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Abstract: Legionella pneumophila contamination of water systems is a crucial issue for public health.
The pathogen is able to persist in water as free-living planktonic bacteria or to grow within biofilms
that adhere to and clog filters and pipes in a water system, reducing its lifespan and, in the case of
hospital buildings, increasing the risk of nosocomial infections. The implementation of water man-
agement is considered to be the main prevention measure and can be achieved from the optimization
of water system architecture, notably introducing new materials and strategies to contrast Legionella
biofilm proliferation and so prolong the water system functionality. In this research, we propose a
new smart surface against L. pneumophila biofilm formation. This is based on an innovative type
of coating consisting of a sulfonated pentablock copolymer (s-PBC, commercially named Nexar™)
deposited on top of a polypropylene (PP) coupon in a sandwich filter model. The covering of PP
with s-PBC results in a more hydrophilic, acid, and negatively charged surface that induces microbial
physiological inhibition thereby preventing adhesion and/or proliferation attempts of L. pneumophila
prior to the biofilm formation. The antibiofilm property has been investigated by a Zone of Inhibition
test and an in vitro biofilm formation analysis. Filtration tests have been performed as representative
of possible applications for s-PBC coating. Results are reported and discussed.

Keywords: Legionella pneumophila; water safety plan; biofilm; smart coatings; s-PBC

1. Introduction

The Legionella pneumophila colonization of water systems represents one of the main
issues for public health, especially referring to those contaminations that occur in buildings,
such as hospitals and other healthcare environments, hosting fragile persons who are
particularly susceptible to infections and associated clinical complications [1]. Water
safety plans (WSPs) are designed to reduce the health risks associated with water systems.
Understanding where the risks exist throughout the water system and how the quality
of the water can be maintained is crucial to creating a good WSP. To this purpose, it is
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imperative to identify where the potential risks are coming from, as well as to implement
measures to reduce the identified risks as much as possible [2].

Legionella is a pathogen widely diffused in nature whose eradication for clinical preven-
tion is still challenging [3]. When colonization occurs, in fact, Legionella finds the optimal
environmental conditions to survive, including the water temperature and stagnation,
availability of organic sediments and presence of free-living protozoa, that protect bacteria
from disinfection procedures. This survival of Legionella can be accomplished by biofilm
formation. Biofilm is a complex aggregation of microorganisms encapsulated inside a ma-
trix of secreted extracellular polymeric substances (EPSs) [4], resulting from an interaction
of planktonic bacteria with a generic surface, such as in premise plumbing or that of filters
used for water depuration. The electrostatic forces operating between the bacterial mem-
brane and the target surface induce their attachment and subsequent EPSs secretion that
increases the interaction strength. Once aggregated, the microorganisms start colonizing
the surface and growing inside the EPSs matrix, completing the biofilm architecture. At a
high mass level, then, the bacteria can be released and dispersed outside the biofilm in a
detachment process that increases the level of pathogen diffusion in water and the risk of
infection [5].

It has been demonstrated that Legionella inside a biofilm matrix can be resistant to bio-
cide treatments, affecting the efficiency of most common water disinfection measures [6,7].
The strategies adopted so far to limit biofilm formation in water systems, in fact, have been
mostly focused on the modification of water chemical composition [8,9]. This can result
from the addition of biocides, such as oxidizing disinfectants, surfactants, and antibiotics,
that affect the bacteria physiology before and after the biofilm formation [10]. However,
the biofilm itself can block the biocide molecules from diffusing inside and hence being
effective against the encapsulated microorganisms. In addition, disinfectants may not reach
distal areas of water systems and can dissipate throughout the plumbing, making them
less effective so that a secondary chemical water disinfection process could be needed. This
could lead to the use of a large amount of chemicals to achieve a complete disinfection,
resulting in high costs and in the dispersion of unsafe compounds, such as disinfection by
products (DBP) [11].

Therefore, in recent years new strategies have been developed to be used in synergy
with primary chemical treatments in order to enhance the efficiency of common water
disinfection methods and reduce the consumption of chemicals. Among these, the intro-
duction of smart surfaces is an important step forward [12] since, being applied as coatings
for water pipes and filters, they can increase the lifespan of a water system. The aim
of coatings is, in fact, to block the bacterial attachment and/or proliferation, needed for
biofilm formation, on surfaces of plumbing fittings and to prevent the clogging of filter
meshes and the obstruction of pipes.

In recent decades a lot of smart surfaces have been made and employed as coatings for
water filters [13,14] providing a physical barrier between Legionella or other water-borne
bacteria, and fragile persons. These filters, in particular, can be regarded as additional
barriers in case of low water flow areas or dead legs, that cannot be reached by chemicals.
Thus, they are needed for each point of use in a water system but if not regularly replaced
they can be colonized by bacteria such as Legionella [15]. For this reason, the use of coated
filters with a prolonged lifespan and an antibiofilm effect, which require fewer change-
outs, could provide a cost-effective method to prevent Legionnaire’s disease [16] and to
increase the efficiency of water cleaning. Furthermore, the need for methods to reduce
Legionella colonization of piping requires the development of single or multi-level surface
functionalization steps, preferably before the biofilm is formed [17].

Smart coatings can hinder biofilm formation in at least two different ways: (i) some of
them can prevent bacteria from adhering, creating a steric, mechanic, and/or electrostatic
barrier [18–20]; (ii) others have a bactericidal effect towards microorganisms before or after
contact with the surface coating [21,22].
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Many types of filters coatings have been reported to date. Among them, electrically
heatable carbon nanotube (CNT) functionalization of point-of-use (POU) filters demon-
strated a removal rate of 99.9% of L. pneumophila in water [23]. Graphene oxide quantum
dots (GOQDs) were used to create an antibacterial surface with reasonably strong an-
tibiofouling properties [24]. The sulfonated pentablock copolymer (s-PBC), commercially
named Nexar™, has also been reported for water disinfection and filtration [25]. In par-
ticular, the s-PBC has shown a controlled swelling and good mechanical properties in the
hydrated state together with a good level of functionalization, processability, and low cost.
It was demonstrated that the polymer was able to induce the death of P. aeruginosa by a
contact killing mechanism due to water acidification induced by the polymer, preventing
microbial adhesion and replication. Furthermore, other works reported the use of s-PBC in
water purification applications as adsorbent material for heavy metals removal [26] or in
combination with known photocatalysts for azo dye degradation [27,28].

