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A B S T R A C T

Chlorination is a disinfection strategy widely used in drinking water distribution systems that can lead to the 
formation of harmful disinfection by-products. Parabens, a class of emerging contaminants, can react with 
chlorine and form parabens transformation products (PTP). This study investigates the formation and biological 
impact of PTP resulting from the chlorination of methylparaben (MP) with free chlorine. Both mono-chlorinated 
MP (3-Cl-MP) and di-chlorinated MP (3,5-diCl-MP) were produced and the characteristics of 7-days-old dual- 
species biofilms of Acinetobacter calcoaceticus and Stenotrophomonas maltophilia exposed to these PTP were 
assessed. Although 3,5-diCl-MP reduced bacterial culturability, 3-Cl-MP and 3,5-diCl-MP exposure increased the 
number of viable but non-culturable (VBNC) cells of A. calcoaceticus from dual-species biofilms by 3- and 5-fold, 
respectively. Exposure to 3-Cl-MP also increased VBNC cells in dual-species biofilms and the biofilm thickness by 
10 μm. Extracellular polymeric substances showed a 2-fold increase in polysaccharide content upon exposure to 
both PTP. Interestingly, while MP exposure increased bacterial tolerance to chlorine, PTP exposure enhanced 
susceptibility. Biofilms exposed to PTP showed higher reductions in total and culturable cells, increased numbers 
of cells with damaged membranes, and improved chlorine efficacy in reducing the biofilm extracellular protein 
and thickness. Furthermore, 3,5-diCl-MP exposure increased S. maltophilia susceptibility to minocycline and 
trimethoprim-sulfamethoxazole. These findings demonstrate the complex effects of PTP on DW biofilms and 
highlight the need to evaluate conventional disinfection strategies to protect DW from the impact of parabens 
and their chlorinated by-products.

1. Introduction

The widespread use of personal care products (PCPs) containing 
parabens has led to their persistence in water sources, with reported 
concentrations reaching up to 100 μg/L in wastewater and surface wa
ters [1,2]. Despite the implementation of advanced, multi-stage treat
ment processes in wastewater treatment plants (WWTP) and drinking 
water treatment plants (DWTP), the complete removal of parabens re
mains challenging. As a result, trace levels of parabens have been 
detected along drinking water distribution system(s) - DWDSs [3], with 
the highest concentration reported to date being 6 μg/L in Egypt [4]. 
Methylparaben (MP) is the most widely used paraben across a broad 
range of PCPs, which contributes to its higher persistence in water 

sources, compared to other parabens [1,2]. Although recognized as safe 
(GRAS), parabens are also considered endocrine disruptors, leading to 
human health complications such as perturbations of the central nervous 
system, carcinogenic effects, disruption of thyroid function, and dysre
gulation of the immune system [5]. Parabens also impact aquatic or
ganisms, similar to their effects in human health, and can 
bioaccumulate, leading to biomagnification [6].

In DWDSs, aside from environmental contamination with pollutants, 
biofilms (from 103 to 108 cells/cm2) are still unavoidable [7,8]. Micro
bial cells within biofilms are embedded in extracellular polymeric sub
stances (EPS), which offer protection against disinfectants and increase 
nutrient availability, supporting the survival and persistence of bacterial 
communities in DWDSs [9]. The co-occurrence of biofilms and parabens 
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in these systems can also change DW biofilm ecology. Previous studies 
found that, even at trace levels (0.15 to 15 μg/L), parabens can alter 
bacterial behavior by increasing biofilm proliferation [10], enhancing 
antibiotic tolerance [11], and compromising water disinfection with 
increased bacterial resistance to chlorination [12]. These effects will 
inevitably affect DW quality and safety, having the potential to 
compromise the health of DW consumers.

Another major concern for DW safety is the formation of disinfection 
by-products (DBPs) occurring during water disinfection [13]. Besides 
water chlorination, chlorine can readily react with dissolved nutrients in 
bulk water and EPS components from biofilms, forming DBPs [7]. This 
potential to react also applies to other organic compounds in DWDSs, 
such as parabens. Due to the presence of hydroxyl groups in the aromatic 
ring, parabens are highly reactive with chlorine, undergoing electro
philic aromatic substitution reactions that lead to the formation of 
parabens transformation products (PTP), especially chlorinated para
bens [14]. Although PTP are less studied than conventional DBPs, their 
occurrence has been documented in real WWTP [15], surface water 
[16], DW [17], and swimming pools [18], with reported concentrations 
reaching up to 293 μg/L, 13.4 μg/L, 0.3 μg/L, and 1.1 μg/L, respectively. 
So far, only two studies have reported the occurrence of PTP in DW, 
detecting di-chlorinated methylparaben (3,5-diCl-MP) and di- 
chlorinated ethylparaben (3,5-diCl-EP) at 0.17 and 0.07 ng/L, respec
tively, in Texas [19], and halogenated parabens at concentrations of up 
to several tens of ng/L in France [17]. The toxicological and ecological 
implications of PTP, including endocrine-disruptive effects and 
increased bioaccumulation potential, are emerging concerns. However, 
controversial conclusions remain when comparing their effects to those 
of original parabens [20]. Although there are no studies evaluating the 
effects of PTP on DW microbial dynamics, the formation of these com
pounds will compromise the efficacy of water disinfection by reducing 
the availability of free chlorine for microbial inactivation [21]. In 
addition, the formation of DBPs is also associated with increased bac
terial resistance in water sources, which may lead to public health issues 
[22]. Therefore, a deeper understanding of biofilm dynamics within 
DWDSs in the presence of PTP is crucial for ensuring DW quality and 
safeguarding public health.

This study aims to fill this gap by studying the effects of methyl
paraben (MP) and MP-chlorinated by-products (3-Cl-MP and 3,5-diCl- 
MP) at 15 μg/L on bacterial physiological characteristics and tolerance 
to chlorine disinfection and antibiotics by a 7-day-old dual-species 
biofilm formed by Acinetobacter calcoaceticus and Stenotrophomonas 
maltophilia. The results provide a basis to help the development of 
monitoring and maintenance strategies to protect DW quality and safety 
by providing information about the effects of PTP on DW bacteria in 
water supply networks when such compounds are present.

2. Materials and methods

2.1. Parabens and chlorinated by-products selection

MP, procured from Sigma-Aldrich (Germany), was selected as a 
representative paraben since it is the most widely used in PCP and is 
commonly detected in water bodies [23]. The MP-derived PTP: mono- 
chlorinated methylparaben - 3-Cl-MP (TCI, Belgium) and di- 
chlorinated methylparaben - 3,5-diCl-MP (GmbH, Germany) were 
selected based on their frequent identification as MP-chlorinated by- 
products after chlorination in water bodies and commercial availability 
[24]. The formation of these MP-chlorinated by-products upon MP re
action with free chlorine at 5 mg/L for 30 min was evaluated through 
analytical procedures (Section 2.2). The original paraben (MP) and both 
MP-chlorinated by-products were tested at 15 μg/L to replicate relevant 
concentrations encountered in water sources [10–12]. Parabens are 
found in water sources, such as WWTP effluents and surface waters, 
where concentrations can range from 10 ng/L [19] to 500 μg/L [25,26]. 
The selected concentration (15 μg/L) also mirrors the highest level of 

paraben contamination observed in DW - 6 μg/L [4]. Under extreme 
conditions, the full original paraben fraction (MP) could be converted to 
these by-products (3-Cl-MP and 3,5-diCl-MP). Therefore, by testing the 
selected transformation products at 15 μg/L, the designed experiments 
simulate an upper-bound scenario and allow direct comparison with the 
parent compound.

All stock solutions were prepared in sterile ultrapure water (UPW). 
The physicochemical properties and structures of MP and MP chlori
nated by-products (3-Cl-MP and 3,5-diCl-MP), as well as the maximum 
concentrations reported in real water sources, are presented in Table 1.

