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ABSTRACT

Photodynamic processes have found widespread application in therapies. These processes involve photosensitizers (PSs) that, when excited

by specific light wavelengths and in the presence of molecular oxygen, generate reactive oxygen species (ROS), that target cells leading to

inactivation. Photodynamic action has gained notable attention in environmental applications, particularly against pathogens and antibiotic-

resistant bacteria (ARB) that pose a significant challenge to public health. However, environmental matrices frequently encompass additional

contaminants and interferents, including microplastics (MPs), which are pollutants of current concern. Their presence in water and effluents

has been extensively documented, highlighting their impact on conventional treatment methods, but this information remains scarce in the

context of photodynamic inactivation (PDI) setups. Here, we described the effects of polyvinyl chloride (PVC) microparticles in PDI targeting

Staphylococcus aureus and its methicillin-resistant strain (MRSA), using curcumin as a PS under blue light. The presence of PVC micropar-

ticles does not hinder ROS formation; however, depending on its concentration, it can impact bacterial inactivation. Our results

underscore that PDI remains a potent method for reducing bacterial concentrations in water and wastewater containing ARB, even in

highly contaminated scenarios with MPs.
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HIGHLIGHTS

• Photodynamic inactivation is an effective tool against antibiotic resistance spread.

• The presence of microplastics hinders photodynamic inactivation up to a reversible point.

• A hypothesis on the photodynamic degradation of PVC is presented.
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redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT

1. INTRODUCTION

The photodynamic process involves the use of a photosensitizer (PS) molecule, which, at the adequate wavelength of light
and presence of oxygen, is able to produce reactive oxygen species (ROS), and singlet oxygen (1O2) by photophysical and

photochemical mechanisms. The produced reactive species may react with biomolecules and induce to cell death
(Robertson et al. 2009). This concept has been extended to various applications, including anticancer therapies (Dolmans
et al. 2003) and antimicrobial treatments (Boltes Cecatto et al. 2020; Du et al. 2021), the degradation of chemical contami-
nants (Gmurek et al. 2017), and inactivation of public health significance, such as diseases vectors (Lima et al. 2022),
pathogenic bacteria (Bartolomeu et al. 2017; Ugwuja et al. 2019), and antibiotic-resistant bacteria (ARB) (Sarker & Ahn
2022). In the context of ARB, photodynamic inactivation (PDI) assumes a pivotal role against its spread considering that
it is a multitarget inactivation method that relies on oxidative stress (Almeida 2020).

In fact, existing literature presents evidence of the identification of ARB and their genetic components in water (Li et al.
2019), and wastewater treatment plants (Birošová et al. 2014; Rajabi et al. 2022). This underscores the potential significance
of suggesting that PDI is a valuable tool for disinfection and tertiary treatment to counteract the prevalence of these micro-

organisms. Expanding on the environmental applications of PDI, it should be noted that it acts on complex matrices. These
matrices often vary in physicochemical parameters, making their quality assessment an essential requirement for selecting the
treatment technology (Silva et al. 2022). Different matrices may include specific pollutants that directly influence the mech-

anisms involved in the treatment train and operational units, presenting a challenge that extends to PDI as well (Almeida
et al. 2014; Bartolomeu et al. 2023).

A topic that has been discussed in research on environmental pollution is the presence of microplastics (MPs) in different
matrices. Upon disposal, plastic materials undergo various mechanisms leading to the formation of smaller particles measur-

ing less than 5 mm (Zhang et al. 2021). MPs have been detected in various water sources such as seawater, freshwater, urban
waterworks, treated tap water, and wastewater (Zhang et al. 2022; Wibuloutai et al. 2023; Yang et al. 2023). A recent study
concluded that, along with feed water quality, the efficiency of the treatment plant is one of the major determinants of the

vulnerability to contamination of treated water (Oladoja & Unuabonah 2021). The persistence of MPs after undertaking treat-
ment has been demonstrated by numerous studies, which have consistently shown that MPs,0.3 mm often escape in primary
and secondary treatment effluents (Blair et al. 2019; Pittura et al. 2021). Regarding tertiary treatment and disinfection, the

presence of these contaminants has posed a notable challenge to the efficiency of membrane filtration, largely attributed
to fouling mechanisms (Enfrin et al. 2020). Moreover, a recent paper elucidated that MPs caused a negative effect on UV
inactivation of ARB (Manoli et al. 2022).

