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Copper pipes are conventionally used to supply tap water. Their role in biofilm prevention remains to be
understood. This study evaluates the ability of selected surface materials with different copper contents
(0, 57, 79, 87, 96, 100% of copper) to control biofilm formation and regrowth. Further experiments were
performed to assess copper leaching and corrosion under conditions mimicking real plumbing systems.
Acinetobacter calcoaceticus and Stenotrophomonas maltophilia isolated from a drinking water
distribution system were used as model bacteria. All the copper materials showed positive results on the
control of single and dual species biofilms presenting high reductions of bacterial culturability > 4 log
CFU per cm?. The antimicrobial action of the selected materials seem not to be related to copper
leaching or to the formation of reactive oxygen species. However, bacterial-copper contact
demonstrated damage to bacterial membranes. The alloy containing 96% copper was the most
promising surface in reducing biofilm culturability and viability, and was the only surface able to avoid
the regrowth of single species biofilms when in contact with high nutrient concentrations. The alloy with
87% copper was shown to be unsuitable for use in chlorinated systems due to the high copper leaching
observed when exposed to free chlorine. The presence of viable but non-culturable bacteria was
remarkable, particularly in dual species biofilms. The overall results provide novel data on the role of
copper alloys for use under chlorinated and unchlorinated conditions. Copper alloys demonstrated
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Introduction

Drinking water distribution systems (DWDS) are far from being
microbiologically safe." This is due to the ability of microor-
ganisms to colonize DWDS and form biofilms. These biological
structures provide the colonizing microorganisms with
improved protection from environmental stress.”> Antimicrobial
products, particularly chlorine-based disinfectants, are used in
several countries for drinking water disinfection and biofilm
control in DWDS.* Although chlorination is widespread in
drinking water disinfection, there are no standardized strate-
gies with reliable efficacy in biofilm control.* The formation of
disinfection by-products (DBPs) in drinking water also consti-
tutes a global concern due to inherent risks for human health
and the environment.** Therefore, there is a global concern on
developing alternative strategies to control biofilms in DWDS,
minimizing the environmental and public health impacts from
current disinfection strategies. A pioneer study® tested
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comparable or even higher biofilm control effects than elemental copper surfaces.

preventive strategies to identify materials that do not promote
or can even suppress biofilm formation. Different materials
were ranked according to their biofilm growth propensity,
which unfortunately led to the conclusion that no material was
found able to completely avoid biofilm formation.® More
recently, Zhang et al.” found that the type of material can affect
biofilm disinfection efficiency, demonstrating that chlorine
decay rate was higher on stainless steel pipes than on ductile
iron pipe. The lowest chlorine decay rate was obtained in
polyethylene pipes. Moreover, some surfaces are recognized for
their antimicrobial properties, particularly copper and silver.*®

Copper has been used in drinking water systems worldwide
and there are several works evaluating copper in terms of
antimicrobial properties and biofilm formation in DWDS.**°
The most consistent effect was the slower biofilm formation
dynamics when copper was used as plumbing material."***
However, the ability to reduce biofilm formation was typically
more evident in the first months of operation. After longer
periods (90 to 200 d) the biofilms had similar characteristics to
those formed on other materials, such as stainless steel and
polyethylene.”>* Lu et al'* compared the effects of the
upstream use of cooper with that of unplasticized polyvinyl
chloride (uPVC) in biofilm formation and found decreased
microbial diversity when copper was applied. van der Kooij
et al."® also found that copper was able to inhibit the recovery of

This journal is © The Royal Society of Chemistry 2019
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Legionella pneumophila in plumbing systems until 2 years of
operation. Oppositely, Gido et al.** demonstrated that copper
was ineffective in L. pneumophila control. Rhoads et al'’
explained the higher incidence of copper antimicrobial prop-
erties in the earlier periods of system operation - due to the pipe
age and decrease in copper ion release. However, the same
authors reinforced that the mechanisms promoting microbial
survival on cooper plumbing pipes are not completely
understood.

