural stability in the hydrophilic polyacrylonitrile matrix. Under visible-light irradiation, both membrane systems

exhibited strong antibacterial activity against Gram-positive and Gram-negative bacteria. The presence of sodium azide

increased bacterial inactivation, suggesting that the antimicrobial activity shifted from primarily singlet-oxygen—based

damage to a mechanism dominated by radical-mediated oxidative stress. Durability studies under prolonged bacterial

exposure demonstrated that membrane performance is governed not only by molecular photochemistry but also by matrix-

dependent antifouling resilience. The polyacrylonitrile-based membrane retained structural integrity and antibacterial

efficacy after aging, whereas polycaprolactone-based systems showed pronounced fouling and reduced activity. These

results establish a direct link between molecular photosensitizer engineering, nanofabrication strategy, and long-term

functional performance, providing a blueprint for next-generation photodynamic antimicrobial materials.

Introduction

The rapid global proliferation of multidrug-resistant
microorganisms has created an urgent demand for alternative
antimicrobial technologies that can overcome the limitations of
conventional antibiotics and chemical disinfectants.?
antimicrobial agents typically rely on specific
targets, which facilitates the emergence of
resistance through genetic adaptation. Consequently, there is
increasing interest in antimicrobial strategies that operate
through non-specific, multitarget mechanisms capable of
rapidly inactivating pathogens while minimizing the likelihood
of resistance development.24

Traditional
biochemical
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Among emerging approaches, light-activated antimicrobial
systems have attracted significant attention. These systems
generate reactive oxygen species (ROS) directly at the site of
illumination, enabling rapid and broad-spectrum eradication of
bacteria, fungi, and viruses.>” Because ROS indiscriminately
oxidize essential cellular components, the resulting damage

n
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Fig. 1 Schematic illustration of formation of electrospun nanofibers doped
with luminescent Ru-Pt complex in hydrophobic (PCL) and hydrophilic (PAN)
matrices.
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occurs through multiple simultaneous pathways,
microbial resistance highly unlikely.?®

This mechanism forms the basis of antimicrobial photodynamic
therapy. During this process, a photosensitizer (PS) absorbs
visible light and is promoted to an excited singlet state, followed
by intersystem crossing to a long-lived triplet excited state. This
excited state can interact with molecular oxygen through either
energy transfer (Type Il mechanism), producing singlet oxygen,
or electron transfer reactions (Type | mechanism), generating
radical ROS such as superoxide and hydroxyl radicals.® These
highly reactive species rapidly oxidize cellular structures,
leading to irreversible microbial inactivation.!'' 12 A wide range
of organic and inorganic photosensitizer systems have been

making

explored in this context, including porphyrinoids,
phthalocyanines, xanthene dyes, and transition-metal
complexes.’3® Among these systems, ruthenium-based

complexes are particularly attractive due to their strong visible-
light absorption, long-lived triplet excited states, and efficient
ROS generation.% 2025 Notably, the compound TLD-1433 has
advanced into phase Il clinical trails for bladder cancer.'6 17
Studies have shown that the incorporation of a second heavy
metal center, can further enhance photophysical performance
by increasing spin—orbit coupling, improving photostability
under repeated irradiation, and modulating redox properties
that influence the balance between Type | and Type Il ROS
pathways.26-31

