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A B S T R A C T

Microbial contamination remains a critical concern in water and biomedical contexts, motivating the search for 
sustainable disinfection strategies that minimize chemical inputs and energy demand. Blue light (400–470 nm) 
can inactivate bacteria via endogenous porphyrin photoactivation and reactive oxygen species (ROS) generation; 
however, significant antimicrobial effects typically require high fluences (>100 J cm− 2), particularly at longer 
wavelengths such as 470 nm, limiting practical applications. Therefore, strategies that lower the required dose 
without introducing exogenous photosensitizers are highly desirable. Here, we investigate the previously re
ported vanillin-derived polyimine (VP) as a photo-inert interfacial modulator of bacterial susceptibility to 
blue light. Although VP is not itself a photosensitizer, it enhances blue-light antibacterial efficacy against 
Staphylococcus aureus by inducing sublethal stress that increases susceptibility to endogenous photo-oxidative 
pathways. VP films alone did not reduce bacterial viability after 90 min of dark incubation, but colony 
morphology, growth kinetics, and scanning electron microscopy revealed the induction of sublethal cellular 
stress. When combined with 470 nm irradiation at moderate fluences (18–54 J cm− 2), selected to provide a weak 
light-only antibacterial action to reveal possible VP-mediated priming effects, VP films exhibited a reuse- 
dependent enhancement of antibacterial activity, with limited effect at first use and progressively stronger 
killing upon repeated reuse, ultimately approaching a 2-log reduction. Structural analyses (BET/BJH) showed 
that reuse-induced micro fracturing increased the specific surface area (12.9 m2 g− 1 for pristine films vs. 21.8 m2 

g− 1 after reuse) without altering pore size distribution, thereby enhancing polymer–cell interactions. Impor
tantly, no measurable generation of singlet oxygen, radical species, or hydrogen peroxide by the polymer was 
detected under the tested conditions, indicating that antibacterial activity arises from polymer-mediated sensi
tization of bacterial endogenous photo-oxidative pathways. Overall, these results support a priming-plus-light 
mechanism, in which a neutral polyimine induces sublethal physiological stress that amplifies bacterial sus
ceptibility to blue-light irradiation under deliberately mild irradiation conditions.

1. Introduction

Microbial contamination represents a persistent challenge in water 
treatment, food, and biomedical settings, underscoring the need for 
innovative disinfection strategies that are efficient, non-toxic, and 
environmentally sustainable. Conventional methods, such as chlorina
tion, thermal processing, or chemical biocides, can be highly effective 
but often have drawbacks, including chemical residues, energy demand, 
and the risk of promoting resistant strains [1]. Therefore, there is a 

growing interest in physical, non-thermal approaches capable of 
achieving reliable microbial control that meets sustainability criteria 
[2].

Light-based antimicrobial strategies are attracting increasing atten
tion. UV-C radiation (200–280 nm) is well known for its germicidal 
action via direct nucleic acid damage and is currently applied in water, 
air, and surface disinfection [3,4]. However, its poor penetration, po
tential to generate toxicity, and safety management risks limit broader 
use [5,6]. These limitations are particularly relevant in aqueous systems, 
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where light penetration is a critical practical parameter. These draw
backs have shifted interest toward visible light. In particular, blue light 
(400–470 nm) can inactivate bacteria by exciting endogenous chromo
phores, primarily porphyrins and flavins, thereby generating intracel
lular ROS that damages membranes, proteins, and DNA [7,8]. In 
S. aureus, these endogenous photosensitizers are mainly intracellular 
porphyrins, primarily coproporphyrin III and protoporphyrin IX, which 
accumulate as intermediates of the heme biosynthetic pathway and act 
as efficient blue-light absorbers [9]. Upon excitation at 405–470 nm, 
they generate singlet oxygen and other ROS, providing a well-described 
intrinsic mechanism for blue-light susceptibility [10,11].

Unlike UV-C, blue light is generally considered safe for human 
exposure and compatible with many material surfaces. Its antimicrobial 
efficacy, however, is strongly dependent on irradiation parameters: 
wavelengths near 420–450 nm and fluences above 100 J cm− 2 are 
typically required to achieve log-scale reductions in bacterial viability, 
whereas at longer wavelengths (e.g., 470 nm), the effect becomes 
markedly weaker [12–14]. Recent results show that this wavelength is 
effective against S. aureus when applied at about 108–400 J cm− 2 [15]. To 
overcome this limitation, exogenous photosensitizers or chromophoric 
materials are often used to boost ROS formation under visible light 
[16–18]. Although effective, such strategies introduce additional con
straints related to cost, photostability, and potential toxicological con
cerns. These limitations stimulate the search for synergistic approaches 
that enhance antimicrobial efficacy of blue light without relying on 
external photosensitizers, ideally through materials that modulate bac
terial physiology to enhance endogenous photo-oxidative pathways.

Evidence from surface-based systems suggests that material proper
ties can modulate bacterial susceptibility to light-induced oxidative 
stress. For instance, silver-nanoparticle coatings exhibit markedly 
enhanced antibacterial efficacy when combined with blue light [19], 
and visible-light-responsive TiO₂/g-C₃N₄ nanotube layers achieve 
improved microbial inactivation under irradiation conditions that are 
otherwise only weakly bactericidal [20]. Together, these studies, along 
with more recent work on photoactive antibacterial coatings and light- 
responsive surfaces, demonstrate that interfacial or structural features of 
a material can amplify light-driven antimicrobial effects, even when the 
matrix itself is not the primary source of ROS [19,20].