2.2. Evaluation of the formation of MP-chlorinated by-products

The formation and identification of MP-chlorinated by-products 
were assessed using solid-phase extraction (SPE) followed by Fourier 
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) 
analysis. For that, water samples (500 mL), including UPW and synthetic 
tap water (STW), both with and without MP addition at 15 μg/L, were 
reacted with free chlorine at 5 mg/L for 30 min. The concentration and 
contact time with free chlorine were chosen in accordance with the 
disinfection treatment used and described in Section 2.5.

2.2.1. Solid phase extraction
After 30 min of reaction, water samples were extracted using Bond 

Elut PPL cartridges (modified styrene-divinylbenzene polymer, 1 g sor
bent in 6 mL cartridges, Agilent Technologies). The pH of the water 
samples was first adjusted to 2.5 using formic acid (≥99 %, HiPerSolv 
Chromanorm®) prior to extraction to enhance the retention of organic 
compounds. The cartridges were conditioned with methanol (10 mL, LC- 
MS Lichrosolv®), followed by acidified UPW (10 mL, pH 2.5, spectro
photometric grade), ensuring the packing material remained wet. After 
sample loading, the cartridges were washed with 10 mL of 0.1 % formic 
acid in water to remove residual ions of chlorine anion that could 
interfere with FT-ICR MS analysis. The cartridges were then dried under 
vacuum for 2 h and eluted with methanol (10 mL, LC-MS Lichrosolv ®). 
The extracts were collected in amber glass vials (40 mL) and stored at 
− 20 ◦C until FT-ICR MS analysis. No quenching agent was used to avoid 
interference or misinterpretation during FT-ICR MS analysis.

2.2.2. Fourier transform ion cyclotron resonance mass spectrometry (FT- 
ICR MS) analysis

A Bruker Solarix 12 Tesla FT-ICR MS (Bruker Daltonics, Germany), 
equipped with a negative mode electrospray ionisation [ESI(− )] source, 
was used to identify chlorinated MP compounds. The instrument was 
operated with a spray current of − 3.6 kV and a flow rate of 2 μL/min, 
and it was pre-calibrated using known arginine clusters. Blank samples 
were analysed between runs to prevent cross-contamination. Each 
spectrum was obtained by averaging 300 scans over a mass range of m/z 
129–1000. Spectra were internally calibrated using an appropriate 
reference mass list, ensuring a mass accuracy of <0.2 mg/L error. Mo
lecular formulas were assigned to m/z ions using in-house software 
developed at Helmholtz Munich (Germany), with the search limited to 
the following chemical elements: 12C₀–₁₀₀, 16O₀–₈₀, 1H₀–∞, and 35Cl₀–₅.

2.3. Bacteria and culture conditions

Acinetobacter calcoaceticus and Stenotrophomonas maltophilia, both 
Gram-negative opportunistic bacteria, were previously isolated from a 
DWDS by Simões et al. [27]. These bacteria, known to form biofilms, are 
common in DWDSs and are of potential public health concern, partic
ularly because of their resistance to antibiotics and potential to infect 
immunocompromised individuals [28,29]. A. calcoaceticus has also the 
ability to coaggregate, playing a bridging function in biofilm formation 
and allowing the establishment of antimicrobial resilient biofilms [30].

Both bacteria were grown in R2A broth medium prepared as 
described by Gomes et al. [31], overnight at 25 ◦C with shaking (160 
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rpm) in an orbital incubator (New Brunswick Scientific, I26, USA). After 
incubation, bacterial cells were harvested by centrifugation (Eppendorf 
centrifuge 5810R) at 3772 ×g for 10 min. Then, bacterial cells were 
resuspended in R2A broth adjusted to 2 × 107 colony-forming units - 
CFU/mL, for subsequent experimental procedures, to mimic the bacte
rial concentrations typically found in DWDSs [7].

2.4. Dual-species biofilm formation and exposure to MP-chlorinated by- 
products

Dual-species biofilms of A. calcoaceticus and S. maltophilia were 
grown on polypropylene (PPL) coupons (1 × 1 cm) in the presence and 
absence of 15 μg/L of MP, 3-Cl-MP, and 3,5-diCl-MP for 7 days as 
described by Pereira and Gomes [12]. After adjustment in R2A broth and 
incubation for 24 h, biofilms were washed with STW and subsequently 
exposed to R2A medium with and without MP, 3-Cl-MP, or 3,5-diCl-MP 
at 15 μg/L for an additional 24 h. After this period, biofilms were 
rewashed and exposed to STW supplemented with MP and their trans
formation products to mimic the low availability of nutrients in real 
DWDSs. This procedure was repeated every two days for up to 7 days of 
growth. STW was composed by 100 mg/L NaHCO3 (Fisher Scientific, 
UK), 13 mg/L MgSO4.7H2O (Merck, Germany), 0.7 mg/L K2HPO4 
(Aplichem Panreac, Germany), 0.3 mg/L KH2PO4 (Chem-Lab, Belgium), 
0.01 mg/L (NH4)2SO4 (Labkem, Spain), 0.01 mg/L NaCl (VWR, 
Belgium), 0.001 mg/L FeSO4.7H2O (VWR PROLABO, Belgium), 1 mg/L 
NaNO3 (Labkem, Spain), 27 mg/L CaSO4 (Labkem, Spain), 1 mg/L 
humic acids (Sigma-Aldrich, Germany). The growth period of biofilms 
(7 days) was sufficient to simulate biofilms with a mature state in cell 
density, mass and metabolism, resembling these sessile structures 
encountered in DWDSs [32].

Coupons of PPL were selected as representative pipe materials from 
DW networks, where pronounced modifications on biofilm character
istics were observed with the exposure to parabens [10,12,33]. These 
polymeric materials were previously cleaned and sterilised before being 
placed horizontally inside each well of 24-well microtiter plates for 
biofilm formation following the procedure detailed in Gomes et al. [31]. 
Dual-species biofilms were formed by adding 0.5 mL of each bacterial 
suspension adjusted to 2 × 107 CFU/mL in each well.

2.5. MP-chlorinated by-products exposure on dual-species biofilm 
tolerance to disinfection

After 7 days of growth, dual-species biofilms exposed and non- 
exposed to MP, 3-Cl-MP, and 3,5-diCl-MP were treated with sodium 
hypochlorite - NaOCl (Acros Organics, USA) at 5 mg/L of free chlorine 
for 30 min, following the procedure described by Pereira and Gomes 

[12]. This sequential exposure design (initial exposure to MP and their 
transformation products followed by chlorine treatment) was selected to 
assess how continuous exposure influences biofilm development and 
characteristics, and to evaluate whether these changes alter bacterial 
tolerance to disinfection. The free chlorine concentration (5 mg/L) 
selected represents the maximum allowed in DW according to WHO 
guidelines, which also recommends a contact time of 30 min with free 
chlorine to ensure microbiological safety of water before entering dis
tribution systems [34]. Briefly, the bacterial suspension was removed, 
and each coupon was rinsed with 1 mL of sterile STW to remove weakly 
adhered or planktonic cells. Free chlorine concentration (5 mg/L) was 
previously adjusted through N, N-diethyl p-phenylenediamine (DPD) 
method [35]. A volume of 1 mL of sodium thiosulfate (0.5 % w/v) 
(Labkem, Spain) was added to each well for 10 min to neutralise chlo
rine activity after chlorine treatment [36]. The same procedure was 
performed for non-treated dual-species biofilms by substituting free 
chlorine solution with STW. Biofilms non-exposed and exposed to MP 
and MP-chlorinated by-products (3-Cl-MP and 3,5-diCl-MP), and bio
films treated and non-treated with free chlorine, were then characterised 
in terms of cell culturability, density, membrane integrity, and VBNC 
cells. The biofilm structure and thickness analysis was assessed using 
optical coherence tomography (OCT). The EPS quantification in terms of 
proteins and polysaccharide concentration was also performed. In 
addition, the spatial organisation of EPS components on dual-species 
biofilms exposed and non-exposed to MP and MP-chlorinated by-prod
ucts was evaluated through Confocal Laser Scanning Microscopy 
(CLSM).