To enable practical and effective applications beyond solution-
phase studies, PSs are increasingly being incorporated into
functional materials.32-3> Immobilization of the photosensitizers
into polymer matrices, hydrogels, nanocomposites, or thin films
enables their integration into coatings, membranes, or medical
devices designed for continuous antimicrobial activity.36-3° Such
material platforms can improve photosensitizer stability,
prevent leaching, and facilitate localized ROS generation at
surfaces where microbial contamination occurs.?® Despite
substantial progress, many photoactive materials still suffer
from limitations such as restricted oxygen transport and
insufficient surface area for efficient light harvesting and ROS
diffusion. Electrospun nanofibrous materials provide an
effective  strategy to overcome these challenges.
Electrospinning enables the fabrication of membranes
composed of ultrafine fibers with extremely high specific
surface area, interconnected porosity, and tunable nanoscale
morphology.#*43 These structural characteristics enhance
photon absorption, facilitate oxygen diffusion throughout the
material, and allow rapid transport of generated ROS to
microbial targets. Polyacrylonitrile (PAN) is widely used for
electrospinning due to its excellent fiber-forming ability,
chemical resistance, and mechanical robustness. The presence
of polar nitrile groups promotes strong intermolecular
interactions, enabling the formation of mechanically stable
nanofibrous membranes with high surface area and controlled
porosity. Poly(e-caprolactone) (PCL) is widely employed as a
polymer matrix owing to its biocompatibility, biodegradability,
and mechanical flexibility. As a semi-crystalline aliphatic
polyester, PCL undergoes slow hydrolytic degradation under

2| J. Name., 2012, 00, 1-3

physiological conditions, making it attractive foy biomedical
surfaces and antimicrobial interfaces. ~ DOI: 10.1039/D6TB00671J
In this study, the chemical synthesis, photophysical and
biological evaluation of the encapsulation of a binuclear
ruthenium-platinum photosensitizer into electrospun
nanofibrous membranes for antimicrobial photodynamic
therapy is reported. While traditional ruthenium complexes
interact by energy transfer to molecular oxygen in order to
generate singlet oxygen, 444> the binuclear ruthenium-platinum
complex was found to be capable of producing singlet oxygen
by energy transfer as well as superoxide by electron transfer,
presenting a photosensitizer that can interact by combined type
I and type Il mechanisms.*® This dual reactivity provides
mechanistic flexibility and may enhance antimicrobial
performance under conditions where oxygen availability is
limited. Furthermore, the presence of the platinum center
increases spin—orbit coupling, promoting efficient intersystem
crossing and enhancing triplet-state reactivity, while also
enabling modulation of redox properties and reactive oxygen
species selectivity. Using electrospinning techniques, the metal
complex was incorporated into PAN and PCL membranes and
the respective biomaterials produced (Fig. 1). The respective
membranes were found with homogeneous photosensitizer
distribution and stable fiber morphology. Comparative
evaluation of the polymer matrices further showed that
polymer physicochemical properties strongly influence
photosensitizer retention, fouling behavior, and overall
operational stability. While both membrane systems displayed
pronounced light-activated antibacterial activity, the PAN-
based membranes demonstrated greater structural robustness
and maintained their efficacy during repeated biological
exposure. Under visible-light irradiation, both membrane
systems exhibited strong antibacterial activity against Gram-
positive and Gram-negative bacteria.

Results and discussion
Synthesis and photophysical characterization of Ru-Pt complex

The heterobimetallic RuPt dyad, described in a previous work of the
group, was constructed via a modular synthetic strategy that enables
the stepwise assembly of the organic scaffold and subsequent metal
coordination.*’” The ligand framework was first established through
condensation and oxidative aromatization, followed by N-
methylation to modulate the electronic properties of the
heteroaromatic core. Installation of a protected ethynyl linker by
Sonogashira coupling provided a versatile handle for further
functionalization. Coordination to the Ru(ll) center was then
achieved under hydrothermal conditions, affording a stable
Ru(bipy).-based complex. Subsequent deprotection of the terminal
alkyne enabled the final coupling step with a terpyridine-coordinated
Pt(ll) fragment, vyielding the targeted RuPt heterobimetallic
architecture (Fig. 2 and Fig. S1-S24). This convergent approach allows
precise control over the spatial arrangement of the two metal
centers, facilitating electronic communication between the Ru
photosensitizer and the Pt catalytic site.*” RuPt remained stable
under physiological conditions and light irradiation (Fig. S32-33).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Synthesis of RuPt investigated in this study. Conditions and reagents: a) 5-bromo-2-pyridinecarboxaldehyde, anisole, reflux, 3 h; b) MnO,, reflux, 21 h. c) NaH,

Mel, DMF, 0 °C > rt, overnight; d) (triisopropylsilyl)acetylene, Pd(PPhs)as, NEts, Cul,

DMF, 65 °C, overnight; e) Ru(bipy),Cl,, EtOH:H,0 (1:1), pressure flask (120 °C), 24 h;

f) TBAF, AcOH, ACN:THF (2:1), rt, overnight; g) [Pt(terpy)CI]Cl, Cul, NEts, DMF, rt, 72 h.

