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Abstract

The appearance of resistant strains and the persistence of biofilms on different surfaces in a wide
range of settings represent serious public health threats. Antimicrobial photodynamic inactivation
(aPDI) is a promising alternative technology to overcome these challenges. The current study
assessed the antimicrobial effect of polyethylene terephthalate (PET) discs covalently
functionalized with a cationic porphyrin, against E. coli and P. aeruginosa growth. Irradiation with
white LED light for 6 h resulted in 1.51 + 0.03 and 3.26 = 0.24 log reduction of planktonic
P. aeruginosa and E. coli, respectively. The study also assessed the effect of the functionalized
discs on biofilm formation by E. coli, P. aeruginosa, and S. aureus. The biovolumes of S. aureus,
P. aeruginosa, and E. coli biofilms were decreased by 0.6 = 0.1, 0.56 £ 0.13 and 0.74 + 0.06 log
reduction, respectively. These results emphasize the ability of porphyrin-functionalized
photoactive surfaces to kill bacterial cells and consequently prevent biofilm formation.

Key words: Biofilms, photodynamic inactivation, porphyrin, photoactive surfaces, antimicrobial
surfaces

1. Introduction

Chemical disinfection is the main technique used to clean different contaminated surfaces in a
variety of environments. However, chemical disinfection can be problematic due to its hazards and
is challenged by decreased efficiency due to the emergence of multidrug antimicrobial resistant
strains (Spagnul et al., 2015; Silva et al., 2018; Zhang et al., 2020; Pinna, 2022; Van Dijk et al.,
2022) . This has consequently resulted in cross resistance to antibiotics and contributed to the
appearance of antibiotic resistant strains (Brovko et al., 2009; Colclough et al., 2019; Naseer et al.,
2021). The problem is further aggravated by the ability of microorganisms to form biofilms, which
are resistant sessile microbial communities embedded in the exopolysaccharide (EPS) matrix. The
persistence of biofilms on different biotic and abiotic surfaces represents a serious public health
threat (Chitlapilly Dass and Wang, 2022; Funari and Shen, 2022). Microbial biofilms are
responsible for water borne diseases, more than 60% of hospital acquired infections and 60% of
foodborne outbreaks (Han et al., 2017; Jamal et al., 2018; Hemdan et al., 2021; Devanga Ragupathi
et al., 2022). The US National Institute of Health (NIH) reported that microbial biofilms are
associated with 80% of chronic infections and 65% of microbial infections in humans (Han et al.,
2017; Jamal et al., 2018; Vishwakarma et al., 2021). Moreover, it has been reported that biofilms
are responsible for half a million deaths per year globally (Brinkman et al., 2016). The economic
losses caused by biofilms also should not be underestimated. Biofilm-associated infections cost
annually around $ 94 billion (Brinkman et al., 2016). Determining the financial burden imposed
by biofilms in different industries can be challenging; however, a market analysis estimated that
biofilms have an economic significance in excess of $ 5000 billion per year (Camara et al., 2022).
Therefore, developing novel green antimicrobial approaches and disinfection protocols is required
to mitigate the consequences of microbial biofilms and emergence of antimicrobial resistant strains
(Lekbach et al., 2018; Singh et al., 2018; Verderosa et al., 2019).

The development of antimicrobial surfaces has been among the approaches that are receiving
increasing interest (Merchan et al., 2013; Elbourne et al., 2017). This approach depends on the
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decreased capacity of microbial cells to attach to a surface, lethal contact, biocide leaching or
antimicrobial light activated coatings (Akarsu and Uslu, 2018; Cerchier et al., 2018). Photoactive
self-sterilizing surfaces represent a distinctive system of antimicrobial Photodynamic Inactivation
(aPDI) that emerged from the development and assessment of new photosensitizers for PDI along
with their potential incorporation or deposition on different supports (Q. Mesquita et al., 2018;
Youfet al., 2021).

Photodynamic inactivation has been described as a rapid, efficient and environmentally friendly
method of decontamination (Wang et al., 2021). Moreover, it has demonstrated efficiency against
microorganisms that are resistant to conventional antimicrobials. The approach depends on the
presence of a photosensitizer that can release reactive oxygen species (ROS) upon activation by
visible light at appropriate wavelength in presence of molecular oxygen. The ROS can exert
irreversible oxidative damage to multiple nonspecific cell targets (cell membrane, lipids proteins,
DNA) leading to the inactivation of a wide spectrum of pathogens whether in their planktonic or
biofilm state (Q. Mesquita et al., 2018).