Considering the above reported evidence, we proposed the NexarTM polymer as smart
coating for antibiofilm filter in water systems. The aim was to prevent the biofilm formation
on a water filter surface avoiding its progressive deterioration due to microbial proliferation
and meshes clogging. We investigated the polymer after deposition on a polypropylene
(PP) substrate, a material that is commonly used for water filters. The antibiofilm activity of
the modified surface was tested through a biofilm induction experiment and a physiological
inhibition susceptibility (Zone of Inhibition) test, both performed on Legionella pneumophila
serogroup (SG) 2–16.

L. pneumophila SG 1 to 10, 12, 13, and 15 have always been isolated from water distri-
bution systems worldwide more frequently than the other serogroups [29–31]. Although
environmental strains (SG 2–15) account for only 16 to 20% of legionellosis cases [32],
there is evidence that patients with L. pneumophila of SG 2 to 15 show typical symptoms of
Legionella pneumonia, but Legionella urinary antigen tests (UATs), which are rapid tools for
early diagnosis of legionellosis, are negative because UATs detect only SG 1 [33–35]. From
a public health perspective, this is noteworthy because there is an association between de-
layed laboratory diagnosis, therapy, and prognosis. In particular, the delay in appropriate
therapy for legionellosis is associated with increased mortality [36]. For these reasons, we
decided to test only environmental strains (SG 2–16).

Another aim was to consider a possible application of the s-PBC as smart coating for
water filters to prevent the persistence of bacteria in water. The obtained results confirmed
the microbial inhibition properties of Nexar™ and its suitability as smart coating for
water cleaning.

2. Materials and Methods
2.1. Chemicals

Legionella pneumophila SG 2–16 strain has been isolated from drinking water. Tryptic
Soy Broth (TSB) was purchased from Sigma (St. Louis, MO, USA). Glycine Vancomycin
Polymyxin Cycloheximide (GVPC) agar plates and LIVE/DEAD Baclight Bacterial Viability
kit were purchased from Thermo-Fisher (Waltham, MA, USA). Plastic Petri dishes (Ø 18 cm)
were from Aptaca s.r.l. Glass flasks of 200 mL were from Simax. Multilayer polypropylene
(PP) filters were produced in-house using the melt-blown technology process as reported
by Sikorskaet al. [37]. The sulfonated pentablock copolymer poly(tBS–HI–sS:S–HI–tBS)
solution, or s-PBC, with 10–12 wt% polymer in a cyclohexane/heptane mixed solvent was
provided by courtesy of Kraton Polymers LLC (Houston, TX, USA). The 4 wt% solution of
s-PBC for filters depositions was prepared by dispersing the commercial s-PBC solution in
a polar solvent (isopropyl alcohol, IPA).

2.2. Zone of Inhibition Test: Coupons and L. pneumophila Culture Preparation

Polypropylene (PP) coupons (1 cm diameter) were sterilized in an autoclave for 15 min
at 121 ◦C. Then, 0.2 mL of s-PBC polymer solution was deposited on top of sterile PP
coupons and left drying for 24 h at room temperature. Then, both deposited (s-PBC@PP)
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coupon and PP coupon were washed by immersion in 70% ethanol for 10 min and rinsed
in sterile distilled water (dH2O) and left drying overnight at room temperature. In parallel,
L. pneumophila serogroup (SG) 2–16 was grown overnight in 10 mL of Tryptose broth at
37 ◦C. The resulting culture was, then, diluted in 5 mL of sterile dH2O and 0.1 mL of this
dilution was spread over a selective GVPC agar plate and left drying for 30 min at room
temperature. Two drops of 0.2 mL of sterile dH2O were spotted on a plate and both PP
and s-PBC@PP coupons were applied on top of the drops, with the active face down. The
importance of filling the space between coupons and agar medium with water has been
previously demonstrated [25]. The plate was incubated at 37 ◦C and colonies were analysed
after 24 h.

2.3. Biofilm Formation Test: Sample Preparation

L. pneumophila SG 2–16 culture for biofilm analysis experiment was prepared as fol-
lows: colonies of L. pneumophila were grown on GPVC plate overnight at 37 ◦C and, then,
suspended in Tryptose broth until the OD490was about 0.6. The resulting bacterial suspen-
sion was then diluted 1:6 in fresh Tryptose broth and incubated again at 37 ◦C with 5% CO2
for approximately 3 h, in order to reach the mid-log phase. The mid-log was, then, diluted
1:2500 in fresh pre-warmed fresh broth and 0.7 mL of dilution were spotted into each well
of a 4-well chamber slide, reported in Figure 1a. In parallel, a 0.5 × 1 cm PP coupon was put
on top of L. pneumophila culture in chamber 2 while two 0.5 × 1 cm s-PBC@PP coupons were
deposited in chambers 3 and 4, as shown in Figure 1b. Both PP and s-PBC@PP coupons
had been prepared as described before. Once prepared with culture and coupons, the
chamber slide was incubated at 37 ◦C with 5% CO2. After approximately 16 h, the culture
was aspirated from the corner of each chamber and 0.7 mL of fresh pre-warmed broth was
dispensed all along the wall of the chambers, in order to avoid shear forces that could
disrupt the biofilm. This step was repeated after 24 h.
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Figure 1. Chamber slide for biofilm analysis. (a) Structural components of cultural system. (b) Sample
loaded: (1) L. pneumophila culture; (2) L. pneumophila with Floating PP coupon; (3–4) Replicas of
L. pneumophila culture with floating s-PBC coupon.