Table 1. Photophysical properties of RuPt solutions in H,O:DMSO (99:1, v:v). Asbs = absorption maximum; Aem = emission maximum; t = photoluminescence lifetime; ®p_

= photoluminescence quantum yield; ®, = singlet oxygen quantum yield. Table adapted from our previous work.*”

Complex Aabs/NM (€/M-1cm-1) Aem/NM t/ns (contribution/%) o /% /%
286 (64650), 325 (44367), 8(24)
RuPt 676 1 88
428 (25311), 482 (10918) 311 (76)

indicating sufficient

RuPt exhibits multiple absorption bands across the UV and visible
spectra (Fig. S27). The intense high-energy bands at 286 and 325 nm
correspond to ligand-centered (LC) m—>m* transitions, while the
lower-energy bands at 428 and 482 nm lie in the visible region and
are characteristic of metal-to-ligand charge transfer (MLCT)
transitions, primarily involving ruthenium orbitals and the nt* orbitals
of the coordinated ligands. The significant absorption extending to
482 nm demonstrates efficient visible-light harvesting, an important
feature for photocatalytic and photosensitizing applications. The
moderate molar absorptivity at 482 nm indicates partial mixing of
MLCT states with other electronic configurations, likely influenced by
the attached platinum fragment, which may modulate the complex’s
photophysical behavior. Upon photoexcitation, RuPt exhibits a broad
emission band centred at 676 nm, located in the red region of the
spectrum. This emission is typical of a triplet MLCT (3MLCT) excited
state in ruthenium polypyridyl complexes. The significant Stokes shift
between the lowest-energy absorption band (482 nm) and the
emission maximum (676 nm) reflects substantial excited-state
structural relaxation and charge redistribution. Such behaviour is
consistent with population of a relaxed 3MLCT state prior to radiative
decay as previously described for ruthenium polypyridine

This journal is © The Royal Society of Chemistry 20xx

Please do not

complexes.*®0  Time-resolved emission measurements reveal
biexponential decay with lifetimes of 8 ns (24%) and 311 ns (76%).
The dominant long-lived component indicates that emission
primarily originates from a stabilized triplet excited state. The minor
short-lived component may arise from conformational
heterogeneity, partial excited-state quenching, or weak electronic
communication between the ruthenium and platinum centres that
introduces additional non-radiative pathways. The lifetime
distribution suggests the presence of closely spaced triplet states or
multiple deactivation channels within the excited-state manifold.
Despite the relatively long-lived triplet state, the photoluminescence
quantum yield (®p) is low (1%), indicating that radiative decay is
strongly outcompeted by non-radiative processes. Notably, RuPt
exhibits an exceptionally high singlet oxygen quantum yield (®a =
88%), demonstrating highly efficient triplet—triplet energy transfer to
ground-state molecular oxygen. The combination of suppressed
emission and near-quantitative 0, generation is consistent with
enhanced spin—orbit coupling induced by the heavy platinum centre.
Overall, RuPt retains the characteristic MLCT photophysical signature
of ruthenium polypyridyl complexes while displaying markedly
enhanced triplet-state reactivity. For direct comparison, singlet
oxygen generation was quantified also by time-resolved detection of
the characteristic 10, phosphorescence at 1270 nm for both RuPt and
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Fig.3. Comparison of reactive oxygen species (ROS) generation by Ru(bpy)s
and RuPt. (a) Representative Stern—Volmer plots of photoluminescence
(PL) intensity integral for singlet oxygen ('0,) detection. (b) Mean slopes of
the PL integral decay derived from independent experimental replicates,
shown with standard deviations. (c) Representative time-dependent PL
intensity of DHE used for superoxide (O.¢~) detection. (d) Mean slopes of
the PL intensity increase obtained from independent measurements,
shown with the corresponding standard deviations.