2.5.1. Biofilm culturability, density, membrane integrity, and viable but 
non-culturable cells

Coupons containing biofilms were inserted in a 15 mL centrifuge 
tube containing 5 mL of sterile saline (0.85 % w/v) and vigorously 
vortexed for 2 min (to ensure the complete removal of adhered bacteria 
and the dissociation of possible bacterial aggregates without compro
mising bacterial viability). This biofilm suspension was used for further 
CFU, cellular density, membrane integrity, and VBNC cells quantifica
tion. The number of CFU/cm2 was determined through the drop plate 
method, where bacterial cells (after appropriate dilutions in sterile sa
line - 0.85 % w/v NaCl) were plated in R2A agar (Merck, Germany) and 
incubated at 25 ◦C for 24 h, for cell counts. The detection limit (DL) for 
CFU enumeration was 2 log CFU/cm2. Each bacterial strain in dual- 
species biofilms was differentiated from the others by morphological 
analysis of the colonies [10].

The number of total bacterial cells and bacteria with a damaged 
membrane was determined using the Live/Dead BacLight™ bacterial 
viability kit (Invitrogen Life Technologies, Alfagene, Portugal) [37]. 

Table 1 
Physicochemical properties and structures of MP and MP-derived chlorinated by-products.

Compound CAS number Molecular weight Structure log KOW pKa Maximum concentrations

Methylparaben (MP) 99–76-3 152.15 1.96 8.17 - WWTP: 560 μg/L [26]; 
- Surface water: 100 μg/L [25]; 
- DW: 6 ng/L [4]

Mono-chlorinated methylparaben (3-Cl-MP) 3964-57-6 186.6 2.50 7.51 - WWTP: 61 ng/L [85]; 
- Surface water: 267 ng/L [16]; 
- DW: 1.9 ng/L [17]

Di-chlorinated methylparaben (3,5-diCl-MP) 3337-59-5 221.04 3.10 6.09 - WWTP: 152 ng/L [16]; 
- Surface water: 13.4 μg/L [16]; 
- DW: 7.9 ng/L [17]

Notes: log KOW values were calculated based on chemical structures of compounds by https://www.molinspiration.com/cgi/properties and pKa through https://playgr 
ound.calculators.cxn.io/. 3-Cl-MP is also known as methyl 3-chloro-4-hydroxybenzoate and 3,5-diCl-MP as methyl 3,5-dichloro-4-hydroxybenzoate.
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This kit differentiates between viable cells (with intact membranes) and 
dead cells (with damaged membranes) by selective staining using two 
nucleic acid-binding dyes: SYTO 9™ and propidium iodide (PI). SYTO 
9™ penetrates all bacterial membranes, staining the cells green, while PI 
only stains cells with compromised membranes, producing a red fluo
rescence. Biofilm cell suspensions were sequentially stained with 250 μL 
of SYTO 9™ and 50 μL of PI in microcentrifuge tubes. Then, biofilm cell 
suspensions were filtered through a 0.22 μm Nucleopore® (Whatman, 
UK) black polycarbonate membrane after 7 min in the dark at room 
temperature. The membranes were mounted using BacLight™ mounting 
oil per the manufacturer's guidelines. Sample observations were con
ducted under a LEICA DMLB2 epifluorescence microscope (LEICA 
Microsystems, Germany) equipped with a UV light source, 480–500 nm 
excitation filter, and 485 nm emission filter (Chroma 61,000-V2 DAPI/ 
FITC/TRITC). The images were acquired with a LEICA DFC300 FX 
camera and LEICA IM50 Image Manager, Image processing, and 
archiving software. For each sample, 30 fields were analysed to calculate 
total and non-damaged (viable) cells (cells/cm2). Data were expressed as 
log cells/cm2 for cells with non-damaged membranes. The VBNC cells 
were calculated by subtracting the culturable cells (CFUs) from the 
viable cells (non-damaged bacterial cells).

2.5.2. Biofilm structure - optical coherence tomography
Biofilm thickness (μm) and roughness coefficient were evaluated for 

both non-treated and treated biofilms with chlorine at 5 mg/L for 30 
min. Coupons containing biofilms were gently immersed in STW to 
eliminate suspended cells and to hold the biofilm hydrated. After that, 
Image acquisition was carried out using a Thorlabs Ganymede spectral 
domain system (Thorlabs GmbH, Germany) operating at a central 
wavelength of 930 nm, and biofilm structure analysis was performed 
through the Biofilm Structure Classification Automatic Processor (BIS
CAP) as described by Pereira et al. [10]. At least eight 2D OCT images 
were acquired for each condition and for each independent assay.

2.5.3. Extracellular polymeric substances content
The content of EPS was evaluated in terms of total extracellular 

protein and polysaccharide concentrations. The extraction of EPS from 
biofilms was performed using Dowex® Marathon© resin (NA+ form, 
strongly acidic, 20–50 mesh, Sigma-Aldrich, Germany) [38], and using 
the extraction buffer prepared as described by Gomes et al. [35]. After 4 
h of extraction at 400 rpm and 4 ◦C, the EPS content (in the supernatant) 
was separated from the cells through centrifugation (3700 ×g, 5 min) 
and precipitated with 1:4 ice-cold acetone and stored at − 20 ◦C for 30 
min to improve EPS extraction [39]. The resultant solution was then 
centrifuged at 3700 ×g for 10 min, and EPS were resuspended in sterile 
UPW for quantification. The total extracellular protein concentration 
was determined following Lowry et al. [40] as modified by Peterson 
[41], using the Total Protein Kit, Micro Lowry, Peterson's Modification, 
with bovine serum albumin (BSA) as standard. The concentration of 
extracellular polysaccharides was quantified using the phenol-sulphuric 
acid method with glucose as standard [42]. The detection limit (DL) of 
protein and polysaccharide quantification was 2.9 μg/cm2 and 2.6 μg/ 
cm2, respectively.

2.5.4. Confocal laser scanning microscopy analysis
The spatial distribution of EPS components in dual-species biofilms, 

non-exposed and exposed to MP, 3-Cl-MP, and 3,5-diCl-MP, was eval
uated using CLSM combined with multiple fluorescence staining tech
niques. Bacterial cells were directly stained on PPL coupons using 4′,6- 
diamidino-2-phenylindole (DAPI - Invitrogen, US) at a final concentra
tion of 0.5 μg/mL for 15 min. After staining, the excess of dye was 
removed by washing the coupon with sterile distilled water. DAPI is a 
blue-fluorescent nucleic acid stain that binds to adenine–thymine rich 
(ATrich) regions of double-stranded deoxyribonucleic acid (DNA) and 
was used to visualise total bacterial cells [43].

For simultaneous visualization of bacterial cells and polysaccharides 

in the EPS matrix, samples were first stained for 7 min with 5 μM SYTO 
9™ (Invitrogen Life Technologies, Alfagene, Portugal), a cell-permeant 
fluorescent nucleic acid marker staining the cells green [44]. After 
removing excess stain, samples were subsequently stained for 1 min with 
2 drops of 0.1 % Calcofluor white stain (Sigma-Aldrich, Germany), and 
then the excess dye was removed again. Calcofluor white stain binds to 
β(1–3) and β(1,4)-linked polysaccharides present in the bacterial biofilm 
matrix, especially polysaccharides like cellulose and chitin, staining 
them blue [45].