2.4. Biofilm Formation Test: Sample Analysis

After 4 days of incubation at 37 ◦C with 5% CO2, the biofilm formation inside the
chamber slide was checked as follows: L. pneumophila 2–16 culture was discarded from
all wells and these were cleaned twice using 0.7 mL of sterile saline solution. Then,
0.7 mL of 10% formalin was added at room temperature for 30 min, in the dark, to fix the
L. pneumophila cells inside the chambers. Once washed again with saline solution, chambers
were treated with LIVE/DEAD Baclight mix of fluorescent dyes (from Thermo-Fisher),
added at room temperature for 15 min in the dark, to selectively stain bacteria including
those eventually attached to the floating surface of loaded coupons. Once the staining
solution discarded and washed again, both lid and chamber components of the chamber
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slide were removed keeping the glass slide on bottom and the PP and s-PBC@PP coupons
that were analysed by fluorescence microscopy using a 488 nm light source on top.

2.5. PH Measurements

The pH measurements were performed using a GLP-22 pH meter (GIBSON) using the
following samples: sterile tap and distilled water exposed to floating PP and s-PBC@PP
coupon; fresh buffered broth without bacteria exposed to floating s-PBC@PP coupon;
L. pneumophila SG 2–16 culture exposed to s-PBC@PP coupon in 1.5 mL centrifuge tube,
used as control; L. pneumophila SG 2–16 culture exposed to PP and s-PBC@PP coupons inside
the chamber slide, used in the biofilm formation experiment. All samples were analysed
before and after 10 min and 1; 16; 48 h exposure to floating coupons in 0.7 mL volume.

Samples collected from the chamber slide were measured only after 16 h of incubation,
i.e., when the L. pneumophila culture was substituted with fresh broth, in order to keep the
system sterile during the incubation at 37 ◦C–5% CO2 in the biofilm formation experiment.

2.6. Filter Coating Test: Sample Preparation

Then, 1L of L. pneumophila 2–16 water culture was prepared by adding a known
concentration of bacteria in sterile tap water. The filtration was performed using a 4.7 cm
diameter s-PBC@PP and PP filter, used as reference. The PP filters are composed of fibres
with diameter ranging between 0.2 and 5 µm. They form a three-dimensional network
where the pore size has a wide range distribution. It is thus more appropriate to define a
porosity instead of a pore size. The filter porosity εF is 0.98 and was determined using the
formula: εF = 1 − ρSF/(ρF·L), where ρSF is the surface density calculated as the mass of the
filter divided by the surface area (mF/AF); ρF is the fibres’ material density (910 Kg/m3 for
polypropylene was used); L is the PP filter thickness.

Filters were inserted into a plastic reusable filtration unit of 250 mL (from Nalgene™)
conventionally used for water analysis, shown in Figure 2. For each type of filter, i.e., PP
and s-PBC@PP, five filtrations of 50 mL and one last filtration of 200 mL of L. pneumophila
culture were performed. The water flux measured was 18.77 mL/min for PP filter and
2.93 mL/min for the one coated by s-PBC. This strong reduction is due to the compact
nature of the covering layer whose pores are smaller than the mesh of the PP filter. The
culture was analysed before and after all filtrations by plating 0.1 mL of both samples into
selective GVPC agar and allowed to grow at 37 ◦C–5% CO2 for 7 days. Bacteria remaining
on filter were analysed by immersing the filter into 40 mL of sterile distilled water and, then,
vortexing for 2 min so that all bacteria were released and suspended. A volume of 0.1 mL
of this sample was then plated on selective agar medium and incubated at 37 ◦C–5% CO2
for 7 days.
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Figure 2. NalgeneTM reusable unit for 250 mL water filtration. Details of vacuum nozzle (*) and filter
holder (**).

3. Results

The antibiofilm effect of s-PBC coating was tested on L. pneumophila SG 2-16. A first
analysis was performed on bacteria plated in a GVPC agar substrate. The Inhibition Zone
test, reported in Figure 3, showed that after 24 h a 2-cm diameter microbial inhibition
zone appeared all around the s-PBC@PP coupon (Figure 3a). As explained in our previous
work [25], this could be due to the acidification effect of s-PBC polymer that could block
bacteria proliferation on selective medium. The absence of such a zone around the PP
coupon (Figure 3b), by contrast, confirmed a regular proliferation of bacteria.
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Figure 3. Zone of Inhibition Test on Legionella pneumophila SG 2–16: a s-PBC@PP coupon surrounded
by an inhibition zone (green dashed line); b PP coupon.

In addition, the smart coating was investigated on broth culture of L. pneumophila in
order to study its ability to prevent biofilm formation as evidenced by the coupon meshes
staying clean.

The analysis was performed on a chamber slide system (see Section 2) and revealed
that after 4 days of incubation at 37 ◦C with 5% CO2, L. pneumophila formed a biofilm on
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the bottom of empty chambers and in floating PP coupons as shown in Figure 4a–f. The
biofilm produced a green fluorescence signal since it is composed of live cells that absorbed
the SYTO 9 dye of LIVE/DEAD Baclight kit, as proved by the detail at 100× magnification
reported in Figure 4c*.
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formed without coupon (a–c), on floating PP coupons (d–f) and on floating s-PBC@PP coupons (g–i),
respectively. Detail of cell bodies at 100× magnification (*).

By contrast, no biofilm was formed in floating s-PBC@PP coupons (Figure 4g–i). In
this case, the coupon fibres, that were orange-stained due to the propidium iodide labelling
of altered cells, appeared free of any coverage as shown at 40× and 100× magnification.