[Ru(bpy)s]** (Fig. S29 and S30). In parallel, superoxide radical
formation was evaluated using dihydroethidium (DHE) as a chemical
probe (Fig. S31). These comparative measurements allow direct
assessment of the influence of the Pt fragment on reactive oxygen
species generation relative to the parent Ru(bpy)s** chromophore
(Fig. 3).

The parent Ru(bpy)s?* complex exhibits a long-lived triplet
metal-to-ligand charge transfer (3MLCT) excited state that is
capable of both photochemical pathways. In solution,
Ru(bpy)s?* has measurable '0, quantum vyields, though lower
than many archetypal Type Il photosensitizers. For example,
reported ®p values of Ru(bpy)s?* vary with solvent (e.g.,
moderate values in acetonitrile/methanol and lower in aqueous
media), indicating incomplete energy-transfer efficiency to
molecular oxygen. The data presented in Fig. 3 a—d compare the
ROS generation efficiency of RuPt and Ru(bpy)s, evaluated via
direct measurement of photoluminescence (PL) emission at
1270 nm for '0, and PL probe responses for superoxide (O,e~).
The integrated PL intensity exhibits a linear dependence on (1 —
107*), confirming that changes in emission scale proportionally
with photoinduced '0, production. Notably, RuPt shows a
steeper slope than Ru(bpy)s, indicating more efficient 'O,
formation. This enhancement suggests that incorporation of Pt
into the Ru-based framework facilitates intersystem crossing

4| J. Name., 2012, 00, 1-3

and increases triplet-state population, thereby.prometing
energy transfer to molecular oxygen. In coWtrast Ganeistepand
(d) reveal that Ru(bpy)s generates superoxide more efficiently
than RuPt. The time-dependent PL response shows a
significantly steeper slope for Ru(bpy)s compared to RuPt,
indicating a stronger propensity for electron-transfer processes
leading to O,e~ formation, characteristic of a Type |
photoreaction pathway. This shift in photochemical behaviour
suggests that RuPt modulates ROS selectivity rather than simply
enhancing overall ROS production. Nevertheless, RuPt still
produces substantial amounts of O,e~, consistent with a
combined Type | and Type Il photochemical profile.

Nanofabrication

Composite nanofibrous membranes (NFMs) incorporating the
Ru-Pt complex were fabricated under optimized
electrospinning conditions to obtain uniform, bead-free fibers
with homogeneous PS distribution (see ESI for full experimental
details). The polymer solution composition, viscosity, applied
voltage, flow rate, and tip-to-collector distance were
systematically adjusted to ensure stable jet formation and
prevent phase separation of the metal complex during fiber
formation. The PAN-RuPt solution contained 10 wt% polymer
dissolved in pure DMF, whereas the PCL-RuPt spinning solution
consisted of 15 wt% polymer dissolved in a
tetrahydrofuran/dimethylformamide (THF/DMF)
mixture (1:1 v/v). Electrospinning was performed under
optimized operating conditions for each formulation. PAN-RuPt
fibers were produced at a flow rate of 3.00 mL h™" using an
applied voltage of 25 kV and a TCD of 10 cm. In contrast, The
PCL-RuPt solution was processed at a flow rate of 1.20 mL h™
and an applied voltage of 20 kV with a tip-to-collector distance
(TCD) of 15 cm. These parameter adjustments enabled stable
fiber formation and uniform morphology for both polymer
systems. Fig. 4 shows scanning electron microscopy (SEM)
images and fiber diameter distribution of PAN-RuPt and PCL-
RuPt Fiber diameter analysis was performed using Image)
software, with measurements collected from more than 100
randomly selected locations, ensuring statistically relevant
evaluation of the fiber morphology. (Fig. S25). The PAN-based
membranes exhibit a regular and narrow fiber diameter
distribution, with an average diameter of 0.64 £ 0.10 um. In
contrast, the PCL-based membranes show pronounced
irregularities, such as thickened, nonuniform, and fused fibers,
with an average diameter of 1.16 £ 0.69 um. Some regions
exhibit uneven distribution and local fiber adhesion, reflecting
lower structural uniformity than the PAN-based membranes.
Energy-Dispersive X-ray Spectroscopy (EDS) analysis confirmed
successful incorporation of RuPt into membranes (Fig. S36 and
$37).