Polyimine-based materials have recently emerged as an intriguing 
class of antimicrobial polymers. Several studies have shown that poly
imines derived from aromatic aldehydes or phenolic building blocks can 
inhibit the growth of both Gram-positive and Gram-negative bacteria. 
Their activity, however, is typically moderate and strongly contact- 
dependent, as imine-containing networks are reported to induce suble
thal physiological stress rather than rapid bactericidal effects [21,22]. At 
the same time, previous studies have shown that bacterial cells subjected 
to sublethal stress conditions may become more susceptible to antimi
crobial blue/violet light inactivation [23]. On this basis, we hypothe
sized that contact-dependent sublethal stress induced by polyimines 
could similarly sensitize bacterial cells to blue-light irradiation, thereby 
enhancing the antimicrobial outcome of visible-light treatment through 
altered cellular stress responses. ValPol (VP), a vanillin-derived poly
imine recently developed in our laboratory [24], provides a suitable 
model system to explore this hypothesis. Originally introduced as an 
inert scaffold for immobilizing photosensitizers, VP is now used to test 
an alternative rationale: whether a neutral, photo-inert polyimine can 
nevertheless prime bacterial cells through contact-dependent sublethal 
stress, thereby increasing susceptibility to 470 nm irradiation. Impor
tantly, the novelty of the present work does not lie in the synthesis 
of a new polymer, but in the demonstration that this previously 
reported material can act as a contact-dependent physiological 
sensitizer under blue light. In addition, because VP is processed as a 
reusable dynamic network, its surface accessibility may evolve during 
repeated cycles (e.g., through microfracturing), potentially strength
ening polymer-cell interactions and amplifying the priming effect. 
Accordingly, the objectives of this work were to (i) quantify VP-induced 

sublethal stress in the dark, (ii) determine whether this priming enables 
a measurable enhancement of antibacterial activity at moderate 470 nm 
fluences (18–54 J cm− 2), selected to remain weakly effective in the 
absence of VP, thereby allowing the contribution of polymer-mediated 
priming to be resolved, and (iii) link reuse-dependent performance 
changes to the structural evolution of the films.

2. Materials and methods

2.1. Chemicals and culture media

All the chemicals employed were commercially available (Sigma- 
Aldrich Italia S.r.l., Milano, Italy) and used as received unless 
otherwise specified. Anhydrous K2CO3 was prepared by finely 
grinding the commercial powder and treating it at 250 ◦C for 8 h. 
Anhydrous ethane-1,2-diamine was obtained by distillation of the 
commercial reagent under inert atmosphere (Ar), collecting, and 
keeping over activated (300 ◦C, 8 h) 4 Å molecular sieves. Anhy
drous N,N-dimethylformamide (DMF) was obtained from the com
mercial solvent, previously treated overnight with CaH2 (5% m/v), 
at room temperature under stirring and inert atmosphere (Ar); 
decanted DMF was finally distilled (55 ◦C, 20 mmHg), collected, and 
kept over activated 4 Å molecular sieves (2 g in 10 mL). Brain Heart 
Infusion (BHI), Plate Count Agar (PCA) and Maximum Recovery 
Diluent (MRD) were purchased from Oxoid (Milan, Italy).

2.2. Microbial strain and culture conditions

Staphylococcus aureus strain 226 [25] was stored at − 80 ◦C in BHI 
containing 30% glycerol. Before each trial, the strain was grown over
night in 1 mL of BHI at 37 ◦C. The cells were then recovered by 
centrifugation (5000 ×g, 4 ◦C), the pellet washed twice with Phosphate 
Buffered Saline (PBS) pH 7.4 and finally resuspended in 1 mL of PBS at a 
concentration of about 106 CFU mL− 1.

2.3. Syntheses

VP (Fig. S1) was synthesized according to the previously pub
lished procedure reported [24]. Since the synthetic route and full 
physicochemical characterization of the material have already 
been described elsewhere, only the information necessary for 
reproducibility is briefly summarized here; the focus of the 
present study is on the biological and photobiological evalua
tion of VP [23]. Vanillin (12.6 g, 83.0 mmol) was dissolved in 
anhydrous DMF (50 mL) under stirring, and finely powdered anhy
drous K₂CO₃ (26.26 g, 190.0 mmol) was added. 1,2-dibromoethane 
(8.22 mL, 17.85 g, 95.0 mmol) was introduced dropwise and the 
reaction mixture was maintained at 60 ◦C under argon for 4 h. After 
cooling, the suspension was poured into water (500 mL) and left at 
4C overnight. The resulting solid was filtered, thoroughly washed 
with water, collected,and dried at 60 ◦C under reduced pressure over 
P₂O₅. The crude product was recrystallized from CH3CN (450 mL) to 
afford the bis-aldehyde intermediate as colorless crystals.