Extracellular proteins within the EPS matrix and bacterial cells were 
also visualised using a combination of FilmTracer SYPRO Ruby (Invi
trogen, US) for 30 min, followed by 15 min of DAPI staining. FilmTracer 
SYPRO Ruby stains a wide range of proteins, including glycoproteins, 
phosphoproteins, lipoproteins, calcium-binding proteins, and fibrillar 
proteins, with a magenta colour [46].

Staining protocols were pre-optimised to ensure minimal spectral 
overlap and enable simultaneous imaging of multiple biofilm compo
nents. After staining in the dark and removing excess dye, samples were 
examined by STELLARIS 5 DM6B-Z-CS Confocal Microscope (Leica 
Microsystems, Germany) at 63× magnification with an oil objective lens 
with a numerical aperture of 1.40 and refractive index of 1.52 (Leica HC 
PL APO CS2, Leica Microsystems, Germany). The excitation/emission 
wavelengths used for image visualization were 405/412–598 nm for 
DAPI (blue) when used alone. For SYTO 9 ™ (green) and Calcofluor 
White Stain (blue) in combination, the respective excitation and emis
sion wavelengths were 498/503–676 nm and 405/415–570 nm, 
respectively. For FilmTracer SYPRO Ruby (red) and DAPI (blue) in 
combination, the respective excitation and emission wavelengths were 
485/512–724 nm and 405/415–570 nm, respectively. Images were 
obtained through the software Leica Application Suite-Advanced Fluo
rescence (LAS X, Leica Microsystems GmbH). For each sample, a mini
mum of six image stacks were acquired in the horizontal plane at a 
resolution of 512 × 512 pixels, corresponding to a field of view of 387.5 
× 387.5 μm. Z-stack images were captured with a step size of 1 μm. 
Three-dimensional (3D) projections of biofilm structures were con
structed from the CLSM image acquisitions using the “Easy 3D” tool of 
IMARIS 9.1 software (Bitplane, Switzerland). Quantitative analysis of 
biofilm structure, including biovolume (μm3/μm2) and surface coverage 
(%), was carried out using the plug-in COMSTAT2 within the ImageJ 
software [47]. The biovolume was defined as the volume of biomass 
(μm3) from a specific biofilm area divided by the surface area of the 
substratum (PPL coupons) (μm2), representing the overall volume of the 
biofilm, and providing an estimation of the biomass in the biofilm. The 
surface coverage (%), which is the fraction of the area occupied by 
biomass in the surface horizontal plane, reflects how efficiently the 
surface is colonised [47].

2.6. Determination of bacterial susceptibility to antibiotics

The susceptibility of bacteria from non-exposed and MP-, 3-Cl-MP-, 
and 3,5-diCl-MP-exposed dual-species biofilms was evaluated using 
the disk diffusion method, following the Clinical and Laboratory Stan
dards Institute (CLSI) guidelines [48]. This approach enables deter
mining whether prior exposure to MP and their transformation products 
could influence DW bacterial susceptibility to clinically relevant anti
biotics. The selected antibiotics, representing different classes recom
mended by CLSI, were ceftazidime (CEF) at 30 μg/disc; levofloxacin 
(LEV) at 5 μg/disc; minocycline (MINO) at 30 μg/disc, and 
trimethoprim-sulfamethoxazole (TMP-SMX) at 1.25/23.75 μg/disc. For 
that, suspensions of bacterial strain isolated from dual-species biofilms 
were adjusted to an optical density of 0.135 at 600 nm, equivalent to 0.5 
MacFarland standards, and uniformly spread on Mueller-Hinton agar 
(MHA) plates. Discs with impregnated antibiotics (Oxoid, UK) were 
placed on the prepared MHA plates, which were then incubated at 37 ◦C 
for 24 h. Following incubation, the diameters of the growth inhibition 
zones were measured and expressed as mean inhibition zone diameters 
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(mm) ± standard deviation.

2.7. Statistical analysis

GraphPad Prism 8.0 (GraphPad Software, La Jolla California, USA) 
was used for the statistical analysis of data. The mean and standard 
deviations (SDs) within samples were calculated using descriptive sta
tistics for all cases based on a minimum of three independent assays, 
with duplicates. The differences between data were assessed through the 
one-way analysis of variance ANOVA with Tukey's post-test. Statistical 
calculations were based on a confidence level of ≥95 % (P < 0.05 was 
considered a statistically significant difference).

3. Results

3.1. Evaluation of MP-chlorinated by-products formation under 
chlorination

Fourier transform ion cyclotron resonance mass spectra were ob
tained for UPW and STW, both with and without added MP and free 
chlorine (Appendix A - Fig. A.1). These spectra form the basis of Fig. 1, 
enabling precise identification of chlorinated MPs by distinguishing 
closely related compounds and characterising chlorinated trans
formation products within complex environmental matrices [14,49–51]. 
Distinct patterns in the formation of MP-chlorinated by-products were 
observed following the reaction of MP at 15 μg/L with free chlorine (5 
mg/L for 30 min) in UPW and STW, as well as in control samples con
taining only UPW or STW without MP (Fig. 1). In the absence of MP, no 
detectable MP-chlorinated by-products were observed in either water 
type, confirming their formation depends on the presence of MP (Fig. 1 - 
A). When MP was added, both water types generated the following 

chlorinated compounds: C8H7ClO3 and C8H6Cl2O3, C8H5Cl3O3 and 
C8H4Cl4O3, corresponding to mono-, di-, tri- and tetra-chlorinated MP, 
respectively. The formation of these chlorinated by-products involves 
electrophilic aromatic chlorination, a type of electrophilic substitution 
reaction where chlorine species (e.g., free chlorine or hypochlorous 
acid) react with the aromatic ring of MP. This reaction is typical during 
water disinfection when aromatic compounds are present and is 
consistent with established mechanisms for chlorinated DBPs formation 
[52,53].

Comparison between the two water matrices revealed significantly 
higher signal intensities for MP-chlorinated by-products in STW, with 
average abundances of C8H6Cl2O3 and C8H5Cl3O3 about 2.93 and 1.4 
times higher than in UPW, indicating enhanced reactivity in STW (Fig. 1
- B). These differences suggest that interactions between MP and the 
chemical constituents of each water type influence the extent and nature 
of chlorination. Overall, chlorination at 5 mg/L of free chlorine for 30 
min in the presence of MP at 15 μg/L results in the formation of mono- to 
tetra-MP-chlorinated by-products. Proposed reaction pathways are 
presented in Fig. 1 - C. Additionally, quantification of 3,5-diCl-MP 
following the reaction of MP at 100 μg/L with free chlorine at 5 mg/L 
for 30 min showed effective formation of this MP-chlorinated by-prod
uct, reaching a concentration of 10 μg/L (Appendix B).