Porphyrins are among the promising photosensitizers that are finding applications in aPDI because
of their photochemical properties and excellent singlet oxygen generation quantum yield ( Zhao et
al., 2016; Sufek et al., 2020). Various methods for incorporation, addition, immobilization, and
deposition of porphyrin on different supports have been reported previously. These supports
include cellulose, chitosan, cotton, multi-walled carbon nanotubes, polystyrene and nylon films
(Spagnul et al., 2015). Moreover, these porphyrin-enhanced surfaces demonstrated antimicrobial
effect against different Gram negative and Gram positive bacteria including E. coli ( Ringot et al.,
2011; Castro et al., 2017; Nyga et al., 2021), and S. aureus (Ringot et al., 2011; Dastgheyb et al.,
2015).

In previous work by Cuthbert et al. (2021), the synthesis and covalent attachment of a zinc
porphyrin  molecule,  zinc(II)5,10,15,20-tetrakis((N-4-[3-(trifluoromethyl)-3 H-diazirin-3yl]
benzyl) -4-pyridyl)21H,23 H- porphine tetrabromide using thermal activation of the diazirine
functionalities to induce reaction with carbon-based polymers were reported (Fig. 1), and the
material was demonstrated to be effective for the inactivation of Influenza A virus under visible
light irradiation. A recent study by Musolino et al. (2022) elaborated the crosslinking of the
aforementioned porphyrin to PET (polyethylene terephthalate) discs and demonstrated both singlet
oxygen production and the antibacterial activity of the functionalized discs against S. aureus under
visible light irradiation. The current study further determines the antimicrobial effect of the same
covalently tethered porphyrin-functionalized PET discs against two Gram negative bacterial
strains (E. coli and P. aeruginosa), and its consequences on S. aureus, P. aeruginosa and E. coli
biofilms.

2. Materials and methods
2.1 Microorganisms

The antibacterial activity of the functionalized PET discs was determined against one Gram
positive (Staphylococcus aureus subsp. aureus (ATCC® 6538P™) as well as two Gram negative
bacteria (Pseudomonas aeruginosa (Schroeter) Migula (ATCC® 10145™) and E. coli ATCC
25922). The bacterial cells were kindly provided by the Department of Biochemistry and
Microbiology at the University of Victoria. The cells were maintained in 15% glycerol and
preserved at -80 °C.
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2.2 Irradiation conditions

Photodynamic inactivation experiments were performed using a white LED light (75 W, 1800
lumens, Satco). The distance between the plates and the light source was ~ 35 cm with illuminance
equivalent to 26400 = 200 Lux (irradiance 276 + 2 W/m?). The plates were irradiated for either 6
h for photodynamic inactivation of planktonic cells, or 24 h to determine the effect of
photodynamic inactivation on biofilm formation.

PET discs were prepared as mentioned previously by Musolino et al., (2022). Briefly, 20 ul of a
10 mg/mL methanol solution of zinc(I1)5,10,15,20-tetrakis((N-4-[ 3-(trifluoromethyl)-3 H-diazirin-
3yl] benzyl)-4-pyridyl)21H,23 H- porphine tetrabromide (“porphyrin”) was spin coated onto each
disc (diameter 15.6 mm). The discs were heated overnight at 120 °C to activate the diazirine for
covalent attachment. The functionalized discs were used in one of two ways. For one set of
experiments, they were added into assigned wells in 24 microtiter plates, soaked in 95% ethanol,
left to dry under sterile conditions in a laminar flow hood and then used to determine the
bactericidal effect against planktonic cells. For the other set, the functionalized discs were
autoclaved before their transfer into culture plates and inoculation with bacterial cells to determine
the effect of photoactivation against the tested bacterial biofilms.

2.3 Antimicrobial Photodynamic Inactivation (aPDI) of planktonic P. aeruginosa and
E. coli

Antimicrobial photodynamic inactivation experiments against planktonic P. aeruginosa and
E. coli were performed as described previously (Musolino et al., 2022). Briefly, overnight seed
culture grown in LB (Luria-Bertani Broth, Fisher Bioreagents, Canada) with OD ¢y ym ~ 1 was
diluted 1:1000. 24 well plates with wells containing functionalized PET discs and wells with no
added material were inoculated with 400 pL from standardized bacterial suspension. One plate
was irradiated for 6 h while the other one was wrapped with aluminum foil and otherwise kept
under the same conditions. After this 6 h period, serial dilutions followed by plating on Tryptone
Soya Agar (TSA, Oxoid, United Kingdom) were performed. Cell counts were recorded after
overnight incubation. Each experiment included duplicates and was repeated three times. The
results were expressed as the logarithm reduction of cell counts in CFU/ mL.