The obtained bis-aldehyde (4.95 g, 15.0 mmol) was then dissolved in 
CH2Cl2 (375 mL) and treated with freshly distilled ethane-1,2-diamine 
(1.0 mL, 0.899 g, 15.0 mmol) at room temperature under magnetic 
stirring for 48 h in a sealed vessel. The white precipitate formed was 
filtered, washed, collected, and dried at 60 ◦C under reduced pressure in 
the presence of P₂O₅, yielding VP. Analytical and spectroscopic data (IR, 
NMR, MS) were consistent with previously reported ones [24]. The 
resulting powder, after a pretreatment with DMSO, was heated at 210 ◦C 
for 5 min to produce the final films. The obtained VP films were 
repeatedly immersed in sterile water before PDI trials in order to remove 
residual DMSO.
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2.4. Microbial photoinactivation (PDI) trials

Irradiation experiments were performed using an array of LED- 
assembled lamps (TLWB7600, Telefunken Vishay, Torino, Italy), deliv
ering blue light with an emission maximum at 470 nm [26,27]. Light 
intensity was carefully controlled by a power supply (Agilent Technol
ogies Italy, Milano, Italy), and the fluence rate, set at 100 W m− 2 for all 
the photooxidation experiments, was measured using an HD 2302.0 
Light meter across the whole lamp area to ensure that each well was 
irradiated evenly (Delta OHM Srl, Padova, Italy).

PDI trials were carried out in wells of a 48-well flat-bottomed 
microplate (Corning Optical Communications Srl, Torino, I). 1 mL of 
S. aureus suspension in PBS was introduced into each well, then a 10 
mm-diameter VP film was placed at the bottom of each well and 
remained fully immersed throughout the experiment. The plate was 
exposed to blue light for up to 90 min under magnetic stirring using a 6 
× 3 mm cylindrical stirrer at 900 rpm. Control wells were also prepared 
containing 1 mL of cell suspension. One identical microplate was set up 
and kept in the dark for 90 min, and stirred in the same way as treated 
samples. The geometry of the LED source relative to the microplate was 
kept constant for all experiments to ensure uniform irradiation across 
the wells (Fig. S2).

During each PDI experiment, viable counts were determined at 30 
min intervals using the drop-plate method [28]. Before sampling, the 
suspension was gently mixed to ensure homogeneous cell distribution. 
Serial decimal dilutions were prepared in MRD, and five 10 μL aliquots 
from each dilution were spotted in replicate onto PCA plates. Plates were 
incubated at 37 ◦C for 24 h, and counts were expressed as CFU mL− 1. 
After each PDI run, films intended for reuse were first thoroughly rinsed 
with water to remove residual medium and loosely associated biomass, 
then sanitized with ethanol and immersed in sterile water for 30 min 
before being subjected to a new identical PDI cycle. In this way, the 
antibacterial performance of the same films was systematically evalu
ated at first use, second use, and third use. Moreover, possible sublethal 
effects induced by the treatments were assessed by evaluating bacterial 
growth both onto solid and in liquid culture media.

(i) Growth onto solid medium: bacterial suspensions were serially 
diluted in MRD, and 100-μL aliquots from each dilution were spread 
plated onto PCA agar. The plates were incubated at 37 ◦C for 24 h. At the 
end of the incubation interval, for each treatment, one plate containing 
between 20 and 200 colonies was photographed inside an image 
acquisition chamber (Immagini & Computer, Bareggio, Milan) using a 
digital EOS 550D camera (Canon, Milan). The camera was positioned 50 
cm above the plate, which was highlighted against a black background 
and illuminated with satin photographic reflectors (4100 W). The im
ages were digitized using the EOS UTILITY software (Canon, version 
3.3.0) and saved as JPEGs. Microscope-acquired images were analyzed 
using Image Pro Plus software (version 6.3, Media Cybernetics, Inc., 
Bethesda, MD, USA), which enabled the determination of the diameter 
of each object (single colony).

(ii) Growth in liquid medium: turbidimetric growth curves were 
obtained by inoculating 10 μL of bacterial suspensions into 190 μL of 
BHI supplemented with 5% NaCl (w/v), distributed in duplicate in a U- 
bottom 96-well microtiter plate (Corning Life Science, NY). Non- 
inoculated wells served as blanks. The plate was incubated at 37 ◦C 
for 24 h, and optical density at 630 nm (OD₆₃₀) was monitored every 30 
min using a Sunrise microplate reader (Tecan, Milan, Italy). Data were 
modelled using the online tool DMfit (https://combasebrowser.errc.ars. 
usda.gov/DMFit.aspx), which provided estimates of lag time (λ, h), 
maximum specific growth rate (μₘₐₓ, OD/h), and final cell density (OD).

2.5. Determination of VP'S ability to generate reactive oxygen species

ROS generation was evaluated by probing representative species 
associated with both Type I and Type II photodynamic pathways.