solvent

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. SEM surface images of the membranes showing randomly oriented fiber networks with water contact angles (WCA) of 33° for PAN-RuPt (a) and 70° for PCL-RuPt
(b), respectively (insets: corresponding water droplet images). (c, d) Fiber diameter distributions of the membranes in (a) and (b). Fiber diameter analysis was performed
using ImageJ software, with measurements collected from more than 100 randomly selected locations, ensuring statistically relevant evaluation of the fiber morphology.
(e, f) Cross-sectional SEM images showing the membrane thicknesses, with the reported values representing the average of more than 30 measurements, including the

corresponding standard deviation.

The surface wettability of the NFMs was assessed by water
contact angle (WCA) measurements. As anticipated, the PAN-
based NFM exhibited hydrophilic behavior, characterized by a
WCA of 33°, whereas the PClL-based NFM displayed
hydrophobic properties, with a higher WCA of 70° (Fig.4 and Fig.
S26).

The photoinduced antibacterial activity of the obtained
materials relies on their ability to absorb visible light, which is
directly related to the amount of PS incorporated into the
nanofibers. The PS loading in the nanofiber membranes was
quantified by UV—Vis spectroscopy after complete dissolution
of a certain amount of membranes in DMF (Fig. S34). The PAN—
RuPt membrane exhibited a PS loading of ca. 2.24 wt% with a
loading efficiency of 50.10 + 4.70 %, whereas the PCL-RuPt
membrane showed a slightly lower loading of ca. 2.18 wt% and
an efficiency of 45.20 + 5,80 %. UV-vis diffuse reflectance
spectroscopy was employed to analyze the surface chemical
composition of the NFMs. As shown in Fig. 5a and 5b, the as-
electrospun membranes (denoted as n) exhibit enhanced light
absorption in the visible region. To evaluate the retention
capability of the polymer matrix toward the PS, the membranes
were washed with 70% ethanol and their absorption spectra

were measured again (denoted as w). Finally, the washed
membranes were irradiated for 1h, and the absorption spectra
were recorded once more (denoted as ir). A clear difference in
PS retention was observed between the two polymer matrices.
For comparison, the absorption spectrum of the isolated RuPt
complex (Fig. S28) exhibits characteristic MLCT bands in the
same spectral region, confirming that the observed reflectance
features of the membranes originate from the incorporated PS
and remain largely preserved upon immobilization. The
absorbance values shown in Fig. 5c and 5d were extracted at A
= 482 nm, corresponding to the main MLCT absorption
maximum of the RuPt complex. As shown in Fig. 5, the PAN-
based membranes exhibited excellent stability, with less than
10% loss of absorption intensity after both washing and
irradiation. In contrast, the PCL-based membranes showed a
substantially higher loss, exceeding 70% under the same
conditions. This pronounced difference indicates that PAN
provides a more effective matrix for immobilizing the PS, likely
due to stronger polymer—PS interactions and reduced leaching
compared to PCL. The LogPow value of Ru—Pt was determined
to be -0.51, indicating a predominantly hydrophilic character
and preferential retention in aqueous environments (Fig. S35).
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Accordingly, Ru—Pt exhibited a higher release from the
hydrophobic PCL matrix compared to PAN. This behavior can be
attributed to the limited affinity of the hydrophilic complex

toward the hydrophobic PCL network, facilitating,its diffusion
into the aqueous medium, whereas stronger interactrdRIANTER
the more polar PAN matrix may restrict its release.
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Fig. 5. UV—Vis reflectance absorbance spectra of (a) PAN—RuPt and (b) PCL-RuPt membranes in the pristine (n), washed (w), and irradiated (ir) states. (c,d) Corresponding
absorbance values at the main absorption maximum for PAN-RuPt (c) and PCL-RuPt (d), showing the relative loss in absorbance after washing and irradiation
(percentage losses indicated; mean + SD, n = 3). Absorbance values were evaluated at 482 nm. Photographs of PAN—RuPt (e) and PCL—RuPt (f) membrane discs after
the different treatments, revealing visible colour changes consistent with the spectroscopic data.