As previously reported in the Inhibition Zone test results, we supposed that the
bacteria inhibition was induced by acidification of water due to the s-PBC coating. For
this reason, in order to deeper investigate the inhibition mechanism, the pH variation
was tested in all types of media, and samples used in both the zone of inhibition (H2O
and dH2O) and biofilm formation (all media) test (Table 1). No changes were observed
in samples exposed to PP coupon, as expected. By contrast, the pH decreased heavily in
distilled water (7.28 to 2.95) and less in tap water (8.7 to 6.7) exposed to the s-PBC@PP
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coupon, while it was quite stable in all other samples containing Tryptose broth. This was
consistent with the fact that the broth used to prepare L. pneumophila cultures was buffered
at pH 7. Although the pH of the whole solution remained close to neutrality, the Legionella
inhibition was observed in broth and tap water after exposure to s-PBPC@PP in the biofilm
formation test (see before). This led to the hypothesis that the antibiofilm effect could be
influenced by the bacteria interactions with the acid surface of the s-PBC@PP coupon, the
releases of H+ species being responsible for cell inhibition, and not the direct acidification
of water volume as observed for distilled water.

Table 1. pH analysis of various media involved in the biofilm formation experiment after exposure to
floating coupons.

Sample T0 10 min 1 h 16 h 48 h

H2O + PP 8.73 8.80 8.81 7.48 7.22
H2O + s-PBC@PP 8.71 6.83 6.73 6.81 6.70

dH2O + PP 7 6.76 6.58 6.25 5.85
dH2O + s-PBC@PP 7.28 3.53 3.12 2.98 2.95

Tryptose broth + s-PBC@PP 6.70 6.50 6.45 6.73 6.75
L. pneumophila + s-PBC@PP 6.71 6.42 6.37 6.00 6.66

L. pneumophila + PP * 6.72 N.D. N.D. 5.86 N.D.
L. pneumophila + s-PBC@PP * 6.71 N.D. N.D. 6.78 N.D.

* Sample collected from chamber slides. N.D. = Not determined.

Having proved its inhibition effect on bacteria physiology, the smart s-PBC poly-
mer was tested as a potential coating for water filters. Results from serial filtrations of
L. pneumophila contaminated tap water samples are reported in Figure 5.

Figure 5 reports the colony density observed on L. pneumophila after filtrations. Five
aliquots of bacteria solutions were filtered using a PP filter or an s-PBC@PP one, and 0.1 mL
of each filtrate was used for the culture.

Relative to the starting density (Figure 5(aI,bI)), the number of colonies decreased passing
from the first to the fifth filtration with both PP and s-PBC@PP filters (Figure 5(aII,aIII,bII,bIII),
respectively) as an effect of bacteria deposition on their surface. However, the average colony
density observed on plates prepared from PP-filtered 50 mL samples was higher than that
from s-PBC@PP-filtered samples both at the first filtration test and after five consecutive cycles.
This confirms the higher bacteria removal efficiency of s-PBC@PP filter with respect to the
commercial one. This effect is probably due to a mesh reduction determined by the polymeric
coating that hinders the bacteria from passing through the filter. The same result was observed
for the filtration tests conducted with the same filters using another 200 mL aliquot from the
starting water sample (Figure 5(cI,cII)), where no colonies appeared in the s-PBC@PP-filtered
sample compared to the PP-filtered one. Figure 5d, instead, shows the residual colony density
of L. pneumophila observed on filter surfaces, and reports a higher density in the s-PBC@PP
surface residual (Figure 5(dII)) compared to the PP one, suggesting that the smart surface was
able to block the passage of L. pneumophila more efficiently.



Microorganisms 2022, 10, 870 9 of 12

Microorganisms 2022, 10, 870 8 of 12 
 

 

while it was quite stable in all other samples containing Tryptose broth. This was con-
sistent with the fact that the broth used to prepare L. pneumophila cultures was buffered at 
pH 7. Although the pH of the whole solution remained close to neutrality, the Legionella 
inhibition was observed in broth and tap water after exposure to s-PBPC@PP in the bio-
film formation test (see before). This led to the hypothesis that the antibiofilm effect could 
be influenced by the bacteria interactions with the acid surface of the s-PBC@PP coupon, 
the releases of H+ species being responsible for cell inhibition, and not the direct acidifica-
tion of water volume as observed for distilled water.  

Table 1. pH analysis of various media involved in the biofilm formation experiment after exposure 
to floating coupons. 

Sample T0 10 min 1 h 16 h  48 h 
H2O + PP 8.73 8.80 8.81 7.48 7.22 

H2O + s-PBC@PP 8.71 6.83 6.73 6.81 6.70 
dH2O + PP 7 6.76 6.58 6.25 5.85 

dH2O + s-PBC@PP 7.28 3.53 3.12 2.98 2.95 
Tryptose broth + s-PBC@PP 6.70 6.50 6.45 6.73 6.75 
L. pneumophila + s-PBC@PP 6.71 6.42 6.37 6.00 6.66 

L. pneumophila + PP * 6.72 N.D. N.D. 5.86 N.D. 
L. pneumophila + s-PBC@PP * 6.71 N.D. N.D. 6.78 N.D. 

* Sample collected from chamber slides. N.D. = Not determined. 

Having proved its inhibition effect on bacteria physiology, the smart s-PBC polymer 
was tested as a potential coating for water filters. Results from serial filtrations of L. pneu-
mophila contaminated tap water samples are reported in Figure 5.  

  
(a) (b) 

  

Microorganisms 2022, 10, 870 9 of 12 
 

 

  
(c) (d) 

Figure 5. Colony density of L. pneumophila in starting (aI,bI) and filtered water samples: 50 mL sam-
ple after 1 (aII) and 5 (aIII) filtrations with PP filter; 50 mL sample after 1 (bII) and 5 (bIII) filtrations 
with s-PBC@PP filter; 200 mL sample after 6 filtrations with PP (cI) and s-PBC@PP (cII) filter. Colony 
density of total L. pneumophila blocked on PP (dI) and s-PBC@PP (dII) filter surface. 