2.5.1. Singlet oxygen generation
The potential generation of singlet oxygen by VP under visible light 

was evaluated using 9,10-anthracenedipropionic acid (ADPA) as a se
lective chemical probe [27]. An aqueous solution of ADPA (1.11 × 10− 5 

mol L− 1, 3.0 mL) was transferred into two quartz cuvettes suitable for 
UV–Vis spectrophotometry. Rectangular sections (10.0 × 25.0 mm) of 
VP, either pristine or reused (after two or three treatment cycles), were 
placed in one cuvette, whereas the second served as a control without 
material. Initial absorbance spectra were recorded at 377 nm (t₀), fol
lowed by exposure of both cuvettes to blue light from an LED source 
with maximum emission wavelength of 470 nm and an irradiance of 
100 W m− 2. Samples were magnetically stirred during irradiation, and 
spectra were acquired at 10, 20, 30, 60, and 90 min. Oxidation of ADPA 
was expressed as ln(I₀/I) versus time, where I₀ and I denote the absor
bance at 377 nm before and after irradiation, respectively. All experi
ments were performed in duplicate.

2.5.2. Hydroxyl and hydroperoxyl radicals generation
To investigate the production of hydroxyl and hydroperoxyl radicals, 

a method based on the oxidation of indigo carmine as a radical probe 
was employed [29]. A 3 mL aliquot of an aqueous solution of indigo-5,5′- 
disulfonic acid disodium salt (5 μM) was transferred into a quartz 
cuvette, and a rectangular section (10.0 × 25.0 mm) of VP, either 
pristine or reused after two or three treatment cycles, was immersed in 
the solution. The cuvette was exposed to blue LED light as previously 
described. At 10, 20, 30, 60, and 90 min, the film was removed, and the 
UV–Vis spectrum was recorded. The absorbance at 610 nm was used to 
monitor the dye decomposition. To evaluate the dye's photostability 
under the same irradiation conditions, control measurements were 
performed with the dye solution alone (without the film). All experi
ments were conducted at two pH values (6.0 and 5.0, adjusted using 
HCl, 0.1 M) and repeated in duplicate.

2.5.3. Hydrogen peroxide generation
The concentration of hydrogen peroxide (H₂O₂) was determined 

using a colorimetric assay based on titanium(IV) sulfate complexation, 
using a procedure already described [30].

The titanium reagent was prepared by dissolving TiO₂ (1 g) into 
concentrated H2SO4 (95%, 100 mL) under stirring at 155 ◦C for 24 h. 
The mixture was then filtered to remove undissolved TiO₂, yielding a 
clear Ti4+-rich solution. Upon reaction with H₂O₂, this reagent forms a 
yellow peroxo‑titanium complex, whose intensity correlates with 
peroxide concentration according to the following simplified reaction. A 
calibration curve was obtained using H₂O₂ solutions at concentrations of 
10.9, 1.09, 0.109, and 0.0109 g L− 1. For each sample (5.0 mL), titanium 
reagent solution (1.0 mL) was added under stirring, and allowed to react 
for 5 min. The mixtures were transferred into quartz cuvettes, and the 
UV–Vis absorbance was recorded at 410 nm. To assess whether VP films 
generated H₂O₂ upon illumination, five separate vials were prepared, 
each containing two VP film strips (10.0 × 25.0 mm) immersed into 7 
mL of Milli-Q water. Each vial was then irradiated with blue LED light 
for 10, 20, 30, 60, or 90 min. Immediately after the designated illumi
nation time, 5.0 mL of the solution from each vial was withdrawn, mixed 
with titanium reagent (1.0 mL) under stirring, and allowed to react for 5 
min. The H₂O₂ content was then determined by measuring the absor
bance at 410 nm. All experiments were conducted in duplicate. 

2.6 Specific surface area and porosity measurements

The specific surface area (SSA) of the samples was determined by 
nitrogen adsorption with a Micrometrics TriStar II Plus, outgassed at 
150 ◦C. The SSA was determined by the Brunauer, Emmett and Teller 
method (BET), and pore area and volume distribution for pores between 
8.5 and 1500.0 Å radius by the Barrett-Joyner-Halenda (BJH) method.
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2.6. Scanning electron microscopy (SEM)

Morphological observations were performed on both microbial cells 
and VP films.

The morphological analysis of bacterial cells was performed using 
scanning field-emission scanning electron microscopy (FE-SEM, JEOL 
JSM7610F+, Tokyo, Japan). Samples were mounted on specimen 
holders with copper tape and coated with gold using a Sputter Coater 
108 auto (Cressington Scientific Instruments Ltd., Watford, UK). Briefly, 
after the different treatments, 10 μL of each bacterial suspension was 
deposited onto a stainless-steel stub and processed for SEM observation. 
Cells were allowed to adhere, then fixed in 2.5% (v/v) glutaraldehyde 
for 1 h at room temperature. Samples were then rinsed three times with 
phosphate-buffered saline (PBS) and sequentially dehydrated through a 
graded ethanol series (50%, 70%, 90%, and 100%), with each step 
lasting 15 min. After dehydration, samples were sputter-coated with a 
thin layer of gold to enhance conductivity. SEM imaging was conducted 
using an acceleration voltage of 5 kV and a working distance of 12 mm. 
To avoid hydration artifacts, all samples were stored in a silica- 
containing desiccator and imaged immediately after removal. For each 
condition, images were acquired from at least three distinct regions to 
ensure representative morphological observations.