Even if copper has limited effects in biofilm prevention,
copper antimicrobial properties are of potential interest for the
control of established biofilms.'®' Nevertheless, there are
limitations on the application of copper in plumbing systems
that must be overcome. The occurrence of corrosion and the
consequent leaching of copper to the bulk water is potentially
critical when using copper pipes.* This phenomenon is
responsible for structural damage (pinhole leaks), aesthetic
problems (metallic taste and “blue water” phenomenon) and
human health risks from released copper into the drinking
water.”"** Taking into account these adverse consequences, the
levels of copper at the tap are regulated: maximum limit of
1.3 mg L' according to the US EPA lead and copper rule;®
2 mg L' recommended by the World Health Organization
and by the EU Directive 98/83/EC.>* The interest in using plastic
materials emerged as a response to these limitations and to the
high cost of copper materials. Nevertheless, the use of plastics is
controversial as they are associated to chemical leaching to the
drinking water and changes in water odor.”® The possibility of
using less expensive copper alloys in plumbing systems would
certainly boost the interest for their use. However, research on
the use of copper alloys in plumbing systems is scarce.?” The
variability in the composition of copper alloys and consequently
on the material characteristics does not facilitate the experi-
mental design and the understanding of copper leaching
phenomena.”” Most of the works published about the use of
copper in plumbing systems wused elemental copper
surfaces'*'****° and did not present new alternatives to improve
biofilm prevention or to reduce possible leaching problems.

Taking into account the limited knowledge on the role of
copper alloys in biofilm control, this study aims to understand
the effects of selected alloys (0, 57, 76, 87, 96 and 100%) on
biofilm formation and regrowth using conditions intended to
simulate drinking water. Additionally, copper leaching and
surface corrosion in the presence of residual chlorine and the
formation of reactive oxygen species were evaluated.

Experimental
Bacteria and culture conditions

Acinetobacter calcoaceticus and Stenotrophomonas maltophilia,
previously isolated from DW,** were grown overnight at 25 °C
and under agitation (120 rpm) in R2A broth medium according
to Gomes et al.** Afterwards, bacterial cells were harvested by
centrifugation (Eppendorf centrifuge 5810R) at 3777 X g,
15 min, and resuspended in synthetic tap water (STW)
composed by 100 mg L~ NaHCO; (Fisher Scientific, Leicester-
shire, UK), 13 mg L' MgSO,-7H,0 (Merck, Darmstadt,
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Germany), 0.7 mg L K,HPO, (Applichem Panreac, Darmstadt,
Germany), 0.3 mg L™ KH,PO, (CHEM-LAB, Zedelgem, Bel-
gium), 0.01 mg L' (NH,),SO, (Labkem, Barcelona, Spain),
0.01 mg L~ NaCl (Merck, Darmstadt, Germany), 0.001 mg L™"
FeSO,-7H,0 (VWR PROLABO, Leuven, Belgium), 1 mg L™
NaNOj; (Labkem, Barcelona, Spain), 27 mg L™ " CaSO, (Labkem,
Barcelona, Spain), 1 mg L' humic acids (Sigma-Aldrich,
Steinheim, Germany).**** The cell density was adjusted to 1 x
10° CFU per mL for further experiments.

Surfaces for biofilm tests

Four copper alloys were tested (Table 1). Elemental copper
(100% Cu) was used as positive control and stainless steel AISI
316 (SS316) was used as negative control (0% Cu). Coupons (0.2
x 1 x 1 cm) of these surface materials (Fig. 1, Tables S.1 and
S.21) were used as substratum for biofilm formation. In order to
clean and sterilize copper materials, coupons were degreased in
absolute ethanol (Panreac Applichem, Darmstadt, Germany)
and cleaned for 5 min in an ultrasound bath (70 W, 35 kHz,
Ultrasonic Bath T420, Elma, Singen, Germany). To remove
surface oxides, each coupon was exposed to HCI (39% sp gr 1.19
from Fisher, Leicestershire, UK) diluted two times in water, with
2 min exposure. To conclude oxides removal, coupons were
washed in distilled water, dried with paper towel and abraded
with abrasive paper P1000 until achieving a homogeneous
appearance.® Afterwards, the coupons were rinsed thoroughly
with distilled water and dried with paper. After this process,
coupons were washed for 20 min with ethanol at 70% (v/v) and
further sterilized by ultraviolet (UV) for 45 min on each coupon
face. To assess the efficiency of sterilization, two coupons of
each alloy were inserted in 24 wells microtiter plates containing
fresh R2A broth medium and incubated overnight in order to
assess if some contamination remained, detecting microbial
growth.