These reports raise questions on how MPs affect the efficiency of PDI against different microorganisms. This matter, to the

authors’ knowledge, has not been touched upon so far, particularly regarding curcumin as a PS, a natural-based compound
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that has raised interest in PDI due to its high efficiency and low toxicity, which makes it friendly to environmental appli-

cations (Dias et al. 2020). Therefore, the aim of this study was to evaluate the effects of polyvinyl chloride (PVC) MPs on
the performance of photodynamic water treatment against Staphylococcus aureus and methicillin-resistant S. aureus, using
curcumin as a PS under blue light. Mechanisms were also investigated by photodegradation assays and theoretical molecular

modeling.

2. METHODS

2.1. Chemicals and analytical methods

PVC MPs purchased from Sigma Aldrich MP suspensions were prepared in water, right before PDI assays.

Likewise, curcumin solutions were prepared immediately prior to antimicrobial assays. The powder was purchased from a
commercial supplier (PDT Pharma, Brazil) and the master stock consisted of a dilution in ethanol 99.7% (Êxodo®, Brazil).
Work solutions are further described. They were made out of dilutions of the master stock in autoclaved distilled water.

2.2. Scanning electronic microscopy

The morphological characteristics of MPs were analyzed by high-resolution scanning electron microscopy (FEG-SEM), with
a field emission electron gun (FEG-SEM, Supra 35-VP, Carl Zeiss). The samples were fixed in the substrate on carbon tape,
coated with gold/palladium and analyzed at 2.5 kV. Particle size measurement was performed using ImageJ software (version

1.50i). ImageJ software (National Institutes of Health, Bethesda, MD) was used to calculate the PVC MP average diameter.

2.3. Bacterial growth and quantification

PDI tests were carried out against two strains of bacteria: S. aureus (ATCCⓇ 25923), and methicillin-resistant S. aureus (clini-
cal isolate), given that previous research reported that they respond differently to PDI in terms of energy requirement

(Sammarro Silva et al. 2023; Silva et al. 2023). Stocks were seeded onto Petri dishes containing brain-heart infusion (BHI)
agar and incubated at 37 °C for 24 h. Grown colonies were resuspended in BHI broth, then incubated again at 37 °C for
24 h with no agitation. After this incubation period, aliquots were inoculated in BHI and grown to the mid-log phase.

Growth was monitored by optical density (600 nm, Bel Photonics spectrophotometer) so that work suspensions of bacteria
would be at ∼107–108 colony forming units (CFUs) mL�1 for PDI experiments. Purification was done by centrifuging samples
at 3,000 rpm for 15 min (Eppendorf 5,702 centrifuge) and the final pellets were suspended in 1� phosphate saline buffer
(PBS, 7.4 pH). These suspensions undertook inactivation tests as detailed further.

After PDI assays, quantification was done by seeding aliquots of serial dilutions (in PBS) onto BHI agar plates, grown in the
same conditions as previously stated, so that counts would be available in CFU mL�1.

2.4. PDI experimental design and setup

Tests were performed in vitro, in sterile 24-well plates under fixed energy doses for each bacteria, i.e., 5 J cm�2 against
S. aureus and 50 J cm�2 against MRSA, adapted from peer methodology and responding to the curcumin absorbance spectra
(Almeida et al. 2017; Sammarro Silva et al. 2023; Silva et al. 2023). The PS sublethal concentrations were screened for both
bacteria, considering: 3, 5, 7 and 10 μM of curcumin against S. aureus and against MRSA. These were repeated in the

presence of PVC MPs. A simplified scheme of the experiments is shown in Figure 1.
In a typical experiment, each well was filled up with combinations of purified bacterial suspension (250 μL), MP suspension

(250 μL) and PS solution (250 μL) in the desired concentrations. Prior to irradiation, the multi-well plates were incubated for

20 min at room temperature, under static conditions and protected from direct light. The selection concentrations of MP were
based on extremely contaminated scenarios (0.25, 0.50, and 1.0 g L�1), following similar research (Manoli et al. 2022) aimed
at assessing the effects of the presence of such polymers in photonic disinfection methods.