The morphological analysis of the VP films was performed using a 
EVO 40 system SEM (Carl Zeiss, Milan, Italy). These samples were 
sputter-coated with a thin layer of gold as well. Imaging was conducted 
using an acceleration voltage of 20 kV and an average working distance 
of 11 mm.

Observations on both microbial cells and on VP films were conducted 
using secondary electrons.

2.7. Statistical analysis

All experiments were performed in three independent biological 
replicates. For each biological replicate, two technical replicates were 
included, as specified in the corresponding assay. Statistical analysis was 
performed on the biological replicates, while technical replicates were 
used to increase measurement robustness within each experiment. Re
sults are expressed as mean ± standard deviation (SD). One-way anal
ysis of variance was carried out, and differences between the means 
were assessed using Tukey's HSD post-hoc test (p < 0.05) by using R 
v.4.3.3 for Windows (The R Foundation for Statistical Computing).

3. Results and discussion

3.1. Effect of VP films in the dark: Viability, colony morphology, and 
growth kinetics

To investigate whether VP films possess intrinsic antibacterial ac
tivity, S. aureus suspensions were incubated with VP for 90 min in the 
dark. Fig. 1 shows that bacterial viability remained close to the initial 
values throughout the incubation time. This was observed not only in 
the untreated control but also in the presence of VP films during their 
first, second, and third uses. In particular, no time-dependent reduction 
in CFU was detected, and no worsening of the antibacterial effect was 
associated with film reuse. The small variations observed among con
ditions fell within the experimental variability and were not statistically 
significant (p > 0.05). These results confirm that VP is non-bactericidal 
under the tested dark conditions. This result differs from data reported 
in the literature on vanillin-based polyimine materials, which show 
intrinsic antibacterial activity under dark conditions [22]. However, 
those systems are structurally different from VP and were tested under 
markedly different exposure conditions. In particular, in those studies 
bacterial cells were placed in direct contact with the polymer surface, 
whereas in the present work the interaction occurred in an aqueous 
suspension, where contact with the film was necessarily solution- 
mediated. These differences in both material design and cell-polymer 

exposure conditions may account for the observed differences in anti
bacterial behaviour.

However, the absence of lethality does not exclude the induction of 
sublethal stress. Visual inspection of agar plates revealed a marked 
alteration in colony morphology: colonies from dark controls displayed 
normal size, whereas those from VP-treated suspensions appeared 
noticeably smaller. Image-based analysis confirmed this scenario: con
trol cultures produced colonies of typical diameter (1135.1 μm ± 55.6), 
while VP-treated cultures generated considerably smaller colonies 
(174.1 μm ± 18.3) (Fig. 2). Such a reduction is fully consistent with 
documented responses of sublethally injured bacteria, which exhibit 
delayed outgrowth and smaller colony size due to impaired metabolic 
activity [31,32].

To further characterize this physiological impairment, microbial 
suspensions exposed to VP in the dark were subjected to turbidimetric 
growth-curve analysis (Fig. 3).

Fig. 1. S. aureus viability (Log CFU mL− 1) in the presence of VP films used one, 
two and three times in the dark condition. Data are shown as mean ± SD from 
three independent biological replicates; each biological replicate included two 
technical replicates. Control refers to a microbial suspension exposed under the 
same irradiated conditions.

Fig. 2. S. aureus colony diameter; control in the dark (yellow), control irradi
ated (green), exposed to VP at its first use in the dark (red), and exposed to VP 
and irradiated (blue). Samples were irradiated by means of a blue LED lamp 
(λmax = 470 nm, fluence rate 100 W m− 2). Data are shown as mean from three 
independent biological replicates; each biological replicate included two tech
nical replicates. Different letters indicate statistically different means (p <
0.05). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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Growth-curve modelling (Table 1) revealed a significantly prolonged 
lag phase (λ = 3.98 h vs. 3.14 h in controls) and a reduced maximum 
specific growth rate (μmax = 0.36 vs. 0.53 OD/h).

These alterations indicate that contact with VP slows down the 
transition to active growth and reduces replication efficiency. Notably 
enough, the amplitude of the stationary phase remained unchanged, 
suggesting that cells eventually recovered when transferred to a 
nutrient-rich medium. Overall, VP induces sublethal stress sufficient to 
impair early physiological processes, while remaining non-bactericidal 
in the dark. The observations from this study are consistent with pre
vious reports showing that contact-mediated toxicity of polyimines can 
impair bacterial cells by damaging their membranes, even in the absence 
of immediate bactericidal effects [21,22]. Since membrane integrity is 
crucial for microbial viability, sublethal injury at this level may still be 
repairable, but only at the expense of additional time and metabolic 
effort. As a result, exposed cells may retain the ability to recover in 
nutrient-rich conditions while displaying delayed entry into exponential 
growth, as reflected by the prolonged lag phase observed in the present 
study.