2.4 Biofilm formation

The effect of the photoactive discs on S. aureus, P. aeruginosa and E. coli biofilms was also
assessed. E. coli biofilms were cultivated in Tryptic Soy Broth (TSB, Sigma- Aldrich, USA),
P. aeruginosa and S. aureus were grown in TSB supplemented with 1% glucose. Functionalized
and unmodified PET discs, previously sterilized by autoclaving, were separately added to culture
plates (35 mm) aseptically. Each plate was inoculated with 2 mL from the standardized bacterial
suspension (ODgoonm ~ 0.13) and irradiated for 24 h under the same conditions as described above.
Similarly, another set of plates was prepared and covered with aluminum foil. Consequently, the
control wells in each experiment included unmodified discs that were exposed to light, or kept in
dark. Extra control wells, containing functionalized discs, were added to the “dark plate” to
determine the effect of the porphyrin layer on biofilm formation. After incubation, the biofilms
were observed with SEM (Scanning Electron Microscope) and CLSM (Confocal Laser Scanning
Microscope) (PreuB3 et al., 2016; Castro et al., 2017; Vollmerhausen et al., 2017; Nyga et al., 2021).
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2.4.1 Scanning Electron Microscopy of the bacterial biofilms

After incubation, the discs were rinsed with sterile PBS (3X) and fixed in glutaraldehyde (2.5%)
at 4 °C for 4 hours. After fixation, the discs were rinsed with PBS and then with distilled water.
Each rinsing step was performed twice. The discs were transferred into ethanol gradient (30, 50,
70, 80, 90, 96 and 100%) for 5 minutes at each concentration. After this, the discs were soaked in
50% HMDS and then 100% HMDS respectively for 30 minutes. The discs were left overnight in
a desiccator, sputter coated with gold (Anatech Hummer VI Sputter Coater), and examined under
SEM (Hitachi S-4800-Japan).

2.4.2 Confocal Laser Scanning Microscopy of the bacterial biofilms

After incubation, the discs supporting the biofilms were rinsed with sterile distilled water (3X),
transferred to miniature petri dish and stained with LIVE/DEAD™ BacLight™ Bacterial Viability
Kit, for microscopy & quantitative assays (L7012, Thermofisher Scientific, Canada) at room
temperature in the dark for 20 min.

Images were obtained with Zeiss LSM 880 Confocal Laser Scanning Microscope at excitation 488
nm with an argon laser and emission wavelengths (live 494 — 554 nm; dead 579- 701 nm). Images
were obtained using (LD- Plan-Neofluar 20x/0.4KorrM27). Image capture and Z-stacks were
performed using Zen black software (v3.6).

The 3D images were constructed using a microscopy image analysis software (Imaris) (version
9.8.0, Bitplane). The software allows the visualization and analysis of 3D images including the
estimation of the biovolume, which is the amount of biofilm (um?) in the observation field. At
least three images were captured randomly for each specimen and each experiment was repeated
at least twice.

2.5 Statistical analysis

Data were analyzed using GRAPHPAD. Results presented are means + standard deviation (SD).
The “Percentage Inhibition” represents the average of different “Percentage Inhibition” values
calculated with each control. One way ANOVA and T test were used to detect significant
differences. Significance was determined at 5% (P<0.05) level.

3. Results

3.1 Bactericidal activity

The antibacterial effect of the functionalized PET discs against the planktonic cells of
P. aeruginosa and E. coli was determined quantitatively by performing cell counts. After 6 h
irradiation with white LED light, 1.51 + 0.03 and 3.26 + 0.24 log reduction (percentage inhibition
equivalent to 97 + 0.3 and 99.95 + 0.02%) were recorded against P. aeruginosa and E. coli,
respectively (Fig. 2; a and b).