Irradiation was performed using Biotable® device, which comprises 24 blue LEDs (emission peak at 450 nm, 41.05
mW cm�2 at the tested water level). Control experiments that did not contain any PVC (0.00 g L�1) had their respective
wells filled up to the same water head, by including the equivalent volume fraction of sterile deionized water. This is also

applied for chemical toxicity and photochemical toxicity of MPs investigated in control experiments.

2.5. Photodegradation assays

A block of photodegradation assays targeted effects of irradiated PVC microparticles on the photobleaching of the PS mol-
ecule. In order to do so, suspensions of PVC in curcumin solution (10 μM; the highest PS concentration used) were irradiated
://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.104/1408752/wst2024104.pdf
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Figure 1 | Simplified diagram of photodynamic inactivation assays in the presence of PVC MPs.

Water Science & Technology Vol 89 No 8, 2108

Downloaded fr
by UNIVERSID
on 29 April 202
under blue light (LED-based apparatus, emission peak at 450 nm, 21.6 mW cm�2). Curcumin was quantified by UV-vis spec-
troscopy (Varian® Cary 50 UV-Vis spectrophotometer). The photodegradation percentage was calculated by a decrease in the
maximum absorbance peak of the curcumin at 430 nm. Samples were collected under different light doses (0, 5, 10, 25, and

50 J cm�2), aiming to provide a photodegradation kinetic profile.
Similarly, photodegradation assays targeting effects on the polymer were carried out. Curcumin (10 μM) and PVC

(1.0 g L�1; the highest tested concentration) were irradiated under blue LED light (450 nm, 41.05 mW cm�2), at a specific
light dose (50 J cm�2), based on the UV-vis photodegradation assays. A control group with no irradiation was also considered.

The aqueous solutions of the combinations of PVC and the PS were filtered through (7–12 μm) black band quantitative filter
paper, aiming to concentrate the particles, and this material was left for drying at room temperature (28 °C, 24 h). The same
procedure was performed for the PVC-curcumin suspension without irradiation. Analyses of curcumin powder, PVC, PVC-

curcumin, PVC-light, and PVC-curcumin-light combinations were performed by Total Attenuated Fourier Transform Infrared
Spectroscopy (ATR-FTIR), using a Cary 630 FTIR spectrophotometer (Agilent®, USA), spanning the scanning range of 650–
4,000/cm with a resolution of 16 cm�1.

2.6. Molecular modeling

To verify some chemical properties of PVC in the studied environment, theoretical calculations were simulated using density
functional theory (DFT) (Hohenberg & Kohn 1964; Kohn & Sham 1965), implemented in the Gaussian 16 (Frisch et al.
2016) software package. The highly parameterized empirical exchange-correlation functional M06-2X (Zhao & Truhlar

2008) combined with the 6-311þþG(d,p) polarized and diffuse basis set. For this, we built two linear PVC structures contain-
ing six monomers. The C atoms bonded to the Cl atom are chiral, and, therefore, in the first structure, these were arranged
intercalated in the structure, while the second was constructed so that a sequence of three monomers contains C atoms with

the same stereoisomerism (S–S–S). The f0 Fukui function (Fukui 1982) calculations were used to verify possible sites of rad-
ical attacks in the PVC molecule, and through the Quantum Theory of Atoms in Molecules (QTAIM) (Bader 1985, 1994),
possible interactions of the singlet oxygen molecule (1O2) present in the environment with PVC were verified. The topological
parameters used were the electron density, r(r), the Laplacian of the r(r),r2r(r), the kinetic,G(r), and potential, v(r), energies
of the r(r), and the total energy, h(r). Finally, based on the analysis of the frontier molecular orbitals (Zhang & Musgrave
2007), the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), it was possible
to obtain chemical descriptors such as chemical potential (Pearson 1992):

m ¼ @E
@N

� �
y

¼ � I þA
2

¼ �x (1)
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a measure of charge transfer capacity, and chemical hardness (Pearson 2005):

h ¼ 1
2

@2E
@N2

� �
y

¼ I �A
2

(2)

a measure of resistance to deformation of the electron cloud during chemical processes. In Equations (1) and (2), E is the

energy of the system, N is the number of particles, y is the external potential, x is the electronegativity, I ffi �EHOMO is the
ionization potential, and A ffi �ELUMO is the electron affinity.