3.2. Effect of blue light and VP + blue light: Viability, colony morphology, 
and growth kinetics

The potential of VP-induced sublethal stress to sensitize S. aureus to 
blue-light-mediated oxidative mechanisms was subsequently assessed. 
Blue light in the 405–450 nm region is known to efficiently inactivate 
bacteria due to strong porphyrin absorption [7], whereas at longer 
wavelengths, such as 460–470 nm, antimicrobial efficacy sharply de
clines and fluences above 100 J cm− 2 are typically required [12,14]. We 
deliberately used subthreshold irradiation (470 nm; 18, 36, and 54 J 
cm− 2) to test whether a VP-associated enhancement could be detected 

under conditions in which light alone was expected to remain weakly 
effective. This choice should be regarded as a mechanistic probing 
strategy rather than as an attempt to optimize bactericidal performance. 
In this sense, 470 nm irradiation at moderate fluences was not selected 
as an optimized application condition, but as a mild irradiation regime 
in which any VP-mediated enhancement could be more clearly resolved. 
Such an approach may also be of interest for the future treatment of 
light-sensitive matrices, where preserving product quality may be as 
important as antimicrobial efficacy.

Control experiments confirmed that 470 nm irradiation alone did not 
significantly affect viability (p > 0.05; Fig. 4) with viable counts 
remaining close to the initial value throughout the treatment. None
theless, colonies from light-only treatments were significantly smaller 
than those from dark controls (p < 0.05), indicating that irradiation 
alone caused mild sublethal stress (Fig. 2). Colony size heterogeneity 
increased markedly under light exposure, likely reflecting physiological 

Fig. 3. Turbidimetric growth curves of S. aureus; control in the dark (blue), control irradiated (orange), exposed to VP at its first use in the dark (red), exposed to VP 
and irradiated (green). Samples were irradiated by means of a blue LED lamp (λmax = 470 nm, fluence rate 100 W m− 2). Data are shown as mean from three in
dependent biological replicates; each biological replicate included two technical replicates. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Table 1 
Growth parameters (lag phase (λ, h); maximum growth rate (μmax, OD/h); and 
final cell density (OD) of S. aureus in the presence of VP and absence (control) in 
the light condition (90 min, 100 W/m2, λ = 470 nm) and in the dark; within the 
same sample, different letters indicate statistically different means (p < 0.05).

λ (h) μmax (OD/h) Final cell density OD

Control-dark 3.14d ± 0.08 0.53a ± 0.05 1.49a ± 0.04
Control-light 3.66c ± 0.12 0.48a ± 0.06 1.52a ± 0.03
VP-dark 3.98b ± 0.06 0.36b ± 0.01 1.47a ± 0.01
VP-light 4.48a ± 0.63 0.35b ± 0.02 1.49a ± 0.01

Fig. 4. S. aureus viability (Log CFU mL− 1) in the presence of VP films used one, 
two, and three times (blue LED light, fluence rate of 100 W m− 2). Control refers 
to a microbial suspension exposed under the same irradiated conditions. Data 
are shown as mean ± SD from three independent biological replicates; each 
biological replicate included two technical replicates. Within the same sample, 
different letters indicate statistically different means (p < 0.05). (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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difference in endogenous chromophore content: actively growing cells, 
richer in porphyrins and flavins, generate more ROS under irradiation 
and thus are more sensitive, whereas stationary-phase cells exhibit 
lower susceptibility [11,33].

The combination of VP and blue light produced markedly different 
outcomes. Colonies arising from VP + light suspensions were signifi
cantly smaller than those from light-alone conditions and comparable in 
size to those formed after VP exposure in the dark, indicating that VP 
remains the primary inducer of morphological stress. Nevertheless, 
despite similar colony morphology, the viability outcomes diverged 
sharply: VP in combination with light produced a measurable bacteri
cidal effect, with the magnitude of killing increasing with film reuse 
(Fig. 4). More specifically, after the first use of VP, viability remained 
comparable to that of the irradiated control up to 60 min, whereas a 
significant reduction was observed only after 90 min, indicating a 
limited antibacterial effect under these conditions. By contrast, second- 
use VP films produced a marked decrease in viability already after 60 
min (36 J cm− 2), which was maintained at 90 min and corresponded to 
an approximately 2-log reduction relative to the initial count. Third-use 
VP films showed the strongest and fastest effect, with a significant 
decline already after 30 min (18 J cm− 2), followed by a further decrease 
at 60 and 90 min, ultimately approaching a 2-log reduction. Overall, 
these data indicate that repeated reuse progressively enhances the 
antibacterial response associated with VP under blue-light irradiation, 
reducing both the exposure time and the fluence required to obtain a 
measurable effect.

Growth-curve analysis further substantiated this observation. As 
shown in Fig. 3 and Table 1, both light exposure and VP contact inde
pendently extended the lag phase, but the combined VP + light condi
tion produced the most pronounced effect. Specifically, lag time 
increased by 22% relative to the light control and 12% relative to VP- 
dark, indicating cumulative interference with cellular repair and adap
tation. When considered together, the viability data, colony-size anal
ysis, and growth-curve modelling are consistent with a division of roles 
within the inactivation mechanism:

(i) the polyimine matrix induces membrane-associated sublethal 
stress, and.

(ii) blue light triggers porphyrin-mediated oxidative damage, 
thereby contributing to cell killing [7].

Although the latter effect was not demonstrated in this study, it re
mains mechanistically plausible based on the widely accepted antimi
crobial mechanism of blue light [7]. The reduction in colony size would 
therefore be attributable mainly to VP-induced stress, whereas the 
bactericidal outcome would arise from the additional oxidative chal
lenge imposed by irradiation.