3.2. Effect of MP-chlorinated by-products exposure on bacterial 
characteristics from dual-species biofilms

3.2.1. Bacterial culturability, cellular density, membrane damage of 
bacteria, and viable but non-culturable cells

Fig. 2 - A presents the culturability (log CFU/cm2) of A. calcoaceticus, 
S. maltophilia, and the total culturable cells in 7-day-old dual-species 
biofilms, with and without exposure to MP and MP-chlorinated by- 

Fig. 1. Ultra-high resolution mass spectrometry (FT-ICR MS) data: (A) Formation levels of MP-chlorinated by-products (C₈H₇ClO₃, C₈H₆Cl₂O₃, C₈H₅Cl₃O₃, and 
C₈H₄Cl₄O₃) after 30 min in UPW, STW, UPW with MP at 15 μg/L, and STW with MP at 15 μg/L, in the presence of 5 mg/L free chlorine. (B) Comparison of peak 
abundances of these chlorinated compounds formed under identical chlorination conditions (15 μg/L MP and 5 mg/L free chlorine for 30 min) in UPW and STW. (C) 
A possible formation pathway involving the progressive chlorination of MP leading to these by-products is proposed based on the observed molecular patterns.
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products (3-Cl-MP and 3,5-diCl-MP). Across all conditions, S. maltophilia 
exhibited significantly higher culturability than A. calcoaceticus in the 
overall dual-species biofilms. Notably, S. maltophilia showed 0.4, 1.0, 
and 1.4 log CFU/cm2 more culturable cells than A. calcoaceticus in the 
control, 3-Cl-MP-, and 3,5-diCl-MP- exposed dual-species biofilms, 
respectively (P < 0.05). The culturability of S. maltophilia and the overall 
biofilms were not significantly affected by exposure to MP, 3-Cl-MP, and 
3,5-diCl-MP (P > 0.05). In contrast, A. calcoaceticus within dual-species 
biofilms showed a significant decrease in culturability (1 log CFU/cm2) 
under 3,5-diCl-MP exposure compared to the control (P < 0.05). This 
suggests higher A. calcoaceticus susceptibility to 3,5-diCl-MP than 
S. maltophilia. Fig. 2 - B shows the total cell density (log cells/cm2) of 
MP-, 3-Cl-MP-, and 3,5-diCl-MP-exposed and non-exposed (control) 
biofilms. Consistent with culturability data, S. maltophilia was more 
abundant, showing a 0.6 log cells/cm2 higher cell count than 
A. calcoaceticus in non-exposed (control) biofilms (P < 0.05). However, 
no significant changes in total cell levels were observed in response to 
MP or MP-chlorinated by-products in either bacterial species or the total 
biofilm population (P > 0.05) - Fig. 2 - B. The percentage of non- 
damaged cells remained similar across all tested conditions (90–100 
%), suggesting that exposure to MP and MP-chlorinated by-products did 
not significantly affect bacterial membrane integrity (P > 0.05) - Fig. 2 - 
C. The levels of VBNC cells assessed (log VBNC cells/cm2) are presented 
in Fig. 2 – D, revealing higher counts for non-exposed S. maltophilia 
compared to non-exposed A. calcoaceticus - controls (P < 0.05). The 
exposure to 3-Cl-MP and 3,5-diCl-MP caused a 3-fold and 5-fold increase 
in the levels of VBNC cells of A. calcoaceticus in dual-species biofilms in 
comparison to non-exposed counterparts, respectively (P < 0.05). In 

contrast, S. maltophilia VBNC cell levels remained unaffected by expo
sure to both MP-chlorinated by-products (P > 0.05). This led to a sta
tistically significant increase in total VBNC cells in dual-species biofilms 
exposed to 3-Cl-MP (P < 0.05), whereas the increase observed in 3,5- 
diCl-MP-exposed biofilms was not significantly different from the con
trol (P > 0.05).

3.2.2. Bacterial structure and extracellular polymeric substances 
composition

Dual-species biofilms exhibited a significant increase in thickness 
(circa 10 μm) in the presence of 3-Cl-MP compared to non-exposed 
biofilms (P < 0.05). However, the roughness coefficient remained 
consistent across all tested conditions (P > 0.05), as shown in Table 2. 
Representative OCT images of biofilms formed on PPL coupons are 

Fig. 2. Characterization of 7-day-old dual-species biofilm cells ( A. calcoaceticus S. maltophilia □ dual-species biofilms A. calcoaceticus + S. maltophilia) formed on 
PPL non-exposed (control – STW) and exposed to MP, 3-Cl-MP, and 3,5-diCl-MP (15 μg/L) in terms of culturability - log CFU/cm2 (A), total cellular density - log cells/ 
cm2 (B), percentage of non-damaged cells - % (C), and viable but non-culturable cells - log VBNC cells/cm2 (D). a, b, c, d, e - correspond to conditions that have 
statistically significant differences from each other (ANOVA, Tukey's post-hoc test, P < 0.05).

Table 2 
Biofilm thickness (μm), roughness coefficient, and content of EPS (μg/cm2) 
obtained for 7-day-old dual-species biofilms non-exposed and exposed to MP, 3- 
Cl-MP, and 3,5-diCl-MP. *- corresponds to conditions that have statistically 
significant differences from each other (ANOVA, Tukey's post-hoc test, P <
0.05).

Average 
thickness (μm)

Roughness 
coefficient

Proteins 
(μg/cm2)

Polysaccharides 
(μg/cm2)

Control 20.0 ± 4.1* 0.56 ± 0.11 18.5 ± 0.7 13.0 ± 4.1
MP 26.5 ± 0.5 0.38 ± 0.07 20.6 ± 2.9 13.60 ± 5.3
3-Cl-MP 31.4 ± 1.7* 0.49 ± 0.003 21.8 ± 2.2 21.4 ± 0.2*
3,5-diCl- 

MP
26.9 ± 5.8 0.48 ± 0.10 22.8 ± 1.3 19.3 ± 2.1*

A.R. Pereira et al.                                                                                                                                                                                                                               Journal of Water Process Engineering 80 (2025) 109061 

6 



provided in Appendix C. The content of EPS produced by dual-species 
biofilms under all experimental conditions were analysed in terms of 
extracellular proteins and polysaccharides levels (Table 2). The total 
concentration of proteins was not affected by any compound (P > 0.05). 
However, a significant increase in polysaccharide content was observed 
for biofilms exposed to 3-Cl-MP and 3,5-diCl-MP (P < 0.05) in com
parison to non-exposed counterparts.

The biovolume (μm3/μm2) and surface coverage (%) of dual-species 
biofilms, considering polysaccharide and protein components of the EPS 
matrix, were assessed at the microscale via CLSM analysis (Figs. 3 to 5). 
Representative CLSM images show that biofilms exposed to 3-Cl-MP and 
3,5-diCl-MP formed more dispersed cell aggregates, being more scat
tered and sparser, compared to the denser structure observed in non- 
exposed biofilms (Fig. 3 - A to D). Analysis of total bacterial cells, 
consistent with previous cell density findings, revealed no statistically 
significant differences in biovolume between control and biofilms 
exposed to MP, 3-Cl-MP, or 3,5-diCl-MP (P < 0.05) - Fig. 3 - E. However, 
the percentage of surface coverage decreased following exposure to all 
tested compounds, with the most pronounced effect observed under 3,5- 
diCl-MP exposure, resulting in an approximate 50 % reduction 
compared to non-exposed biofilms (P < 0.05) - Fig. 3 - F. Images ob
tained through multiple staining, further demonstrated that biofilms 
were morphologically heterogeneous, with β-polysaccharides (in blue) - 
Fig. 4, and proteins (in magenta) - Fig. 5, clearly detectable in all sam
ples. The presence of β-polysaccharides (in blue) occupied a substantial 
portion of the biofilm matrix across all conditions (Fig. 4 - A to D). 
Quantitatively, biovolume considering β-polysaccharides and biofilm 
cells (in green) increased by 2.4- and 4.5-fold in MP- and 3-Cl-MP- 
exposed biofilms, respectively, compared to non-exposed biofilms (P 
< 0.05) - Fig. 4 - E. In addition, the percentage of surface coverage of EPS 
associated with β-polysaccharides increased for 3-Cl-MP and 3,5-diCl- 
MP-exposed biofilms, suggesting increased presence of poly
saccharides in the EPS matrix of these biofilms (P < 0.05) - Fig. 4 - F. 
Regarding proteins in the EPS matrix (in magenta), they appear to cover 
most of biofilm structure (Fig. 5 - A to D). Biofilms exposed to MP- and to 
3,5-diCl-MP exhibited higher biovolumes than these non-exposed (P <
0.05), with larger structure,s resembling the typical mushrooms-like 
structure - Fig. 5 - E. Despite this volumetric increase, no statistically 
significant differences in the percentage of surface coverage were 
observed between non-exposed and exposed biofilms (P > 0.05) - Fig. 5 - 
F.