2.7. Statistics

Inactivation data were checked for normal distribution using Shapiro–Wilk test (95% confidence interval). Normally distrib-
uted data were analyzed by Student’s t-test for two samples so that toxicity and phototoxicity could be evaluated. Results on
the effect of the presence of MPs in PDI were normalized by log-reduction and grouped into different blocks as per PS con-
centration and analyzed by one-way analysis of variance (ANOVA) (α¼ 0.05).
3. RESULTS AND DISCUSSION

3.1. PVC MPs characterization

Figure 2(a) describes the overall morphology of PVC MPs used in this study, illustrating that they constitute spherical and

semi-spherical particle shapes with large and irregular surfaces. The PVC particle diameter distribution is shown by the his-
togram in Figure 2(b), and it ranges from 40 to 200 μm, with an average value of 120 μm in particle size.

3.2. Effects of PVC MPs as a single factor

Table 1 provides the p-values resulting from the Student’s t-tests of the toxicity and phototoxicity effects of MPs against both
tested microorganisms. These are control groups for PVC standalone action. The statistical analyses were based on the
residual CFUs corresponding to each specified illumination condition outlined in Table 1. The outcomes suggest no toxicity,

except for the highest concentration of MPs against MRSA (contact time of 20 min 18 s). Notably, under light exposure, some
degree of microorganism inactivation was detected, though never exceeding 1 log. This result could potentially be attributed
to die-off or the photochemical effects to PVC that are further elucidated, given that blue light exposure to MRSA was not

significantly toxic, though also led to 0.66+ 0.08 log-reduction.
Figure 2 | (a) Scanning electron microscopy image of PVC MPs, scale bar refers to 200 μm, and (b) mean diameter distribution of PVC
particles average value of 120 μm.
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Table 1 | Student’s t test p-values for toxicity and phototoxicity of PVC microplastics under different illumination setups

Target MP (g L�1)

Dark Blue light

Log-inactivation+SD p-value Log-inactivation+SD p-value

S. aureus 0.00 0.00 + 0.00 NA 0.00 + 0.00 NA
0.25 0.19 + 0.17 0.1178 0.48 + 0.09 0.0018
0.50 0.15 + 0.05 0.0718 0.60 + 0.11 , 0.001
1.00 0.17 + 0.09 0.6456 0.34 + 0.04 0.0182

MRSA 0.00 0.00 + 0.00 NA 0.66 + 0.08 0.0802
0.25 0.09 + 0.13 0.7468 0.23 + 0.01 0.4060
0.50 0.07 + 0.12 0.5788 0.13 + 0.12 0.7977
1.00 0.69 + 0.13 0.0313 0.70 + 0.21 0.0181

Notes: SD refers to standard deviation. Results in bold refer to significant differences in means (α¼ 0.05). Light dose against S. aureus and MRSA were 5 and 50 J cm�2, respectively.

NA¼ not applicable.
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3.3. Influence of MPs in PDI

The overall effects of the presence of PVCMPs in antimicrobial photodynamic action are displayed in Figures 3 and 4, against
S. aureus and MRSA, respectively. The efficiency of standalone PDI is shown by the dashed columns (absence of MP, i.e., PDI
control groups). When comparing the effects of the sensitive strain to MRSA, the PDI treatment using curcumin was less

effective than the latter. As the scope of the present study did not include mapping out operational conditions for optimal
PDI, it should be noted that peer research has obtained improved log-reductions of MRSA in either planktonic or biofilm
states, by adding higher concentrations or curcumin (and curcumin-based formulations) and/or increased light doses

(Almeida et al. 2017; Araújo et al. 2018; Liu et al. 2018). Here, we worked with sublethal parameters so that we would be
able to observe any changes caused by the presence of PVC as an interferent to the inactivation process.