3.3. Structural drivers and mechanistic basis of VP-enhanced blue-light 
antibacterial activity

Before examining structural changes in VP films, it was necessary to 
clarify whether the observed light-dependent antibacterial effect could 
arise from a conventional photodynamic mechanism. Based on our 
previous experience with photodynamic inactivation [16,17,26,27], we 
initially considered the possibility that minor photoactive species might 
form during thermal processing of the polymer. However, neither pol
yimines nor vanillin-derived structures are known to possess intrinsic 
photoreactivity. Standard assays for singlet oxygen, radical species, and 
hydrogen peroxide failed to detect measurable ROS generation by VP 
under the tested conditions (Fig. S3). These results indicate that VP does 
not behave as a conventional photosensitizer. However, the formation of 
short-lived, surface-confined, or impurity-derived reactive species 
below the detection limit of the applied assays cannot be completely 
excluded. Given their very short lifetime and limited diffusion range, 
such species are unlikely to account for the observed multi-log reduction 
in bacterial viability in the absence of sustained generation or direct cell- 
surface interactions. In particular, the Ti(IV)-based assay used for H₂O₂ 

determination was calibrated down to ca. 11 mg/L; trace peroxide for
mation below this range may therefore remain undetected. Even so, such 
trace levels would be unlikely to account for the observed multi-log 
reduction in bacterial viability, since this concentration range is well 
below H₂O₂ levels typically associated with substantial killing of 
S. aureus in vitro [34]. Importantly, the absence of detectable ROS 
production by VP indicates that the polymer itself does not behave as a 
conventional photosensitizer under the tested conditions. At the same 
time, the antibacterial effect observed under VP + light treatment sug
gests that light-dependent bacterial inactivation can still occur in the 
presence of the material. Because blue light is known to act through 
excitation of endogenous bacterial chromophores, especially porphy
rins, and because S. aureus contains such intracellular porphyrins [35], 
the most plausible interpretation is that VP increases bacterial suscep
tibility to endogenous photo-oxidative damage triggered by 470 nm 
irradiation. This mechanism should, however, be regarded as a data- 
supported working hypothesis rather than a direct mechanistic 
demonstration. In addition, a previously reported leachate-control 
experiment performed on this material argues against the contribution 
of diffusible species released during irradiation [24]. In that test, films 
were irradiated in PBS, then removed, and the recovered solution 
showed no detectable antimicrobial activity against S. aureus under 
irradiation, supporting the view that direct contact with the polymer is 
required for the observed light-enhanced effect.

Having excluded a photodynamic contribution from the polymer 
itself, we next investigated whether mechanical and structural changes 
arising during film reuse could explain the progressive amplification of 
the inactivation effect. SEM observations (Fig. S4) suggested that 
repeated handling and irradiation cycles induce microcracks in VP films, 
potentially increasing accessible surface area and enhancing polymer- 
bacteria interactions. To verify this hypothesis, pristine and reused 
films were characterized using nitrogen adsorption–desorption 
techniques.

By IUPAC definitions, microporosity is pores <2 nm diameter, 
mesoporosity is between 2 and 50 nm diameter and macroporosity is 
>50 nm diameter [36]. BET measurements revealed that the specific 
surface area nearly doubled upon reuse, increasing from 12.94 m2 g− 1 

for pristine films to 21.82 m2 g− 1 for reused samples, a 70% increase in 
SSA (Fig. 5a-b). More detailed BJH analyses, focusing on mesopores and 
small macropores in the 1.2–120 nm radius range, confirmed this trend: 
the surface area attributable to these pores increased by 75% after reuse. 
The average pore radius remained unchanged at ca. 3 nm (ca. 6 nm 
diameter), however, with 80% of the mesopores being under 8.8 nm in 
diameter by area in both cases, indicating that reuse does not alter the 
pore size distribution but rather the overall accessible surface area, due 
to the microcracking/fracturing.

The BJH pore volume data similarly showed an increase upon reuse: 
from 0.10 cm3 g− 1 (pristine) to 0.18 cm3 g− 1 (reused), an 80% increase in 
pore volume (Fig. 5c-d). Larger pores contribute much more to the volume 
than smaller ones, as a doubling of radius leads to a volume eight times 
greater for a spherical pore, for instance. However, as shown in Fig. 5c- 
d there was no significant difference in the pore radius distribution by 
volume before and after use. Given that BJH analysis selectively evaluates 
mesopores and excludes micropores (<2 nm), which were not reliably 
detected by BET analysis, these data likely provide a more accurate repre
sentation of the mesoporous contribution to antibacterial performance. 
Both in the pristine sample and after reuse, 80% of the mesopore volume 
was from pores <18 nm in diameter, again showing no significant change in 
the pore-size distribution, only an increase in the number of available pores 
by 80%.