3.3. Effect of MP-chlorinated by-products on biofilm tolerance to 
chlorination: culturability, density, and membrane integrity

As expected, the total reduction of culturable and total cells was not 
achieved for biofilm cells after free chlorine treatment at 5 mg/L for 30 
min. The exposure to MP seems to increase the tolerance of biofilm cells 
to chlorine at 5 mg/L, as indicated by significantly lower log CFU/cm2 

reduction values for S. maltophilia (0.16 ± 0.09) and overall MP-exposed 
biofilms (0.51 ± 0.09), compared to their non-exposed counterparts 
(0.66 ± 0.12 and 0.90 ± 0.04, respectively; P < 0.05) - Fig. 6 - A. In 
contrast, biofilms exposed to 3-Cl-MP showed increased susceptibility to 
chlorine at 5 mg/L. This was reflected in significantly higher log CFU/ 
cm2 reduction values obtained for A. calcoaceticus (1.26 ± 0.07), 
S. maltophilia (1.21 ± 0.14), and overall dual-species biofilms (1.17 ±
0.11) compared to their non-exposed counterparts (P < 0.05). On the 
other hand, exposure to 3,5-diCl-MP did not significantly affect biofilm 
susceptibility to chlorine, as no notable differences were observed in log 
reduction values of culturable cells (P > 0.05).

Regarding total cell counts, the exposure to MP at 15 μg/L for 7 days 
did not significantly affect the efficacy of chlorine in reducing the 
number of total biofilm cells (P > 0.05) - Fig. 6 - B. However, biofilms 
exposed to 3-Cl-MP exhibited significantly higher log cells/cm2 re
ductions for A. calcoaceticus (0.40 ± 0.03) and overall biofilms (0.32 ±
0.10), compared to non-exposed biofilms (0.20 ± 0.07 and 0.12 ±

0.0005, respectively) (P < 0.05) - Fig. 6 - B, suggesting increased sus
ceptibility to chlorine, consistent with previously observed trends in 
biofilm cells culturability. Similarly, biofilms exposed to 3,5-diCl-MP 
showed a four-fold higher reduction in total biofilm cells in compari
son to the control, after free chlorine treatment at 5 mg/L (P < 0.05).

Free chlorine treatment caused about a 20 % decrease in the number 
of non-damaged cells in non-exposed (control) biofilms. Overall, for 
biofilms exposed to MP, 3-Cl-MP, and 3,5-diCl-MP, this reduction in 
biofilm cell viability after chlorine treatment was higher than that 
observed in the control (Fig. 6 - C). These effects were more pronounced 
for S. maltophilia cells in dual-species biofilms and for the overall dual- 
species biofilms, with 3-Cl-MP causing the highest decrease in the per
centage of non-damaged cells. The percentage of non-damaged cells 
after chlorination was 38.5 ± 5.9 %, 18.2 ± 1.6 %, and 47.3 ± 4.7 % for 
MP-, 3-Cl-MP-, and 3,5-diCl-MP-exposed S. maltophilia in dual-species 
biofilms, respectively, whereas non-exposed counterparts showed a 
percentage of non-damaged cells of 73.3 ± 3.5 % (P < 0.05). For the 
overall dual-species biofilms, the percentage of non-damaged cells was 
similar and equal to 42.0 ± 6.4 %, 22.0 ± 0.6 %, and 51.8 ± 3.8 % for 
MP-, 3-Cl-MP-, and 3,5-diCl-MP-exposed dual-species, respectively. 
Non-exposed dual-species biofilms showed 72.3 ± 3.7 % non-damaged 
cells (P < 0.05). Moreover, MP exposure halved log VBNC cells/cm2 

values for the overall dual-species biofilms, a trend also observed for 
A. calcoaceticus in 3-Cl-MP-exposed biofilms and for S. maltophilia and 
the overall dual-species biofilms under 3,5-diCl-MP exposure (P < 0.05) 
- Fig. 6 - D.

3.4. The impact of MP-chlorinated by-products on biofilm structure and 
EPS composition during chlorination

Chlorine treatment at 5 mg/L for 30 min caused a decrease in biofilm 
thickness of approximately 28 % and 47 % on MP- and 3-Cl-MP-exposed 
dual-species biofilms, respectively, compared to non-treated biofilms. 
However, no reductions in biofilm thickness were observed after disin
fection in non-exposed biofilms (control) and 3,5-diCl-MP-exposed 
biofilms. Therefore, the exposure to MP and 3-Cl-MP enhances the 
chlorine action in reducing biofilm thickness. Nonetheless, the thickness 
of chlorine-treated biofilms did not differ between MP and MP- 
chlorinated by-products exposure (P > 0.05) - Table 3. Representative 
OCT images of treated biofilms formed on PPL coupons are provided in 
Appendix D. A decrease of 24 % and 29 % in total protein concentrations 
was observed after chlorination for 3-Cl-MP- and 3,5-diCl-MP-exposed 
biofilms, respectively. In contrast, no reduction in protein content was 
detected for MP-exposed biofilms. This suggests increased chlorine ac
tion in disturbing proteins in 3-Cl-MP and 3,5-diCl-MP-exposed biofilms 
than MP-exposed biofilms or controls. Besides that, chlorine-treated 
biofilm revealed similar content of proteins and polysaccharides, inde
pendently of the exposure to MP and MP-chlorinated by-products (P >
0.05) – Table 3. In addition, chlorine treatment did not reduce the 
polysaccharide in any of the biofilm samples (P > 0.05). Although 3-Cl- 
MP and 3,5-diCl-MP-exposed biofilms showed higher concentrations of 
polysaccharides, no significant differences were observed after chlori
nation in comparison to MP-exposed and non-exposed biofilms (P >
0.05) - Table 3.

3.5. Effect of methylparaben disinfection by-products exposure on 
bacterial susceptibility to antibiotics

The exposure to MP, 3-Cl-MP, and 3,5-diCl-MP did not alter the 
tolerance of A. calcoaceticus cells from dual-species biofilms to antibi
otics (P > 0.05), as shown in Table 4. However, S. maltophilia cells from 
dual-species biofilms appeared more susceptible to MINO and TMP-SMX 
when growing in the presence of 3,5-diCl-MP, by revealing higher di
ameters of growth inhibition halos in comparison to non-exposed 
counterparts (P < 0.05) - Table 4.
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Fig. 3. Representative three-dimensional (3D) confocal images of 7-day-old dual-species biofilms (A. calcoaceticus and S. maltophilia), non-exposed (A), and exposed 
to MP (B), 3-Cl-MP (C), and 3,5-diCl-MP (D), stained with DAPI for bacterial cells visualization in blue. The total biovolume (μm3/μm2) – E and the percentage of 
surface coverage by the biofilms (%) – F, for each condition. a - samples were statistically different from each other (ANOVA, Tukey's post-hoc test, 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.)