Figure 5 reports the colony density observed on L. pneumophila after filtrations. Five 
aliquots of bacteria solutions were filtered using a PP filter or an s-PBC@PP one, and 0.1 
mL of each filtrate was used for the culture.  

Relative to the starting density (Figure 5(aI,bI)), the number of colonies decreased 
passing from the first to the fifth filtration with both PP and s-PBC@PP filters (Figure 
5(aII,aIII,bII,bIII), respectively) as an effect of bacteria deposition on their surface. How-
ever, the average colony density observed on plates prepared from PP-filtered 50 mL sam-
ples was higher than that from s-PBC@PP-filtered samples both at the first filtration test 
and after five consecutive cycles. This confirms the higher bacteria removal efficiency of 
s-PBC@PP filter with respect to the commercial one. This effect is probably due to a mesh 
reduction determined by the polymeric coating that hinders the bacteria from passing 
through the filter. The same result was observed for the filtration tests conducted with the 
same filters using another 200 mL aliquot from the starting water sample (Figure 5(cI,cII)), 
where no colonies appeared in the s-PBC@PP-filtered sample compared to the PP-filtered 
one. Figure 5d, instead, shows the residual colony density of L. pneumophila observed on 
filter surfaces, and reports a higher density in the s-PBC@PP surface residual (Figure 
5(dII)) compared to the PP one, suggesting that the smart surface was able to block the 
passage of L. pneumophila more efficiently.  

4. Conclusions 
In this study, we propose a NexarTM-modified surface for smart L. pneumophila re-

moval and simultaneous prevention of its biofilm formation in water systems.  
Prevention of L. pneumophila contamination is a key component of the water manage-

ment programs implemented by the water safety plans (WSPs) [38]. Conventional water 
control techniques are often ineffective against biofilm formation, which is a critical issue 
for bacterial colonization of plumbing [10]. In particular, it has been estimated that 95% of 
the biomass in man-made water systems is attached to the walls as biofilm [39,40], and 
there is evidence that the biofilm’s physical stability is critical for the efficacy of disinfec-
tion procedures [41]. Therefore, techniques for the control of biofilm growth can provide 
an important contribution in overcoming current water treatment limitations, and biofilm 
management can be regarded as part of an integrated approach to mitigate Legionnaires’ 
disease incidence. This evidence warrants the need for novel preventive approaches fo-
cused on biofilm removal and inactivation systems.  

Our data showed that the NexarTM-modified coupons of polypropylene (s-PBC@PP) 
effectively were able to block L. pneumophila SG 2–16 growth, as demonstrated by the in-
hibition zone which appeared on a GVPC agar 24 h culture. A possible explanation of this 

Figure 5. Colony density of L. pneumophila in starting (aI,bI) and filtered water samples: 50 mL
sample after 1 (aII) and 5 (aIII) filtrations with PP filter; 50 mL sample after 1 (bII) and 5 (bIII)
filtrations with s-PBC@PP filter; 200 mL sample after 6 filtrations with PP (cI) and s-PBC@PP (cII)
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4. Conclusions

In this study, we propose a NexarTM-modified surface for smart L. pneumophila removal
and simultaneous prevention of its biofilm formation in water systems.

Prevention of L. pneumophila contamination is a key component of the water manage-
ment programs implemented by the water safety plans (WSPs) [38]. Conventional water
control techniques are often ineffective against biofilm formation, which is a critical issue
for bacterial colonization of plumbing [10]. In particular, it has been estimated that 95%
of the biomass in man-made water systems is attached to the walls as biofilm [39,40], and
there is evidence that the biofilm’s physical stability is critical for the efficacy of disinfection
procedures [41]. Therefore, techniques for the control of biofilm growth can provide an
important contribution in overcoming current water treatment limitations, and biofilm man-
agement can be regarded as part of an integrated approach to mitigate Legionnaires’ disease
incidence. This evidence warrants the need for novel preventive approaches focused on
biofilm removal and inactivation systems.

Our data showed that the NexarTM-modified coupons of polypropylene (s-PBC@PP)
effectively were able to block L. pneumophila SG 2–16 growth, as demonstrated by the
inhibition zone which appeared on a GVPC agar 24 h culture. A possible explanation
of this inhibition effect is that the acid and negative surface of s-PBC is able to prevent
both bacteria adhesion to the filter and its proliferation by acidification of water strictly in
contact with the filter surface.
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Assays on a chamber slide system showed that the s-PBC@PP coupons were also
effective against biofilm formation in large water volumes. This antibiofilm formation
occurred while maintaining the pH of the whole bacteria solution close to neutrality
(a condition that allows bacteria survival). Thus, the antibiofilm activity is ascribed to a
surface effect induced by direct interaction of bacteria with the surface of s-PBC.

As expected, considering a possible application of the s-PBC as smart coating for water
filters, data reported in Figure 5 showed that the polymer was able to block Legionella
on the filter surface, preventing the bacteria from persisting in water. In this research,
the authors’ aim was not to demonstrate a killing effect of s-PBC towards L. pneumophila
but to verify its inhibition properties against the bacterial biofilm formation. Therefore,
colony counts of the CFU/L in both starting and retention solutions were not performed
or matched.

A limitation of the current study is due to the fact that the tested L. pneumophila biofilm
was performed under laboratory conditions. Thus, a future perspective of the work could
include natural more complex biofilms. Moreover, taking into consideration that Legionella
species may be able to quickly recolonize the water systems [42], further studies are needed
to verify if this antibiofilm effect is totally efficient also after a long period of time.

The aim of the work was to test the antibiofilm activity of the s-PBC. This was verified
by testing the anti-attachment process of planktonic Legionella on top of the modified filter
surface, as above reported in Figure 4g–i, and by the observation that, although they were
randomly deposited by gravity, bacteria were inhibited in their proliferation process, as
described in Figure 5(cII). Moreover, another possible application of the proposed polymer
could be the coating of pipes as antibiofilm surface.