Biofilm formation

Single and dual species biofilms were formed on coupons of
each material (Fig. 1) inserted in 24 wells microtiter plates. Six
coupons of each material were inserted in 24 wells microtiter
plates and a bacterial suspension, prepared as described above,
was added to each well. For single species biofilms, 1 mL of
bacterial suspension was added to each well. To prepare dual
species biofilms, 500 pL of each bacterial suspension was added
to each well in order to keep the same final bacterial concen-
tration. Microtiter plates were then incubated at 25 °C and
120 rpm for 24 h. After this period of incubation, two coupons of
each material were removed to assess biofilm culturability. The
remaining coupons were transferred to a new microtiter plate
with new sterile STW, and incubated for additional 24 h at 25 °C
and under agitation (120 rpm). After this incubation period
(48 h of biofilm formation), two additional coupons of each
material were removed to assess biofilm culturability and
viability. The remaining colonized coupons were inserted in
new 24 wells microtiter plates containing R2A in order to eval-
uate the ability of bacteria to regrowth from a sudden increase
in nutrient availability. For this, coupons in R2A broth were

RSC Adv., 2019, 9, 32184-32196 | 32185
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Table1 Composition of materials used as substrate for biofilm formation (data provided by the suppliers: Novacimnor, Porto, Portugal; Universal

AFIR, Porto, Portugal and Neves & Neves, Trofa, Portugal)

Surface material composition (%)

Material (US

standard) Cu Fe Ni Mn Sn Al Zn Cr Other

AISI 316 — 62 10-14 2 — — — 16-18 G, Si, P, S, Cr Mo, N
C11000 100 — — — —

C18000 96 — 4 — —

C90800 87 0.03 — — 12 — 0.03 — Pb (0.62), Zn (0.03), P (0.32)
C95500 79 — 5 1 10 —

C38500 57 5 — — 39 Pb (0.03)

incubated for additional 24 h at 25 °C and 120 rpm. Three
independent experiments with duplicates were performed for
each condition tested.

Biofilm culturability

Culturability was assessed for 24 and 48 h old biofilms. Colo-
nized coupons were washed in 1 mL of STW in new 24 wells
microtiter plates in order to remove weakly or non-adhered
bacteria. Each coupon was inserted in a 50 mL centrifuge
tube containing 3.5 mL of saline water (8.5 g L™" of NaCl) after

AISI 316
0% Cu

C38500
57% Cu

C95500
79% Cu

Fig. 1 Materials used for biofilm formation.

32186 | RSC Adv., 2019, 9, 32184-32196

being scrapped with a micropipette tip while 1 mL of saline
water was dispensed on the coupon to help the removal of the
scrapped cells.** Then, 0.5 mL of thiosulphate (0.5% w/v) was
added to the tube containing the scrapped suspension in order
to neutralize the effects from the copper ions released.*® Tubes
containing coupons were then vortexed for 2 min to complete
the removal of adhered bacteria and to dissociate possible
bacterial aggregates.®* Serial dilutions from the obtained
suspension were then performed and plated on R2A agar
(Oxoid, Hampshire, UK) plates. Colony forming units (CFU)

C90800
87% Cu

C18000
96% Cu

C11000
100% Cu

This journal is © The Royal Society of Chemistry 2019
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were enumerated after incubation for 48 h at 25 °C. For dual
species biofilms, the number of CFU per cm” was also assessed
for each bacterium. This was possible because the selected
bacteria had clearly distinct colony morphologies when grown
on R2A agar. The detection limit for CFU enumeration was 2 log
CFU per cm?.

Biofilm viability

The viability of 48 h old biofilms was assessed through the Live/
Dead Bac light bacterial viability kit (Invitrogen Life Technolo-
gies, Alfagene). This kit is composed of two nucleic acid-binding
stains: SYTO 9™ that penetrates all bacterial membranes and
stains cells green and propidium iodide (PI) that only pene-
trates bacteria with damaged membranes and stains bacteria
red. Biofilm samples, resuspended as described previously,
were filtered through a Nucleopore (Whatman, Middlesex)
black polycarbonate membrane with 0.22 pm pore size. Filtered
samples were stained with 250 pL of SYTO 9™ and 50 pL of PI
and left in the dark for 10 min. Samples were analyzed using
a LEICA DM LB2 epifluorescence microscope connected to
a Leica DFC300 FX camera (Leica Microsystems Ltd, Heer-
brugg). The optical filter combination for optimal viewing of the
stained preparations consisted of a 515-560 nm excitation filter
combined with a dichromatic mirror at 580 nm and a suppres-
sion filter at 590 nm. Viable (green stained) and non-viable (red
stained) cells were assessed from counts of a minimum of 20
fields of view. The total number of cells corresponds to the sum
of viable (green stained) and non-viable (red stained) cells.

Viable but non-culturable bacteria were determined by the
differences between the viable bacteria (green stained) and the
numbers of CFU grown on R2A plates - for the same sample.
The detection limit for this microscopic method is 5 log cells
per cm®.