A.R. Pereira et al.                                                                                                                                                                                                                               Journal of Water Process Engineering 80 (2025) 109061 

8 



Fig. 4. Representative three-dimensional (3D) confocal images of 7-day-old dual-species biofilms (A. calcoaceticus and S. maltophilia), non-exposed (A), and exposed 
to MP (B), 3-Cl-MP (C), and 3,5-diCl-MP (D) stained with Calcofluor White Stain and SYTO 9 for β-polysaccharides (in blue) and bacterial cells (in green) visual
ization, respectively. The total biovolume (μm3/μm2) – E and the percentage of surface coverage by the biofilms (%) – F, for each condition. a, b, c, d - samples were 
statistically different from each other (ANOVA, Tukey's post-hoc test, 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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Fig. 5. Representative three-dimensional (3D) confocal images of 7-day-old dual-species biofilms (A. calcoaceticus and S. maltophilia), non-exposed (A), and exposed 
to MP (B), 3-Cl-MP (C), and 3,5-diCl-MP (D) stained with FilmTracer SYPRO Ruby and DAPI for proteins (in magenta) and bacterial cells (in blue) visualization, 
respectively. The total biovolume (μm3/μm2) – E and the percentage of surface coverage by the biofilms (%) – F, for each condition. a, b - samples were statistically 
different from each other (ANOVA, Tukey's post-hoc test, 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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4. Discussion

The formation of 3-Cl-MP and 3,5-diCl-MP when MP at 15 μg/L re
acts with free chlorine at 5 mg/L for 30 min was confirmed, demon
strating that parabens can rapidly transform into chlorinated by- 
products [54,55]. Canosa et al. [54] were the first to show that free 
chlorine at 0.4 mg/L in tap water can transform parabens into chlori
nated by-products in a few minutes. For example, ethylparaben (EP) at 
10 μg/L reacted with 0.4 mg/L to form 3-Cl-EP and 3,5-diCl-EP, reaching 
peak concentrations at 20 and 50 min, respectively [54]. When the 
chlorine concentration was increased to 5 mg/L, these peaks occurred 
earlier - at 10 min for 3-Cl-EP and 25 min for 3,5-diCl-EP - with 3-Cl-EP 

Fig. 6. Logarithmic reduction of culturable cells - log CFU/cm2 (A), and total cells - log cells/cm2 (B), characterization of bacterial membrane integrity in terms of 
non-damaged bacterial cells - % (C) and viable but non-culturable cells - log VBNC cells/cm2 (D) from non-exposed (control) and exposed to MP, 3-Cl-MP, and 3,5- 
diCl-MP dual-species biofilms ( A. calcoaceticus S. maltophilia □ dual-species biofilms A. calcoaceticus + S. maltophilia) treated with 5 mg/L of free chlorine for 30 
min. a, b, c, d, e, f, g, h, i - correspond to conditions that have statistically significant differences from each other (ANOVA, Tukey's post-hoc test, P < 0.05).

Table 3 
Biofilm thickness (μm), roughness coefficient, and content of EPS (μg/cm2) 
obtained for 7-day-old dual-species biofilms, non-exposed and exposed to MP, 3- 
Cl-MP, and 3,5-diCl-MP after free chlorine treatment at 5 mg/L for 30 min.

Average 
thickness (μm)

Roughness 
coefficient

Proteins 
(μg/cm2)

Polysaccharides 
(μg/cm2)

Control 19.6 ± 1.5 0.40 ± 0.10 19.9 ± 1.9 17.9 ± 8.2
MP 20.7 ± 1.0 0.40 ± 0.06 18.5 ± 1.8 17.4 ± 6.4
3-Cl-MP 21.3 ± 5.8 0.28 ± 0.12 17.6 ± 0.6 20.7 ± 5.8
3,5-diCl- 

MP
25.7 ± 4.3 0.53 ± 0.02 17.7 ± 1.4 17.1 ± 2.5

Table 4 
Inhibition halos (mm) obtained for bacteria isolated from 7-day-old dual-species biofilms, non-exposed (control) and exposed to MP, 3-Cl-MP, and 3,5-diCl-MP. All 
used antibiotic discs measured 6 mm. *- samples were statistically different from their respective non-exposed biofilms – control (ANOVA, Tukey's post-hoc test, P <
0.05).

Antibiotics CEF (30 μg/disc) LEV (5 μg/disc) MINO (30 μg/disc) TMP-SMX (1.25/23.75 μg/disc)

A. calcoaceticus Control 20.3 ± 0.5 29.5 ± 0.4 29.6 ± 0.3 20.1 ± 0.8
MP 21.0 ± 0.4 31.0 ± 1.6 32.7 ± 2.5 21.3 ± 0.3
3-Cl-MP 20.6 ± 0.3 29.1 ± 2.0 30.7 ± 1.3 19.9 ± 0.7
3,5-diCl-MP 20.5 ± 1.8 29.9 ± 0.8 30.8 ± 0.8 19.3 ± 0.7

S. maltophilia Control 13.9 ± 1.3 32.1 ± 0.5 32.8 ± 0.9* 14.4 ± 0.9*
MP 13.0 ± 0.7 33.0 ± 2.8 35.3 ± 1.9 16.0 ± 1.1
3-Cl-MP 14.3 ± 0.9 31.8 ± 0.1 33.7 ± 1.2 14.7 ± 1.7
3,5-diCl-MP 16.8 ± 2.3 32.8 ± 2.6 35.9 ± 0.1* 17.5 ± 1.0*
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disappearing by 25 min. The persistence of 3,5-diCl-EP up to 180 min 
suggests that 3-Cl-EP is further transformed into 3,5-diCl-EP, and that di- 
chlorinated by-products are more resistant to further oxidation [54]. 
Similarly, Terasaki et al. [55] observed the formation of chlorinated 
derivatives from parabens in tap water, noting a rapid increase in mono- 
chlorinated propylparaben (3-Cl-PP) within the first 2.5 min, followed 
by a decrease, resulting in the presence of di-chlorinated PP (3,5-diCl- 
PP) due to further chlorination.

The findings suggested that the presence of 3,5-diCl-MP reduced the 
culturability of A. calcoaceticus presented in 7-day dual-species biofilms, 
highlighting the stronger effect of a di-halogenated compound in rela
tion to a mono-halogenated one [56], and the more susceptible profile of 
A. calcoaceticus to environmental stress conditions in comparison to 
S. maltophilia. Other studies have also indicated that di-halogenated 
compounds have greater toxicity (to animal and plant cells) than 
mono-halogenated parabens [57–59]. Confocal analysis also revealed a 
50 % decrease in biofilm coverage for 3,5-diCl-MP-exposed dual-species 
biofilms that may be related to the decreased culturability of 
A. calcoaceticus. This may be attributed to oxidative stress caused by 
chlorinated compounds, leading to a compromised membrane integrity 
[60,61]. To further study this effect, bacterial cell replication parame
ters were evaluated (Appendix E). These analyses showed a reduction in 
the Amax values for A. calcoaceticus, indicating suppressed cell growth in 
the presence of MP-chlorinated by-products. In addition, extended lag 
phases (λ) were shown for S. maltophilia when these compounds were 
presented, suggesting an adaptive response to the stress they induced 
(Appendix E). Although 3,5-diCl-MP reduced A. calcoaceticus cultur
ability, its exposure increases the number of A. calcoaceticus VBNC cells, 
as observed for 3-Cl-MP-exposed S. maltophilia and consequently for the 
overall cells in the dual-species biofilms. An increase in the number of 
VBNC cells may indicate the dormant state adoption of bacterial cells in 
biofilms, which has been associated with a more tolerant state to 
stressful conditions and external factors [62]. Under VBNC state, bac
teria retain their metabolic activity and pathogenicity but not cultur
ability [63]. These cells can continuously metabolise, accumulate, and 
secrete EPS precursors with different functional groups, including pro
teins, polysaccharides, and fatty acids [64]. Nevertheless, their meta
bolic activity is generally lower than that of culturable cells [63]. 
Consistent with this, a previous study reported that bacterial cells 
exposed to parabens exhibited reduced metabolic activity, proposing 
that exposure to parabens and their chlorinated by-products may induce 
stress responses that drive cells into a dormant (VBNC) state [11].