For both targets, the presence of MPs in suspension hampered the PDI efficiency progressively. Nonetheless, at the highest

concentration of MPs (1 g L�1), results showed a recovery in photodynamic action, though not always reaching (and never
surpassing) the full potential demonstrated by the absence of microparticles. The presence of suspended particles in photonic
treatments is indeed expected to hinder inactivation efficiency. That is because they act on light scattering, attenuate energy
delivery, and enable microorganisms to be shielded from irradiation (Emerick et al. 1999; Christensen & Linden 2003;
Figure 3 | Photodynamic inactivation of S. aureus using curcumin under blue light (5 J cm�2) in the presence of PVC microplastics. Notes:
relative log-reductions were first accounted for in CFU mL�1. Statistical analyses were calculated by groups of curcumin concentration,
identified by dashed blocks. The indication of the same character letters within a group refers to statistical similarity of means (α¼ 0.05). Dark
control groups for curcumin (10 μM) and its combination with PVC (1 g L�1) led to log-removals of 0.08+ 0.08, and 0.02+ 0.13, respectively.
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Figure 4 | Photodynamic inactivation of MRSA using curcumin under blue light (50 J cm�2) in the presence of PVC microplastics. Notes:
relative log-reductions were first accounted for in CFU mL�1. Statistical analyses were calculated by groups of curcumin concentration,
identified by dashed blocks. The indication of the same character letters within a group refers to statistical similarity of means (α¼ 0.05). Dark
control groups for curcumin (10 μM) and its combination with PVC (1 g L�1) led to log-removals of 0.32+ 0.05, and 0.29+ 0.01, respectively.

Water Science & Technology Vol 89 No 8, 2111

Downloaded from http
by UNIVERSIDADE D
on 29 April 2024
Manoli et al. 2022). The efficiency of PDI using curcumin against both microorganisms, however, only dropped around 1 log-
reduction, except for MRSA in the highest PS concentration. When adding 1 g L�1 PVC MPs to the system, though, we

believe additional mechanisms took place to recover inactivation ability, as described in the following topics. This suggests
that PDI using curcumin as an efficient approach against bacteria and ARB, even in MP-contaminated scenarios, but inves-
tigating details on the mechanisms involved is recommended for future research.

3.4. Photodegradation profiles

Figure 5 shows the photodegradation evaluation of curcumin in the presence of PVC (0, 0.25, 0.50, 1.0 g L�1) using a set of

light doses (0, 5, 10, 25, and 50 J cm�2) at 450 nm. In all analyzed conditions, an increase in curcumin photodegradation was
dependent on the light dose used (0–50 J cm�2). Furthermore, in general, a proportional increase in the photodegradation of
Figure 5 | Curcumin photodegradation profile in the presence of PVC under different light doses.
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curcumin dependent on the PVC concentration in the medium was observed. The PVC concentration-dependent degradation

of curcumin was mainly observed at light doses of 5, 10 and 25 J cm�2. This higher curcumin photodegradation depending on
PVC concentration may be explained by the formation of Cl• and H• reactive species via photoactivation of PVC surface by
the light source and/or secondary reaction of ROS (such as O2

�•, •OH, H2O2, and
1O2) with PVC (Castillo et al. 1990; Yang

et al. 2011).
In summary, based on the photodegradation and photoinactivation data, we had expected a competitive process of the ROS

produced, as previously reported (Dias et al. 2021). However, depending on PVC concentration, a recovery in PDI efficiency
was found, considering results at lower levels of contamination with MPs. This observation may be explained by the for-

mation of Cl. and H. species formed via hydrochlorination process at some specific settings (concentration of the
contaminant vs. applied light dose). These reactive species present a high reactive property and may act as an antimicrobial
tool in a cooperative way with the conventional ROS formed through a photodynamic process, depending on operational

settings and contamination level. In certain conditions, however, they may also increase bleaching of the PS and hinder
microbial inactivation, as shown by PDI assays against S. aureus and MRSA.

Figure 6 shows the photodegradation profiles of curcumin targeting effects on the polymer, under the highest energy dose

(50 J cm�2) at 450 nm. A comparison between FTIR spectra was performed accounting for (a) curcumin, (b) PVC, (c) irra-
diated PVC, (d) combined curcumin and PVC, and (e) combined curcumin and PVC after irradiation.