Collectively, these findings indicate that reuse increases VP's accessible 
surface area without significantly altering the pore-size distribution. This 
apparent decoupling between surface area and pore-size distribution can be 
rationalised by considering the microstructural changes induced during 
film reuse (Fig. S4). Mechanical handling and repeated cycles likely 
generate new microfractures, exposing previously inaccessible internal 
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surfaces and thereby increasing the total accessible surface area without 
substantially modifying the intrinsic dimensions of the pre-existing meso
pores. This structural evolution may increase the extent of the contact 
interface between bacterial cells and the polyimine matrix. At the same 
time, a rougher and more fractured surface may also favour greater cell 
retention or adhesion during treatment. In this sense, the reuse-dependent 
enhancement in antibacterial activity can be interpreted more cautiously as 
consistent with an increased contact-mediated contribution to the observed 
additive effect under irradiation, rather than as evidence of a uniquely 
defined mechanism.

Following the structural analysis, SEM imaging provided qualitative 
support for the proposed mechanism. Cells maintained in the dark without 
VP exhibited smooth and intact morphology (Fig. 6A), in agreement with 
previous observations [37,38]. Cells exposed to light alone (Fig. 6B) showed 
occasional morphological alterations, whereas cells exposed to VP in the 
dark (Fig. 6C) appeared overall similar to the dark control, without clear 
evidence of extensive membrane damage. By contrast, the combined VP +
light condition (Fig. 6D) showed the most evident structural alterations, 
including cell deformation and lysis, consistent with greater cell damage 
under the combined treatment. Unlike classical cationic polymers, whose 
antimicrobial activity stems from electrostatic disruption, VP is expected to 
remain largely uncharged at physiological pH, given the reported pKa 
values of imines [39]. Therefore, its interaction with bacterial membranes 
likely proceeds through hydrogen bonding and hydrophobic interactions, 
leading to subtle but physiologically meaningful membrane stress. This 
stress primes bacteria by weakening their repair and growth capacities, 
thereby enhancing their vulnerability to ROS generated intracellularly via 
porphyrin photoactivation.

Overall, the collective evidence supports a working model in which 
VP does not act as a photoactive antibacterial material, but rather as a 
mechanical and physiological sensitizer that amplifies the bactericidal 
action of blue light. In this model, contact-induced sublethal stress and 
endogenous porphyrin photoactivation converge to promote microbial 
inactivation at irradiation doses that would otherwise be only weakly 
effective. However, the present study does not establish a formal 
structure-activity relationship, and further comparative studies on 
structurally related polyimines will be necessary to identify the specific 
chemical determinants of this effect.

4. Conclusions

Rather than introducing a new polymer chemistry, the present study 
demonstrates a new functional role for the previously reported vanillin- 
derived polyimine VP. Specifically, polymer-cell interactions can signifi
cantly influence antibacterial outcomes under visible light even when the 
polymer itself lacks intrinsic photoactivity. In the specific case of VP, con
tact with the polymer matrix induces a reproducible sublethal stress that 
alters bacterial response to subsequent oxidative challenges. The present 
data do not support a direct ROS-generating role of the polymer under the 
tested conditions, although minor contributions from undetected reactive 
species cannot be fully excluded. The progressive enhancement of anti
bacterial efficacy observed upon material reuse further indicates that 
structural evolution of dynamic polymer networks during operation can 
contribute to functional performance. The increase in accessible surface 
area without detectable changes in pore-size distribution suggests that 
microstructural rearrangements, rather than chemical modification, 

Fig. 5. BJH pore size distributions by pore area (a, b) and pore volume (c, d) for pristine (a, b) and reused at third use (b, d) samples. The insets in a) and b) show the 
pore area size distribution between 0 and 200 Å radius (0–40 nm diameter).
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govern the strengthening of polymer-microbe interactions. From a polymer 
science perspective, these findings support the idea that dynamic covalent 
materials can be engineered not only for recyclability or self-healing, but 
also to modulate interfacial biological responses. While demonstrated here 
using Staphylococcus aureus as a model system, this approach provides a 
framework for the rational design of reusable polymeric materials that 
enhance light-mediated antibacterial processes under mild irradiation 
conditions. A further strength of the study lies in the combined use of 
complementary biological, morphological, and structural analyses, which 
together support a coherent interpretation of the observed material-assisted 
antibacterial response. These findings define a proof-of-concept framework 
in which a neutral polyimine can enhance antibacterial response to blue 
light through a contact-mediated sensitizing effect. Within this framework, 
the proposed mechanism is best regarded as a data-supported working 
model that identifies plausible structure–function relationships and pro
vides a basis for further mechanistic refinement. Under the selected irra
diation conditions, the absolute reduction in bacterial viability remains 
modest. However, this limitation should be viewed in light of the purpose of 
the study, which was not to optimize bactericidal performance but to 
determine whether VP could modulate bacterial response to blue light. The 
advance of the study is therefore conceptual and functional rather than 
performance-based: it identifies a previously unreported contact- 
dependent sensitizing role of a neutral, non-photoactive polyimine under 
blue-light exposure. Future studies on systematically modified polyimine 
analogues may help clarify which structural features govern the priming- 
plus-light behaviour. The broader activity spectrum of VP also remains an 
important area for further investigation, particularly with respect to other 
bacterial species, resistant strains, and fungi. From an application 
perspective, these findings may be relevant to scenarios in which bacterial- 
load reduction is sought as a complementary control measure rather than 
absolute sterility, such as food-processing or environmental settings, or the 
periodic treatment of material and container surfaces under blue light in 
combination with conventional cleaning procedures.
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