In conclusion, the proposed technique has been demonstrated to have a great potential
in reducing planktonic and sessile (biofilm) Legionella cells, representing a novel preventive
approach as an inactivation system and for avoiding biofilm formation.

Author Contributions: Conceptualization, S.F., E.L.S., S.S. and M.A.C.; investigation, S.F., G.F. and
R.M.T.; writing—original draft preparation, S.F.; writing—review and editing, E.L.S., S.S., S.L., D.C.,
P.L. and M.A.C.; supervision, S.S. and M.A.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Herwaldt, L.A.; Marra, A.R. Legionella: A Reemerging Pathogen. Curr. Opin. Infect. Dis. 2018, 31, 325–333. [CrossRef] [PubMed]
2. Coniglio, M.A.; Ferrante, M.; Yassin, M.H. Preventing Healthcare-Associated Legionellosis: Results after 3 Years of Continuous

Disinfection of Hot Water with Monochloramine and an Effective Water Safety Plan. Int. J. Environ. Res. Public Health 2018,
15, 1594. [CrossRef] [PubMed]

3. Committee on Management of Legionella in Water Systems; Water Science and Technology Board; Board on Life Sciences;
Board on Population Health and Public Health Practice; Division on Earth and Life Studies; Health and Medicine Division;
National Academies of Sciences, Engineering, and Medicine. Management of Legionella in Water Systems; National Academies
Press: Washington, DC, USA, 2019; p. 25474. ISBN 978-0-309-49382-6.

4. Donlan, R.M. Biofilms: Microbial Life on Surfaces. Emerg. Infect. Dis. 2002, 8, 881–890. [CrossRef] [PubMed]
5. Butler, C.S.; Boltz, J.P. 3.6—Biofilm Processes and Control in Water and Wastewater Treatment. In Comprehensive Water Quality and

Purification; Ahuja, S., Ed.; Elsevier: Waltham, MA, USA, 2014; pp. 90–107. ISBN 978-0-12-382183-6.
6. Wright, J.B.; Ruseska, I.; Costerton, J.W. Decreased Biocide Susceptibility of Adherent Legionella Pneumophila. J. Appl. Bacteriol.

1991, 71, 531–538. [CrossRef]
7. Lin, Y.E.; Stout, J.E.; Yu, V.L. Controlling Legionella in Hospital Drinking Water: An Evidence-Based Review of Disinfection

Methods. Infect. Control Hosp. Epidemiol. 2011, 32, 166–173. [CrossRef]
8. Sehar, S.; Naz, I. Role of the Biofilms in Wastewater Treatment; IntechOpen: London, UK, 2016; ISBN 978-953-51-2436-8.
9. Naz, I.; Hodgson, D.; Smith, A.; Marchesi, J.; Ahmed, S.; Avignone-Rossa, C.; Saroj, D.P. Effect of the Chemical Composition of

Filter Media on the Microbial Community in Wastewater Biofilms at Different Temperatures. RSC Adv. 2016, 6, 104345–104353.
[CrossRef]

http://doi.org/10.1097/QCO.0000000000000468
http://www.ncbi.nlm.nih.gov/pubmed/29794542
http://doi.org/10.3390/ijerph15081594
http://www.ncbi.nlm.nih.gov/pubmed/30060459
http://doi.org/10.3201/eid0809.020063
http://www.ncbi.nlm.nih.gov/pubmed/12194761
http://doi.org/10.1111/j.1365-2672.1991.tb03828.x
http://doi.org/10.1086/657934
http://doi.org/10.1039/C6RA21040F


Microorganisms 2022, 10, 870 11 of 12

10. Sciuto, E.L.; Laganà, P.; Filice, S.; Scalese, S.; Libertino, S.; Corso, D.; Faro, G.; Coniglio, M.A. Environmental Management of
Legionella in Domestic Water Systems: Consolidated and Innovative Approaches for Disinfection Methods and Risk Assessment.
Microorganisms 2021, 9, 577. [CrossRef]

11. Srivastav, A.L.; Patel, N.; Chaudhary, V.K. Disinfection By-Products in Drinking Water: Occurrence, Toxicity and Abatement.
Environ. Pollut. 2020, 267, 115474. [CrossRef]

12. Balaure, P.C.; Grumezescu, A.M. Recent Advances in Surface Nanoengineering for Biofilm Prevention and Control. Part II: Active,
Combined Active and Passive, and Smart Bacteria-Responsive Antibiofilm Nanocoatings. Nanomaterials 2020, 10, 1527. [CrossRef]

13. Amjad, Z. Reverse Osmosis: Membrane Technology, Water Chemistry, and Industrial Applications; Van Nostrand Reinhold: New York,
NY, USA, 1993; ISBN 978-0-442-23964-0.

14. Nurioglu, A.G.; Esteves, A.C.C.; With, G. de Non-Toxic, Non-Biocide-Release Antifouling Coatings Based on Molecular Structure
Design for Marine Applications. J. Mater. Chem. B 2015, 3, 6547–6570. [CrossRef]

15. Parkinson, J.; Baron, J.L.; Hall, B.; Bos, H.; Racine, P.; Wagener, M.M.; Stout, J.E. Point-of-Use Filters for Prevention of Health
Care–Acquired Legionnaires’ Disease: Field Evaluation of a New Filter Product and Literature Review. Am. J. Infect. Control 2020,
48, 132–138. [CrossRef] [PubMed]

16. Oyanedel-Craver, V.A.; Smith, J.A. Sustainable Colloidal-Silver-Impregnated Ceramic Filter for Point-of-Use Water Treatment.
Environ. Sci. Technol. 2008, 42, 927–933. [CrossRef] [PubMed]

17. Li, X.; Wu, B.; Chen, H.; Nan, K.; Jin, Y.; Sun, L.; Wang, B. Recent Developments in Smart Antibacterial Surfaces to Inhibit Biofilm
Formation and Bacterial Infections. J. Mater. Chem. B 2018, 6, 4274–4292. [CrossRef] [PubMed]