The (a) spectrum presents a band at 3,508 cm�1 attributed to the presence of the vibrational mode ν(O–H) of the phenolic

group. At 1,625 cm�1, the band attributed to ν(C¼C) vibrations of the benzene ring bond. Another band at 1,598 cm�1 is
attributed to the symmetric stretching vibrations of the benzene ring. At 1,506 cm�1 referring to the vibrational mode of
the carbonyl ν(C¼O). The band at 1,424 cm�1 olefinic bending vibrations ν(C-H). At 1,268 cm�1 vibrational stretching is
attributed to aromaticity ν(C–O), while the band at 1,028 cm�1 refers to stretching vibrations ν(C–O–C). The bands at 954

and 715 cm�1 refer to the trans-CH vibrational modes of the benzoate and cis-CH of the aromatic ring, respectively
(Mohan et al. 2012; Garbuio et al. 2022).

Spectrum (b) shows the FTIR for PVC with characteristic bands at 2,967–2,907 cm�1, attributed to vibrational stretching

ν(C–H) and at 1,423 cm�1 vibrational stretching of the ν(CH3) group. The strain at 1,326 cm�1 refers to the vibrational
Figure 6 | FTIR spectra: (a) curcumin, (b) PVC, (c) PVC and curcumin, (d) blue light irradiated PVC, and (e) blue light irradiated PVC and
curcumin combined (50 J cm�2 light dose).
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mode ν(CH2). The band at 1,252 cm�1 can be attributed to vibrational rocking ν(CH). At 961 cm�1, the vibrational mode wag-

ging trans-C–H and at 834 cm�1 vibrational stretching ν(C–Cl), while at 685 cm�1, it is attributed to the vibrational mode cis-
CH-wagging (Soman & Kelkar 2009; Kassem et al. 2023). There is no suggestion of curcumin adherence to the polymeric
material, as spectrum (c), which refers to the combination PVC-curcumin that does not include the characteristic curcumin

bands, though it includes the characteristic bands of the vibrational modes of the PVC polymer. PVC irradiated with a dose of
50 J cm�2 at 450 nm in the spectrum maintained its characteristic bands, as shown in Figure 6(d). Spectrum (e) showed the
appearance of two bands in the regions of 2,366 and 2,340 cm�1, without significant alteration in the other vibrations of PVC.
This alteration may be associated with the photodegradation of the PVC polymer via singlet oxygen and free radical oxidation

mechanisms (Lee & Li 2021), generated by the PS curcumin when irradiated by a light source at an appropriate wavelength
(Dias et al. 2020). These are well-established mechanistic processes in the PDI of microorganisms, and our results suggest that
an attack on PVC may also be taking place. At some operational conditions, the effects of this photodegradation may even be

favorable for removing contaminants in general and maintaining the performance of PDI.
3.5. Interaction of ROS and PVC by molecular modeling

Calculations of the f0 Fukui function showed that the chlorine atoms present in the PVC structure are favorable to attack by
1O2 present in the environment. For the linear structure of PVC, where the stereochemistry is intercalated in R and S (PVC1),

it was observed that the f0 values of the four central chlorine atoms are similar throughout the molecule. In the PVC2 struc-
ture, whose C atoms have the same stereochemistry, it was observed that in the sequence S–S–S, the chlorine atom connected
to the central carbon atom S (Figure 7), the f0 function presented the highest value obtained, being the most likely location for

these chemical attacks.
The formation of 1O2 interactions with PVC stereoisomeric molecules was detected by the QTAIM formalism. The bond

paths (BPs) showed the formation of interactions between O2 and the Cl atoms bonded to the CR atoms (O⋯ClR) and to the H

atom of the achiral C atom (O⋯H) for the PVC1 stereoisomer, while in PVC2 observed the formation of an interaction with
the Cl atom bonded to the CS atom (O⋯ClS) and with the H atoms of neighboring achiral C atoms (O⋯H). The topological
parameters are presented in Table 2. Based on the results of Nakanishi et al. (2008, 2009), all observed interactions are van
der Waals in nature, since 0.00, r, 0.01, 0.00,r2r, 0.04, and 0.000, h, 0.002. Furthermore, the ratio jvj=G values are

less than unity (Bader & Bader 1984; Cremer & Bock 1986), indicating that electrons are depleted in the region between two
nuclear attractors, resulting in closed-shell interactions.