Biofilm regrowth

The regrowth of 48 h biofilm in terms of CFU numbers was
evaluated after inserting the colonized coupons in a new
microtiter plate containing medium with higher content of
nutrients: R2A broth. The biofilm in R2A were incubated for
additional 24 h at 25 °C under agitation (120 rpm) and regrowth
was assessed in terms of culturability in R2A agar plates, as
described previously.

Reactive oxygen species

The formation of reactive oxygen species (ROS) was evaluated
when A. calcoaceticus and S. maltophilia were in contact with the
different surface materials for 24 h. Dichloro-dihydro-fluorescein
diacetate, H,DCFDA, (from Sigma-Aldrich, Steinheim, Germany)
was used to determine ROS formation. This molecule is oxidized
by ROS inside cell membrane resulting in a fluorescent molecule
- 2/,7'-dichlorofluorescein.’” Bacteria were grown overnight at
25 °C and 120 rpm. Bacterial suspensions were centrifuged (3777
x g for 15 min), resuspended in phosphate buffered saline (PBS)
and the bacterial concentration adjusted to 5 x 10” CFU per mL.
H,DCFDA prepared in absolute ethanol, was added to the
suspensions to a final concentration of 10 uM, and incubated in

This journal is © The Royal Society of Chemistry 2019
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the dark for 20 min. Afterwards, bacteria were washed by
centrifugation (3777 x g for 15 min) to remove the excess of
H,DCFDA and resuspended in STW.*® A volume of 1 mL of
bacterial suspension was added to each well of a 24 wells
microtiter plate, containing coupons of the different materials.
Two controls were performed: only with STW (a negative control
without bacterial growth) and with bacteria not marked with
H,DCFDA (to evaluate the possible autofluorescence of bacteria
unrelated to the formation of ROS). Plates were incubated for
24 h at 25 °C and 120 rpm. Then coupons were vortexed in 5 mL
of PBS for 2 minutes and the bacteria were sampled and analyzed
in a 96-well microtiter plate using a FluoStar Omega (BMG Lab-
tech, Madrid, Spain) reader under fluorescence (excitation
wavelength: 485 nm and emission: 530 nm).

Copper materials corrosion and leaching

Corrosion of copper and copper alloys was evaluated according
to the standard practice for preparing, cleaning and evaluating
corrosion test specimens.** Coupons were cleaned as described
previously and dried at 60 °C for 30 min. Corrosion was evalu-
ated for 6 months in STW without chlorine and in STW with
1 mg L' of free chlorine (residual concentration commonly
present in drinking water®®). Chlorine was replenished every
week in order to keep a constant concentration, adding
0.23 mg L™ " of free chlorine according to the chemical stability
studies (at 25 °C) performed by Meireles et al.*® Several time
points were analyzed: 14 d, 21 d, 1 month, 2 months, 3 months,
4 months, 5 months and 6 months. Coupons were inserted in 12
wells microtiter plates and incubated at 25 °C under static
conditions. Two coupons were removed in each time point,
sonicated for 10 min in order to remove corrosion products.
Then, the remaining corrosion product were removed with HCI
(39% VWR chemicals, Fontenay-sous-Bois) diluted twice in
water for 2 min at 25 °C.*® The coupons were weighed after
being washed with distilled water and dried. This procedure
was repeated three times until complete removal of corrosion
products. The corrosion rate is given by eqn (1).

3.45 x 10 x W

Corrosion rate (CR) = AxT <D

(1)
where CR is defined in mils per year, Wis the mass loss in g, A is
the coupon area in cm?, T'is the exposure time in hours and D is
the density of the material in g cm ™.

To assess copper leaching, bulk water was collected at each
time point and copper concentration was determined by flame
emission and atomic absorption spectroscopy with hollow-
cathode lamp using a GBC AAS 932 plus device with GBC

Avante 1.33 software.

Statistical analysis

IBM® SPSS® Statistics (Statistical Package for the Social Sciences)
version 24.0 was used for the statistical analysis of data applying
the one-way analysis of variance (ANOVA). The comparisons
between and within experimental groups were carried out using
Tukey test. Statistical calculations were based on confidence level
=95% (P < 0.05) which was considered statistically significant.