18. Vargas-Reus, M.A.; Memarzadeh, K.; Huang, J.; Ren, G.G.; Allaker, R.P. Antimicrobial Activity of Nanoparticulate Metal Oxides
against Peri-Implantitis Pathogens. Int. J. Antimicrob. Agents 2012, 40, 135–139. [CrossRef]

19. Milner, S.T. Polymer Brushes. Science 1991, 251, 905–914. [CrossRef]
20. Page, K.; Wilson, M.; Parkin, I.P. Antimicrobial Surfaces and Their Potential in Reducing the Role of the Inanimate Environment

in the Incidence of Hospital-Acquired Infections. J. Mater. Chem. 2009, 19, 3819–3831. [CrossRef]
21. Swartjes, J.J.T.M.; Sharma, P.K.; van Kooten, T.G.; van der Mei, H.C.; Mahmoudi, M.; Busscher, H.J.; Rochford, E.T.J. Current

Developments in Antimicrobial Surface Coatings for Biomedical Applications. Curr. Med. Chem. 2015, 22, 2116–2129. [CrossRef]
22. Campoccia, D.; Montanaro, L.; Arciola, C.R. A Review of the Biomaterials Technologies for Infection-Resistant Surfaces. Biomateri-

als 2013, 34, 8533–8554. [CrossRef]
23. Oh, Y.; Noga, R.; Shanov, V.; Ryu, H.; Chandra, H.; Yadav, B.; Yadav, J.; Chae, S. Electrically Heatable Carbon Nanotube

Point-of-Use Filters for Effective Separation and in-Situ Inactivation of Legionella Pneumophila. Chem. Eng. J. 2019, 366, 21–26.
[CrossRef]

24. Zhang, D. 6—Nonwovens for Consumer and Industrial Wipes. In Applications of Nonwovens in Technical Textiles; Woodhead
Publishing Series in Textiles; Chapman, R.A., Ed.; Woodhead Publishing: Sawston, UK, 2010; pp. 103–119. ISBN 978-1-84569-437-1.

25. Sciuto, E.L.; Filice, S.; Coniglio, M.A.; Faro, G.; Gradon, L.; Galati, C.; Spinella, N.; Libertino, S.; Scalese, S. Antimicrobial S-PBC
Coatings for Innovative Multifunctional Water Filters. Molecules 2020, 25, 5196. [CrossRef]

26. Filice, S.; Mazurkiewicz-Pawlicka, M.; Malolepszy, A.; Stobinski, L.; Kwiatkowski, R.; Boczkowska, A.; Gradon, L.; Scalese, S.
Sulfonated Pentablock Copolymer Membranes and Graphene Oxide Addition for Efficient Removal of Metal Ions from Water.
Nanomaterials 2020, 10, 1157. [CrossRef] [PubMed]

27. Filice, S.; D’Angelo, D.; Scarangella, A.; Iannazzo, D.; Compagnini, G.; Scalese, S. Highly Effective and Reusable Sulfonated
Pentablock Copolymer Nanocomposites for Water Purification Applications. RSC Adv. 2017, 7, 45521–45534. [CrossRef]

28. D’Angelo, D.; Filice, S.; Scarangella, A.; Iannazzo, D.; Compagnini, G.; Scalese, S. Bi2O3/Nexar® Polymer Nanocomposite
Membranes for Azo Dyes Removal by UV–Vis or Visible Light Irradiation. Catal. Today 2019, 321–322, 158–163. [CrossRef]

29. Wadowsky, R.M.; Yee, R.B.; Mezmar, L.; Wing, E.J.; Dowling, J.N. Hot Water Systems as Sources of Legionella Pneumophila in
Hospital and Nonhospital Plumbing Fixtures. Appl. Environ. Microbiol. 1982, 43, 1104–1110. [CrossRef] [PubMed]

30. Habicht, W.; Müller, H.E. Occurrence and Parameters of Frequency of Legionella in Warm Water Systems of Hospitals and Hotels
in Lower Saxony. Zent. Bakteriol Mikrobiol Hyg B 1988, 186, 79–88. Available online: https://pubmed.ncbi.nlm.nih.gov/3134774/
(accessed on 1 March 2022).

31. Hwang, I.-Y.; Park, E.-H.; Park, Y.-K.; Park, S.-H.; Sung, G.-H.; Park, H.-Y.; Lee, Y.-C. Distribution of Legionella Pneumophila
Serogroups Isolated from Water Systems of Public Facilities In Busan, South Korea. Southeast Asian J. Trop. Med. Public Health
2016, 47, 8.

32. Ditommaso, S.; Giacomuzzi, M.; Rivera, S.R.A.; Raso, R.; Ferrero, P.; Zotti, C.M. Virulence of Legionella Pneumophila Strains
Isolated from Hospital Water System and Healthcare-Associated Legionnaires’ Disease in Northern Italy between 2004 and 2009.
BMC Infect. Dis. 2014, 14, 483. [CrossRef]

33. Furugen, M.; Koide, M.; Teruya, H.; Naha, Y.; Tamayose, M.; Akamine, M.; Uchihara, T.; Atsumi, E.; Haranaga, S.; Yara, S.; et al.
Legionella Pneumonia Caused by Legionella Pneumophila Serogroup 2: Second Case Report in Japan. J. Infect. Chemother. 2008,
14, 161–165. [CrossRef]