As shown in Table 3, compared to the results obtained for the PVC stereoisomers, 1O2 has a very low LUMO energy

(ELUMO) and high electronic affinity (A), which may result in electron capture; moreover, 1O2 has a low chemical hardness
Figure 7 | Stereoisomeric linear forms of PVC, (a) PVC1 and (b) PVC2, with the values of the f0 function of the Cl atoms.
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Table 2 | QTAIM topological parameters for O2⋯PVC interaction

BCP Interaction Distance (Å) r (a.u.) r2r (a.u.) G(r) (a.u.) v(r) (a.u.) h(r) (a.u.)
jvj
G

PVC1

P1 O� � �ClR 3.469 0.0064 0.0225 0.0047 �0.0038 0.0009 0.8

P2 O� � �H 2.457 0.0109 0.0357 0.0079 �0.0069 0.0010 0.9

P3 O� � �ClR 3.474 0.0050 0.0192 0.0040 �0.0033 0.0008 0.8

P4 O⋯ClR 3.429 0.0051 0.0197 0.0041 �0.0033 0.0008 0.8

PVC2

P1 O⋯H 2.516 0.0058 0.0205 0.0043 �0.0035 0.0008 0.8

P2 O⋯ClS 3.391 0.0084 0.0301 0.0068 �0.0060 0.0008 0.9

P3 O⋯H 2.604 0.0080 0.0274 0.0060 �0.0052 0.0008 0.9

BCP ¼ bond critical point.

Table 3 | Reactivity indices for molecule 1O2, and for enantiomeric forms of the PVC obtained at M06-2X/6-311þþG(d,p) level of theory

Descriptor O1
2 (kcal mol�1) PVC1 (kcal mol�1) PVC2 (kcal mol�1)

EHOMO �209.630 �225.452 �224.430

ELUMO �68.441 �9.325 �7.613

ΔEH-L
a 141.190 216.127 216.817

Ionization energy (I) 209.630 225.452 224.430

Electronic affinity (A) 68.441 9.325 7.613

Electronegativity (x) 139.035 117.388 116.021

Chemical potential (m) �139.035 �117.388 �116.021

Chemical hardness (h) 141.190 216.127 216.817

aΔEH-L¼ ELUMO–EHOMO.

Water Science & Technology Vol 89 No 8, 2114

Downloaded fr
by UNIVERSID
on 29 April 202
and can become polarized (this justifies the weak interaction with PVC). On the other hand, the polymer has high chemical

potential, being able to transfer charge to 1O2.
4. CONCLUSIONS

The primary aim of this study was to evaluate the impact of PVC MPs on PDI targeting S. aureus and its methicillin-resistant
strain (MRSA) in water matrices. Conducted in a controlled in vitro environment, the investigation employed curcumin as the

PS and blue light for operation conditions, and high concentrations of MPs to replicate highly contaminated scenarios.
Our findings showed a concentration-dependent hindrance effect exerted by MPs on the efficacy of microorganism inacti-

vation for both S. aureus and its MRSA. This trend was corroborated by photodegradation assays of the PS and was further
om http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2024.104/1408752/wst2024104.pdf
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influenced by the dependence on light energy dosage. Notably, at the highest contamination level, a reversal in photodynamic

action was noted, manifesting as an enhancement in inactivation compared to instances with lower PVC concentrations. This
recovery was attributed to the formation of supplementary reactive species, a notion validated by the profiles obtained
through PS photodegradation assays and supported by theoretical molecular modeling.

Our outcomes highlight PDI as a potential tool for microorganism and ARB control in the contexts of water disinfection
and wastewater tertiary treatment, even when confronted with PVC microplastic contamination. Notably, while the presence
of MPs does impede efficiency up to a reversible threshold, the processes underpinning photodynamic action extend beyond
microorganism inactivation, also applying to the degradation of polymeric contaminants. However, methodological limit-

ations apply to the present paper, inviting future research aimed at elucidating the mechanisms involved in this change
from competition to a suggested improvement in PDI efficiency in the presence of PVC as a contaminant. Tests on real
environmental matrices and other PS molecules are also encouraged.
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