Biocompatibility

In nanostructured material design for antibacterial applications, a
primary challenge is engineering a structural platform that achieves
minimal toxicity against mammalian cells. The biocompatibility of
NFMs was assessed toward the healthy fibroblast cell line GM-5657.
Although the previously described Ru-Pt photosensitizer exhibited
measurable dark toxicity (ICso = 41.68 + 3.27 uM) toward GM-5657
cells,*” incorporation into the PAN and PCL membranes resulted in a
favourable biocompatibility profile under the tested conditions (Fig.
S38). Both RuPt-PAN and RuPt-PCL membranes maintained high cell
viability, suggesting that immobilization within the polymer scaffolds
reduces direct cellular exposure to cytotoxic concentrations of the
free complex.

Photobiological evaluation

Bacillus subtilis (B. subtilis, Gram-positive) and Escherichia coli
(E. coli, Gram-negative) were selected as representative model
microorganisms to assess the broad-spectrum antimicrobial
performance of the NFMs. Bacterial suspensions (10°-107 CFU
mL™") were incubated with the NFMs for 15 min and
subsequently irradiated with broad-band LED light for 1 h (see
ESIT for details). As shown in Fig. 6a and 6b in the absence of
illumination, no statistically significant bacterial inactivation

6 | J. Name., 2012, 00, 1-3

was observed for any of the membranes, confirming that dark
toxicity is negligible. In contrast, light exposure resulted in
dramatic decreases in viable bacteria. For B. subtilis, irradiation
of both PAN-RuPt and PCL-RuPt membranes produced
reductions exceeding >3logio unit (>99,9 % reduction). Against
E. coli, light activation also significantly enhanced antibacterial
performance, yielding reductions greater than 1 logio unit (90%
reduction) compared to dark controls. These findings
underscore the essential role of light in activating the
photodynamic process. The antibacterial activity is attributed to
efficient ROS generation upon irradiation and their rapid
diffusion from the NFM surface, which sustains high localized
oxidative stress at the bacteria—_membrane interface. Notably,
the PCL-based membranes exhibited antibacterial efficacy
comparable to PAN-based systems under identical irradiation
conditions, despite containing a lower PS loading after
sterilization/washing with 70% ethanol (Fig. 6b and 6d). This
effect may be attributed to enhanced bacterial interaction with
the more hydrophobic PCL surface, promoting closer cell—
material contact. Such proximity would reduce the effective
diffusion distance required for short-lived ROS species, thereby
compensating for the lower PS content and enabling efficient
photodynamic inactivation. The greater susceptibility of B.
subtilis relative to E. coli likely reflects structural differences in

This journal is © The Royal Society of Chemistry 20xx
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cell envelope architecture. Gram-positive bacteria lack an outer
membrane barrier, facilitating ROS diffusion and enhancing
photodynamic damage. In contrast, the outer membrane of
Gram-negative E. coli may partially restrict ROS penetration,
resulting in comparatively reduced—but still substantial—
bactericidal efficacy. Nevertheless, the viability reduction
observed in E. coli demonstrates that the system overcomes key
permeability barriers, a critical requirement for translational
antimicrobial photodynamic platforms.