RSC Adv., 2019, 9, 32184-32196 | 32187
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Results
Copper effect on single and dual species biofilms

Culturable bacteria. Biofilm formation was found in all the
surface materials tested. However, copper and copper alloys
decreased significantly the culturability of both bacteria in
single and dual species biofilms (P < 0.05). S. maltophilia in
single species biofilms (Fig. 2B) were more tolerant to copper

Biofilm
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contact than A. calcoaceticus (Fig. 2A). In fact, no CFU of A.
calcoaceticus single species biofilms were found on copper
materials after 24 and 48 h incubation (Fig. 2A). On the other
hand, significant reductions (>3.5 log CFU per cm?®) were
observed in S. maltophilia culturability for 24 h old biofilms
formed on the copper alloys (P < 0.05). Nevertheless, after 48 h it
was observed increased S. maltophilia biofilm control resultant
from the use of the copper materials. Alloys with 57 and 79%
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Fig.2 Log CFU per cm? of biofilms formed on surfaces with different copper content (0, 57, 79, 87, 96 and 100% Cu) and the corresponding bulk
phase culturability. ((J) 24 h biofilms formed using STW, (W) 48 h biofilm formed using STW, (M) biofilm regrowth in the presence of high nutrient
levels (R2A broth). Left figures (A—D) correspond to biofilm culturability. Right figures (E—H) correspond to bulk phase culturability. (*) Differences
statistically significant (P < 0.05) in comparison to SS316 (0% of copper). A. calcoaceticus in single species biofilms (A), S. maltophilia in single
species biofilms (B), A. calcoaceticus in dual species biofilms (C), S. maltophilia in dual species biofilms (D), A. calcoaceticus present in bulk phase
from single species biofilms (E), S. maltophilia present in bulk phase from single species biofilms (F), A. calcoaceticus in bulk phase from dual
species biofilms (G) and S. maltophilia in bulk phase from dual species biofilms (H).
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copper reduced completely the culturability of 48 h old S. mal-
tophilia single species biofilms. All the other copper materials
had similar ability to reduce culturability of 48 h old S. malto-
philia single species biofilms (>3.9 log CFU per cm?) (P > 0.05).

Regarding dual species biofilms (Fig. 2C and D), all copper
surfaces were very effective in reducing 24 and 48 h old A. cal-
coaceticus culturability (>5.6 log CFU per cm?). For S. malto-
philia, all reductions obtained were >5 log CFU per cm®. The
exception was the alloy with 79% copper that reduced S. mal-
tophilia culturability of 24 h old dual species biofilms in 3.93 log
CFU per ecm?. Also, in dual species biofilms it was possible to
observe an increase of copper efficiency along time. Higher
reductions of S. maltophilia culturability were observed after
48 h of contact with the copper alloys.

Viable and total bacteria. The viability of 48 h old biofilms
grown on the copper alloys was further characterized, in addi-
tion to the total number of adhered cells (Fig. 3). The total
number of adhered A. calcoaceticus in single species biofilms
slightly decreased on copper materials (P < 0.05) (Fig. 4A). Viable
A. calcoaceticus was observed in all the biofilms formed.
However, all the copper materials significantly reduced the
number of viable A. calcoaceticus compared to SS316 (P < 0.05)
(Fig. 4A). The lowest reduction (2.08 log cells per cm?) was ob-
tained with the 57% copper alloy (P < 0.05). On the other hand,
the highest reduction of A. calcoaceticus viability (4.68 log cells
per cm?) was obtained using the 79% copper alloy.

The total number of S. maltophilia in 48 h old single species
biofilms was not affected by the surface material used (Fig. 4B)
(P> 0.05). Nevertheless, reductions of viable cells were observed
for all the copper materials, even if at a lower extent than that
observed for A. calcoaceticus (P < 0.05). The higher reductions
were obtained with 57% copper alloy (2.29 log cells per cm?) and
elemental copper (100% Cu) (2.08 log cells per cm?) (P < 0.05).

A slight decrease in the number of total adhered bacteria
caused by copper materials was observed for A. calcoaceticus in
48 h old dual species biofilms (Fig. 4C) (P < 0.05). The exception
was the 57% copper alloy (P > 0.05). High viability reductions of
A. calcoaceticus in dual species biofilms (>5.2 log cells per cm?)
were obtained for all copper materials tested.

The total number of S. maltophilia in dual species biofilms
was slightly reduced when the copper surface materials were
used (Fig. 4D) (P < 0.05). S. maltophilia in dual species biofilms
was also more susceptible than in single species biofilms (P <
0.05). The higher reduction in viable S. maltophilia was obtained
using 96% copper alloy (5.31 log cells per cm?) (P < 0.05), fol-
lowed by alloys with 87, 79, 100 and 57% copper, with reduc-
tions of 4.01, 3.94, 3.82 and 3.16 log cells per cm?, respectively.