3.2. Antibiofouling activity

The effect of photodynamic inactivation on biofilm formation by the tested bacterial strains was
determined using SEM (Scanning Electron Microscopy) and CLSM (Confocal Laser Scanning
Microscopy). Scanning electron micrographs demonstrated morphological changes in the
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S. aureus cells grown on porphyrin-functionalized surfaces upon exposure to light as compared to
the three control conditions (Fig. 3a); however, the presence of morphological changes on
P. aeruginosa (Fig. 4a) and E. coli (Fig. 5a) was less apparent. The electron micrographs also
revealed that the biofilms formed on the PET discs exposed to light were reduced to cellular
clusters characterized with less complex 3D structure and lower surface coverage when compared
to the three controls of the tested bacterial strains. These results were also supported by the
confocal images and subsequent biovolume measurements after construction of the images using
Imaris. The confocal images as well as the biovolume measurements indicated that the biofilms
formed on the irradiated functionalized PET surfaces were reduced by 0.6 £ 0.1, 0.56 = 0.13 and
0.74 £+ 0.06 log reduction (percentage inhibition 68 + 5 %, 73 = 8 % and 78 + 3 %) for S. aureus,
P. aeruginosa, and E. coli, respectively (Fig 3 b,c; 4 b,c and 5 b,c).

4. Discussion

Prevention of biofilms by killing planktonic bacterial cells is challenged by the inevitable
development of strains that are resistant to the drug targeting the vital processes of the bacterial
cells (Di Somma et al., 2020). On the other hand, the scarcity of reports indicating resistance to
aPDI suggests the possibility of using this method to manage adapted strains (Youf et al., 2021).
This emphasizes aPDI, and consequently photoactive surfaces, as an attractive approach to control
pathogens (Reynoso et al., 2021). These photoactive surfaces can find applications in different
fields including healthcare environments, the food industry and different community settings
(Spagnul et al., 2015; Q. Mesquita et al., 2018).

The current study evaluated the bactericidal activity of covalently bound porphyrin to PET discs,
which were prepared as detailed in previous reports, against different bacterial strains (Cuthbert et
al., 2021; Musolino et al., 2022). Musolino et al., (2022) reported the ability of the porphyrin-
functionalized PET discs to cause ~ 1.76 - log reduction (percentage inhibition ~ 97.5%) against
S. aureus. The current study extends this work and reports the antibacterial effect of the same
porphyrin-functionalized PET discs against two gram negative bacterial strains (E. coli and
P. aeruginosa) and potential effect on biofilm formation by the three tested bacterial strains.

The cell counts recorded in the irradiated wells that contained the functionalized discs were
significantly lower than those in the control wells. On the other hand, the difference in cell counts
between the controls was insignificant which indicates that the bactericidal effect does not occur
in the presence of the functionalized discs or light separately, yet both parameters have to be
combined to trigger the killing effect.

The recorded bactericidal effect against the test microorganisms can be attributed to singlet oxygen
generation from the photoactive porphyrin bound surface upon irradiation as demonstrated in our
previous study (Musolino et al., 2022). Taking into consideration the immobilized state of the
porphyrin on PET discs, the inhibitory effect of the photoactive surface is likely due to cell
envelope damage as a result of its interaction with singlet oxygen that is photo-generated at the
top of the coating affecting the cells within close proximity (Dahl et al., 1987; Ringot et al., 2009;
Akarsu and Uslu, 2018). Del Valle et al., (2020) also emphasized that the morphology and different
features of the surface should be addressed as the electrostatic forces affect the ability of bacterial
cells to bind to the surface leading to potential disruption of the lipopolysaccharide wall of gram
negative bacteria. Therefore, interpretation of results should take into consideration the generated
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singlet oxygen on the material surface and the presence of different functional cationic groups
(Bonnett et al., 2006).

The inhibitory effect of different photoactive surfaces, reported in previous studies, demonstrates
variations which can be attributed to different experimental conditions. Therefore, direct
comparison remains challenging in lack of standardized procedure (Akarsu and Uslu, 2018).
Sabbahi et al., (2013) tested the effect of different experimental conditions on the photodynamic
inactivation of S. aureus and P. aeruginosa. The study concluded that the degree of microbial PDI
depends on different parameters including the type, concentration and physicochemical properties
of the photosensitizer as well as the type of bacteria and irradiation time.

The inhibition of P. aeruginosa and E. coli by different photoactive antimicrobial porphyrin-
bound surfaces has been reported previously. Porphyrin-dyed paper resulted in 1.66 log reduction
after irradiation with LED lamp for one hour (George et al., 2018). The grafting of protoporphyrin
to nylon fibers killed 30% of E. coli after irradiation with incandescent light for 30 min (Bozja et
al., 2003). Further, total killing of E. coli cells was reported after irradiation of tricationic porphyrin
-cellulosic paper for 24 h (Mbakidi et al., 2013). Porphyrin-bearing Kraft pulp fibers resulted in a
strong bactericidal effect against P. aeruginosa after irradiation with white light for 24 h (Nzambe
Ta keki et al., 2016). A study performed by Fayyaz et al. (2021) reported the photoinactivation of
E. coli and P. aeruginosa by three tetra-cationic porphyrins immobilized on cellulosic fabrics. The
irradiation of the porphyrin- cellulosic fabrics resulted in percentage inhibition ranging between
10 and 100% depending on the type of porphyrin, concentration and irradiation time.