Live/dead imaging corroborates these findings at the cellular
level. Control samples show predominantly green fluorescence
(intact membranes), whereas irradiated RuPt-functionalized
NFMs exhibit red staining, indicative of compromised
membrane integrity. The marked increase in red fluorescence
in B. subtilis following light exposure aligns with ROS-mediated
membrane disruption as a primary bactericidal pathway.
Furthermore, sodium azide was utilized as a 'O, quencher, given
its well-established role as a diagnostic probe in oxidative
systems attributable to its high quenching rate constant for
10,.5%: 52 Under purely Type Il photochemistry, azide would be
expected to diminish oxidative stress by dissipating 10,. energy
non-productively. However, our data indicate that bacterial
killing is not attenuated in the presence of azide; rather, it is

Journal ofsMaterials ChemistryB

enhanced. This suggests that Type | photochemicgal, precesses
dominate in this system or become favored! inCtheé PredBRee’of
azide. The paradoxical potentiation observed here strongly
argues against a 'O,—exclusive mechanism of bacterial
photoinactivation. Instead, the data are consistent with a
redirection of excited-state photochemistry toward electron-
transfer reactions. In this scenario, the excited PS interacts
directly with azide anions, generating azidyl radicals (Nse)
through one-electron oxidation.>® > These nitrogen-centered
radicals possess strong oxidizing potential and are capable of
initiating secondary radical cascades, including lipid
peroxidation and protein side-chain oxidation. Notably, to the
best of our knowledge, such azide-mediated potentiation of
photodynamic activity has not previously been reported for
transition-metal photosensitizers, highlighting a previously
unrecognized pathway for modulating the photochemistry and
antimicrobial activity of metal-based complexes. Unlike 10, —
which is characterized by a short lifetime and limited diffusion
radius in aqueous environments—azidyl radicals may propagate
damage beyond the immediate site of photosensitizer
localization, thereby broadening the spectrum and magnitude
of bactericidal effects.

Fig. 6. Light-activated antibacterial activity of Ru-functionalized polymers. CFU (log scale) of B. subtilis (a) and E. coli (b) after exposure to PAN—RuPt and PCL-RuPt
under dark and light conditions + NaN3. CFU data represent mean * SD (n = 3 independent experiments) Representative live/dead fluorescence images of B. subtilis
(c) and E. coli (d). Green indicates viable cells and red indicates membrane-compromised/dead cells.
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Fig. 7. a) Representative SEM images of PAN—-RuPt and PCL-RuPt
membranes after 3 days of incubation in B. subtilis or E. coli suspensions.
Quantitative CFU analysis (log scale) of B. subtilis (b) and E. coli (c) after
irradiation of pristine and aged membranes.

This shift toward radical-mediated toxicity may be particularly
consequential in bacteria, where structural
compartmentalization influences ROS accessibility. In Gram-
negative organisms, the outer membrane restricts penetration
of many oxidants, while in Gram-positive bacteria, the thick
peptidoglycan layer imposes distinct diffusion constraints. A
diffusible radical intermediate could partially overcome these
barriers, amplifying membrane damage and facilitating
intracellular oxidative injury. The enhanced killing observed in
the presence of azide therefore likely reflects not merely
additive oxidative stress but a qualitative change in the nature
of the reactive species involved.

A notable implication is that, because 0, generation strictly
depends on molecular oxygen, classical Type Il photochemistry
is inherently oxygen-limited. In contrast, Type | pathways
involving direct electron transfer can proceed with reduced
oxygen dependence, relying instead on radical propagation
chemistry. This distinction may be particularly relevant in
biofilms or infected tissues characterized by steep oxygen
gradients. The ability to maintain—or even enhance—
bactericidal efficacy under such conditions represents a
significant translational advantage. Moreover, bacterial
antioxidant defenses, which are primarily optimized to detoxify
superoxide, hydrogen peroxide, and organic peroxides, are
unlikely to efficiently neutralize azidyl radicals. The absence of
dedicated enzymatic scavenging systems for nitrogen-centered
radicals may create a specific vulnerability, amplifying oxidative
imbalance and overwhelming redox homeostasis. Collectively,
these findings support a revised conceptual framework in which
sodium azide acts not merely as a passive 10, quencher, but as
an active modulator of photochemical reactivity capable of
reshaping bactericidal mechanisms.

8 | J. Name., 2012, 00, 1-3
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To compare the photoantibacterial performance and long-term
structural stability of PAN- and PCL-based membranes, we
evaluated membrane aging and biofouling under realistic
operational conditions. Membranes were incubated in bacterial
suspensions for 3 days to simulate prolonged exposure. No dark
toxicity was observed. Following disinfection, the aged
membranes were subjected to a second irradiation cycle under
identical experimental parameters.