34. Kawanami, T.; Yatera, K.; Fukuda, K.; Yamasaki, K.; Kunimoto, M.; Nagata, S.; Nishida, C.; Ishimoto, H.; Ogawa, M.;
Taniguchi, H.; et al. Diagnosis of Fulminant Pneumonia Caused by Legionella Pneumophila Serogroup 8 with the Sequence
Analysis of the 16S RRNA Gene. Tohoku J. Exp. Med. 2011, 225, 65–69. Available online: https://kyushu-u.pure.elsevier.com/en/
publications/diagnosis-of-fulminant-pneumonia-caused-by-legionella-pneumophila (accessed on 1 March 2022). [CrossRef]

http://doi.org/10.3390/microorganisms9030577
http://doi.org/10.1016/j.envpol.2020.115474
http://doi.org/10.3390/nano10081527
http://doi.org/10.1039/C5TB00232J
http://doi.org/10.1016/j.ajic.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31668765
http://doi.org/10.1021/es071268u
http://www.ncbi.nlm.nih.gov/pubmed/18323124
http://doi.org/10.1039/C8TB01245H
http://www.ncbi.nlm.nih.gov/pubmed/32254504
http://doi.org/10.1016/j.ijantimicag.2012.04.012
http://doi.org/10.1126/science.251.4996.905
http://doi.org/10.1039/b818698g
http://doi.org/10.2174/0929867321666140916121355
http://doi.org/10.1016/j.biomaterials.2013.07.089
http://doi.org/10.1016/j.cej.2019.02.054
http://doi.org/10.3390/molecules25215196
http://doi.org/10.3390/nano10061157
http://www.ncbi.nlm.nih.gov/pubmed/32545577
http://doi.org/10.1039/C7RA08000J
http://doi.org/10.1016/j.cattod.2017.12.013
http://doi.org/10.1128/aem.43.5.1104-1110.1982
http://www.ncbi.nlm.nih.gov/pubmed/7103477
https://pubmed.ncbi.nlm.nih.gov/3134774/
http://doi.org/10.1186/1471-2334-14-483
http://doi.org/10.1007/s10156-008-0594-3
https://kyushu-u.pure.elsevier.com/en/publications/diagnosis-of-fulminant-pneumonia-caused-by-legionella-pneumophila
https://kyushu-u.pure.elsevier.com/en/publications/diagnosis-of-fulminant-pneumonia-caused-by-legionella-pneumophila
http://doi.org/10.1620/tjem.225.65


Microorganisms 2022, 10, 870 12 of 12

35. Ito, A.; Ishida, T.; Tachibana, H.; Ito, Y.; Takaiwa, T.; Fujii, H.; Hashimoto, T.; Nakajima, H.; Amemura-Maekawa, J. A Case of
Community-Acquired Pneumonia Due to Legionella Pneumophila Serogroup 9 Wherein Initial Treatment with Single-Dose Oral
Azithromycin Appeared Useful. Jpn. J. Infect. Dis. 2017, 70, 660–662. [CrossRef]

36. Heath, C.H.; Grove, D.I.; Looke, D.F. Delay in Appropriate Therapy of Legionella Pneumonia Associated with Increased Mortality.
Eur. J. Clin. Microbiol. Infect. Dis. 1996, 15, 286–290. [CrossRef] [PubMed]

37. Sztuk-Sikorska, E.; Leon, G. Biofouling Reduction for Improvement of Depth Water Filtration. Filter Production and Testing.
Chem. Process. Eng. 2016, 37, 319–330. [CrossRef]

38. World Health Organization; International Water Association. Water Safety Plan Manual: Step-by-Step Risk Management for Drinking-
Water Suppliers; World Health Organization: Geneva, Switzerland, 2009; ISBN 978-92-4-156263-8.

39. Flemming, H.-C.; Percival, S.L.; Walker, J.T. Contamination Potential of Biofilms in Water Distribution Systems. Water Supply
2002, 2, 271–280. [CrossRef]

40. European Centre for Disease Prevention and Control. European Technical Guidelines for the Prevention, Control and Investigation of
Infections Caused by Legionella Species; European Centre for Disease Prevention and Control: Solna, Sweden, 2017. Available on-
line: https://www.ecdc.europa.eu/en/publications-data/european-technical-guidelines-prevention-control-and-investigation-
infections (accessed on 27 February 2022).

41. Donlan, R.M.; Costerton, J.W. Biofilms: Survival Mechanisms of Clinically Relevant Microorganisms. Clin. Microbiol. Rev. 2002,
15, 167–193. Available online: https://journals.asm.org/doi/10.1128/CMR.15.2.167-193.2002?url_ver=Z39.88-2003&rfr_id=ori:
rid:crossref.org&rfr_dat=cr_pub%20%200pubmed (accessed on 27 February 2022). [CrossRef] [PubMed]

42. Berjeaud, J.-M.; Chevalier, S.; Schlusselhuber, M.; Portier, E.; Loiseau, C.; Aucher, W.; Lesouhaitier, O.; Verdon, J. Legionella
Pneumophila: The Paradox of a Highly Sensitive Opportunistic Waterborne Pathogen Able to Persist in the Environment. Front.
Microbiol. 2016, 7, 486. [CrossRef] [PubMed]

http://doi.org/10.7883/yoken.JJID.2016.548
http://doi.org/10.1007/BF01695659
http://www.ncbi.nlm.nih.gov/pubmed/8781878
http://doi.org/10.1515/cpe-2016-0026
http://doi.org/10.2166/ws.2002.0032
https://www.ecdc.europa.eu/en/publications-data/european-technical-guidelines-prevention-control-and-investigation-infections
https://www.ecdc.europa.eu/en/publications-data/european-technical-guidelines-prevention-control-and-investigation-infections
https://journals.asm.org/doi/10.1128/CMR.15.2.167-193.2002?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://journals.asm.org/doi/10.1128/CMR.15.2.167-193.2002?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
http://doi.org/10.1128/CMR.15.2.167-193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932229
http://doi.org/10.3389/fmicb.2016.00486
http://www.ncbi.nlm.nih.gov/pubmed/27092135

	Introduction 
	Materials and Methods 
	Chemicals 
	Zone of Inhibition Test: Coupons and L. pneumophila Culture Preparation 
	Biofilm Formation Test: Sample Preparation 
	Biofilm Formation Test: Sample Analysis 
	PH Measurements 
	Filter Coating Test: Sample Preparation 

	Results 
	Conclusions 
	References