The bactericidal effect resulting from incorporating a photosensitizer into a polymer surface
against planktonic bacterial cells suggests the presence of antibiofilm activity (Merchan et al.,
2013; Sehmi et al., 2015). Similarly, the bactericidal effect of the porphyrin-functionalized discs
recorded previously against S. aureus, and currently against the tested microorganisms
(P. aeruginosa and E. coli), suggests the ability of these coatings to inhibit or reduce biofilm
formation. The biofilms of the tested microorganisms were grown on unmodified PET discs and
on porphyrin-functionalized discs in presence and absence of light. After overnight irradiation of
bacterial cells, the modified and non-modified PET discs underwent microscopic analysis.
Scanning Electron Microscope allowed the determination of surface coverage while Confocal
Laser Scanning Microscope allowed the estimation of the biovolume. The reduced surface
coverage and lower biovolume of the biofilms growing on the surfaces of the functionalized
coupons upon irradiation can be attributed to the bactericidal effect of the PDI. On the other hand,
among the controls, it was noted that the biovolumes of the biofilms formed on the functionalized
discs (incubated in dark) were lower than those formed on the non-functionalized controls, which
might indicate the presence of antibiofilm activity triggered by the porphyrin-functionalized
surface. Nyga et al. (2021) reported that the presence of an organic moiety can affect the adhesion
process between the bacteria and the surfaceThe application of different antimicrobial approaches,
including aPDI, to prevent biofilm formation has been reported previously. A study by Chen et al.
(2018) attributed biofilm prevention to the killing of planktonic cells by peptides. Similarly, Mifian
et al., (2015) applied photodynamic inactivation against planktonic cells, which reduced the
number of bacterial cells that reached the surface and attached to it. Vollmerhausen et al. (2017)
also reported that the photo inactivation of an E. coli suspension prevented biofilm formation.
These findings demonstrated the efficiency of PDI in reducing the number of adhering cells and
as an approach to prevent biofilm formation.
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The covalent immobilization of porphyrin on PET discs using the diazirine functional group
confers longer term stability of the tethered molecule and prevents its leaching, avoiding potential
environmental and health concerns. Future work will focus on assessing the performance of the
newly designed photoactive surface under different irradiation conditions. Such data should be
useful in determining the durability of the surface and the conditions resulting in optimal
antimicrobial activity. Moreover, determining the antimicrobial effect of porphyrin tethered to
different surfaces with diazirine crosslinkers should demonstrate the capacity of this approach for
mitigating pathogen growth in a wide range of settings.

5. Conclusion

The present work represents a significant step in development of porphyrin-functionalized
photoactive surfaces, by demonstrating their capacity for aPDI on multiple species of planktonic
bacterial cells and their biofilms. The porphyrin-functionalized discs demonstrated antibacterial
effect against P. aeruginosa and E. coli. Moreover, the photo activated surfaces reduced the
biovolumes of S. aureus, P. aeruginosa and E. coli biofilms. These results emphasize the ability
of the porphyrin bound photoactive surface to kill bacterial cells and consequently prevent biofilm
formation.
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Fig. 1. zinc(IT) 5,10,15,20-tetrakis((N-4-[3-(trifluoromethyl)-3H-diazirin-3-yl|benzyl)-4-
pyridyl)-21H,23H-porphine tetrabromide, has four possible sites of attachment and can be
used to produce singlet oxygen in the presence of light.
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Fig. 2. The bactericidal effect of crosslinked porphyrin surface, expressed in log reduction,
after irradiation with LED light (26,400 + 200 Ix for 6h) against: (a) P. aeruginosa
(b) E. coli. Error bars represent the standard deviation.
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Fig. 3. The effect of the photoactive porphyrin discs on S. aureus biofilms a) Scanning
Electron Micrographs (1500, 3000, 6000 and 15000X) b) Confocal Laser Scanning
Microscope images reconstructed with Imaris c¢) Biovolume.
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542  Electron Micrographs (1500, 3000, 6000 and 15000X) b) Confocal Laser Scanning
543  Microscope images reconstructed with Imaris c¢) Biovolume.
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548  Electron Micrographs (1500, 3000, 6000 and 15000X) b) Confocal Laser Scanning
549  Microscope images reconstructed with Imaris c¢) Biovolume.
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