Environmental contaminants may also cause microorganisms to 
modify their EPS components, such as changing the ratio of poly
saccharides and proteins, and the spatial distribution of EPS, to adapt to 
environmental conditions [64,65]. An increase in biofilm thickness and 
polysaccharide concentration in the EPS matrix was observed for 3-Cl- 
MP-exposed dual-species biofilms. This increase in biofilm thickness 
was mainly attributed to an enhanced polysaccharide production rather 
than biofilm cell proliferation. Indeed, CLSM analysis showed similar 
biovolumes and percentages of surface coverage by cells in 3-Cl- 
MP–exposed and non-exposed biofilms, whereas Calcofluor staining 
revealed greater biovolume and surface coverage by polysaccharides in 
the matrix of 3-Cl-MP-exposed biofilms. The increased content of poly
saccharides in the EPS matrix may result in a heterogeneous structure 
with denser and thicker clusters, justifying the increased thickness when 
biofilms were formed in the presence of 3-Cl-MP. Dual-species biofilms 
exposed to 3,5-diCl-MP also revealed twice the polysaccharide content 
in comparison to the control, with CLSM analysis revealing a higher 
percentage of biofilm surface coverage by polysaccharides. Increased 
polysaccharide content suggested that the protective mechanism of EPS 
might be stimulated to maintain the stability of the biofilm [66]. Indeed, 
polysaccharides in the EPS matrix play a crucial role in increasing bio
film strength and rigidity, increasing the integrity and stability of the 
biofilm skeleton [67,68]. Other authors have also shown that subin
hibitory exposure to environmental contaminants such as heavy metals - 

mercury [69], musks - tonalide [70], antibiotics - sulfadiazine and cip
rofloxacin [71], and per- and polyfluoroalkyl substances (PFAS) [72,73], 
induces biofilm formation by potentiating the increase of EPS. Overall, 
chlorinated by-products seem to induce bacterial adaptive responses 
across molecular, cellular, and community levels, leading to stress- 
related growth reduction, changes in EPS production, and altered bio
film architecture. Changes in biofilm matrix composition may affect the 
chlorination efficacy in water disinfection since biofilms with enriched 
EPS (polysaccharides and proteins) exhibit stronger structural integrity, 
viscoelasticity, and surface adherence [74,75]. These properties make 
biofilms more difficult to control and eliminate due to enhanced me
chanical strength and shear stress resistance [74]. In addition, residual 
chlorine can interact with the EPS matrix, reducing its availability and 
thus protecting internal microorganisms [76,77]. Furthermore, the EPS 
components, as sources of organic matter, can react with chlorine, 
potentiating the formation of DBPs, thereby compromising DW safety 
due to the presence of these hazardous compounds [64].

Lower log CFU/cm2 reductions were observed in MP-exposed 
S. maltophilia and overall biofilm cells compared to those not exposed, 
suggesting increased tolerance to disinfection in the presence of MP. 
This effect was previously reported by Pereira and Gomes [12] for the 
same compound at 15 μg/L against the same bacterial strains. It has also 
been shown that the presence of MP increases biofilm cell proliferation 
and biofilm thickness [10], suggesting that MP can serve as a carbon 
source in water environments [33]. Furthermore, selective pressures 
from chlorination may allow surviving bacterial cells to utilise microbial 
decay products from disinfection-inactivated microorganisms, as well as 
other carbon sources such as parabens, leading to increased bacterial 
cell proliferation [78]. Similarly, trace antibiotics were found to reduce 
biofilm inactivation rates in DWDSs after chlorination compared to 
controls, indicating enhanced chlorine resistance [79].

Although the polysaccharide content was not affected by chlorina
tion among different biofilms, higher reductions in biofilm thickness 
after chlorination were observed for MP- and 3-Cl-MP-exposed dual- 
species biofilms compared to the control. Similarly, increased re
ductions in protein content were observed in 3-Cl-MP- and 3,5-di-Cl-MP- 
exposed dual-species biofilms in comparison to non-exposed biofilms. 
This suggests increased chlorine efficacy in disturbing biofilm structure 
and EPS composition when these compounds are present, which is sur
prising given that biofilms grown with 3-Cl-MP and 3,5-diCl-MP 
appeared to have stronger integrity than the non-exposed control bio
films. However, the simultaneous reduction in protein content and 
biofilm thickness may also explain the higher log reductions observed in 
both culturable and total cell counts, and the reduction in the percentage 
of non-damaged cells in biofilms exposed to MP-chlorinated by-prod
ucts. This suggests that chlorine more effectively penetrated and dis
rupted the EPS matrix of MP-chlorinated by-products, enhancing its 
impact on bacterial cells. Consequently, exposure to these by-products 
increases bacterial biofilm susceptibility to chlorine. Overall, whereas 
MP indirectly enhances chlorine tolerance by boosting biofilm growth, 
chlorinated by-products act as stress agents, limiting cell growth and 
making biofilms more vulnerable to chlorine, even if EPS production 
rises as an apparent partial protective response.

In general, DBPs are reported to induce bacterial antibiotic resis
tance, as higher levels of antibiotic-resistant bacteria (ARB) are found in 
disinfected DW compared to raw water [22]. Therefore, in this study, the 
antibiotic susceptibility of bacterial cells from biofilms grown in the 
presence of MP and by-products was evaluated. This is important from a 
public health perspective, since bacteria originating from DWDSs may 
opportunistically colonize susceptible hosts (e.g., immunocompromised 
patients), facing different therapeutic antibiotic treatments. Curiously, 
increased bacterial susceptibility to antibiotics (MINO and TMP-SMX) 
was observed for 3,5-diCl-MP-exposed S. maltophilia cells in dual- 
species biofilms in relation to non-exposed counterparts. However, 
further research is needed to investigate at the molecular level changes 
in ARG expression induced by PTP exposure. Other studies showed that 
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environmental contaminants can increase bacterial susceptibility to 
antibiotics [80], although such findings are less common compared to 
those reporting increased antibiotic resistance, in particular, from par
abens exposure [81–83]. An important factor to consider is the duration 
of exposure to these environmental contaminants that may influence 
shifts in bacterial resistance profiles. For example, Rabow et al. [84] 
studied the effects of copper pollution on soil bacterial communities and 
found that while long-term copper exposure generally increased bacte
rial resistance to both copper and tetracycline, short-term laboratory 
experiments decreased bacterial resistance to tetracycline. This work 
raises concerns about the environmental release of PTP that impacts 
microbial communities in unexpected ways as well as the human health. 
However, further research at the molecular-level is needed to under
stand the mechanisms underlying the observed cellular and community- 
level changes. In addition, continuous-flow and multi-species biofilm 
studies will further help understanding the impact of parabens and their 
transformation products on DW microbial communities.

5. Conclusions

Biofilms grown with 3,5-diCl-MP showed reduced culturability, and 
3-Cl-MP- and 3,5-diCl-MP-exposed biofilms appeared to enter a VBNC 
state. These results suggest that MP-chlorinated by-products may pro
mote dormancy in DW biofilm cells. These cellular adaptations were 
further reflected in structural modifications. Biofilms exposed to 3-Cl- 
MP were about 10 μm thicker than these non-exposed, and both PTP 
exposure altered EPS production as a protective response. On the 
opposite, PTP induced stress responses in the DW biofilms, making them 
more susceptible to chlorine. Indeed, 3-Cl-MP and 3,5-diCl-MP-exposed 
dual-species biofilms showed had lower numbers of culturable and total 
cell, accompanied by a decrease in the percentage of non-damaged cells. 
Chlorine treatment also caused protein loss and reduced the thickness of 
PTP-exposed biofilms. Moreover, 3,5-diCl-MP exposure increased 
S. maltophilia susceptibility to MINO and TMP-SMX, showing that PTP 
influenced bacterial response to antibiotics. Overall, the presence of PTP 
in DW affected the growth and behavior of biofilms present in these 
ecosystems, with potential impact to the public health.
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