SEM characterization (Fig. 7a) demonstrates the development
of a fouling layer on both materials after 3 days of incubation in
bacterial suspensions. However, the extent and morphology of
fouling differ markedly. PAN-based membranes retain a largely
discernible fibrous architecture, with partial surface deposition
but preserved pore structure. In contrast, PCL membranes

exhibit extensive surface coverage, dense biofouling
accumulation, and pronounced pore occlusion, indicating
substantial structural compromise. These morphological

differences directly correlate with functional performance.
Quantitative CFU analysis (Fig. 7b and 7c) shows that aged PAN—
RuPt membranes maintain antibacterial efficacy comparable to
their pristine counterparts, with only modest increases in
surviving bacterial counts for both B. subtilis and E. coli.
Conversely, aged PCL-RuPt membranes display a pronounced
reduction in antibacterial performance, evidenced by
significantly elevated CFU levels relative to pristine samples.

The greater susceptibility of PCL to fouling likely arises from its
intrinsic physicochemical properties. As a more hydrophobic
and mechanically softer polymer, PCL may promote stronger
bacterial adhesion and extracellular polymeric substance (EPS)
accumulation, accelerating biofilm consolidation. Progressive
pore blockage and surface masking can limit light penetration,
reduce oxygen diffusion, and hinder ROS interaction with
bacterial cells—thereby attenuating photodynamic efficiency
during subsequent irradiation cycles. In contrast, PAN appears
to better resist structural collapse and excessive biofilm
accumulation, preserving active surface area and maintaining
effective photoinduced antibacterial activity. In contrast, PCL is
a biodegradable, hydrophobic polyester valued for its tunable
mechanical properties and excellent electrospinning
processability, particularly in filtration and biomedical contexts.
PAN and PCL represent two contrasting classes of polymer
substrates widely employed in membrane technologies, and
their distinct physicochemical properties critically influence
performance, fouling susceptibility, and operational lifetime.

Conclusions

In conclusion, the encapsulation of a binuclear ruthenium—
platinum photosensitizer within electrospun nanofibrous

membranes, vyielding materials with high surface area,
structural integrity, and robust photodynamic activity is
reported. Unlike conventional mononuclear ruthenium

complexes, which predominantly generate singlet oxygen by

This journal is © The Royal Society of Chemistry 20xx
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energy transfer, the binuclear ruthenium—platinum system
operates through dual photochemical pathways, producing
both singlet oxygen and superoxide radicals. The
photosensitizer was incorporated into electrospun membranes
composed of PAN and PCL, producing high-surface-area
nanofibers. Systematic optimization of the fabrication process
yielded bead-free fibers with controlled morphology, while
comparative analysis revealed enhanced photosensitizer
retention and structural stability within the hydrophilic PAN
matrix. Under visible-light irradiation, both membrane types
demonstrated potent antibacterial activity against Gram-
positive and Gram-negative bacteria. The addition of sodium
azide enhanced bacterial inactivation, indicating a shift from
predominantly singlet-oxygen—mediated damage to radical-
driven oxidative stress. Durability assessments under prolonged
bacterial exposure showed that membrane performance
depends not only on molecular photochemistry but also on
matrix-specific antifouling properties. PAN-RuPt membranes
maintained structural integrity and antibacterial activity over
time, whereas PCL-based membranes exhibited significant
fouling and reduced efficacy. Both membranes do not exhibit
significant cytotoxicity toward the healthy fibroblast cell line
GM-5657. These findings establish a clear connection between
photosensitizer molecular design, nanofiber fabrication
strategies, and long-term functional performance, providing a
framework for the development of next-generation
photodynamic antimicrobial materials. Future studies may
explore the translation of this approach to diverse biomedical
and environmental applications, including wound dressings,
surface coatings, and water treatment, where sustained
antimicrobial performance under light activation is essential.
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