Viable but non-culturable bacteria. The presence of viable
but non-culturable (VBNC) bacteria was determined from the
difference between viable cells and CFU. In general, copper
surface materials increased the numbers of VBNC of A. calcoa-
ceticus in single species biofilms compared to SS316. The higher
amount of VBNC was found when using 57% copper alloy (P <
0.05). It was observed that the number of VBNC follows the
same tendency found for viable cells, regardless the copper
alloy. Also, in S. maltophilia biofilms it was observed an increase
in VBNC counts from biofilm growth on the copper materials in
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comparison to SS316. The higher numbers of VBNC (4.55 and
4.50 log cells per cm?) were found on 79 and 96% copper alloys,
respectively. Also, in dual species biofilms the numbers of A.
calcoaceticus in VBNC state was similar to the numbers of viable
cells (P > 0.05). However, in this particular case, the numbers of
A. calcoaceticus in VBNC state was similar on SS316 and on the
copper materials. It was also observed that VBNC of A. calcoa-
ceticus in dual species biofilms was much lower than for the
same bacterium in single species biofilms. On the other hand,
dual species biofilms formed on copper materials were
composed of higher amounts of VBNC S. maltophilia than these
biofilms formed on S$S316 (P < 0.05), with the exception of 96%
copper alloy where the numbers of VBNC S. maltophilia was
similar to these observed on SS316 (P > 0.05). Also, in this
situation the VBNC follows the same tendency observed for
viable cell counts (P > 0.05). In general, the number of VBNC
bacteria was lower in dual species biofilms formed on copper
alloys than in single species biofilms.

Bacterial regrowth on copper materials. It was observed that
A. calcoaceticus single species biofilms (Fig. 2A) were unable to
recover its culturability when biofilms formed on 96% copper
alloy were exposed to a sudden increase of nutrients (R2A
broth). On the other hand, the regrowth of A. calcoaceticus cul-
turability was similar on SS316 (0% Cu) and on 57 and 79%
copper alloys (P > 0.05). The elemental copper surface (100%
Cu) was able to reduce the A. calcoaceticus regrowth in 3.52 log
CFU per cm” compared to SS316.

Regarding S. maltophilia single species biofilms, it was
possible to observe that only 96% copper alloy was able to
completely inhibit regrowth (Fig. 2B). Elemental copper had
also an important role in the impairment of S. maltophilia
regrowth with a difference of 5.93 log CFU per cm” compared to
SS316 (P < 0.05). Alloys with 57 and 87% of copper caused
impairment of S. maltophilia biofilm regrowth in 2.71 and 2.74
log CFU per cm?, respectively (P > 0.05).

In dual species biofilms, regrowth of A. calcoaceticus only
was found on materials with 79, 87 and 100% copper
(Fig. 2C). These alloys reduced A. calcoaceticus regrowth in
1.64, 4.51 and 5.66 log CFU per cm® compared to SS316,
respectively. No regrowth was found on alloys with 57 and
96% copper. S. maltophilia regrowth in dual species biofilms
occurred in all the copper materials tested (Fig. 2D). The
lowest S. maltophilia regrowth was observed for elemental
copper (100% Cu) with a reduction of 6.96 log CFU per cm?
compared to SS316 (P < 0.05). Reductions of 1.61, 2.14, 3.83,
and 3.43 log CFU per cm” on the ability of S. maltophilia to
recover were observed when using 57, 79, 87 and 96% copper
alloys, respectively (P > 0.05).

Copper effects in the bulk bacteria

The culturability of bacteria present in the bulk phase was also
analyzed at 24 and 48 h. Bacteria detected in the bulk phase after
24 h of incubation in the presence of copper materials corre-
spond essentially to culturable non-adhered bacteria. On the
other hand, bacteria detected in the bulk phase at 48 h corre-
spond to culturable biofilm-released bacteria. All the copper
materials reduced the numbers of A. calcoaceticus CFU detected
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Fig. 3 Viability of 48 h old biofilms formed on surface materials with different copper content (0, 57, 79, 87, 96 and 100% Cu). Images from fluorescence
microscopy using a LEICA DM LB2 epifluorescence microscope connected to a Leica DFC300 FX camera (Leica Microsystems Ltd, Heerbrugg).
Magpnification of x1000, scale bar of 10 pm. Bacteria were stained with using Live/Dead Baclight® kit. Red stained bacteria correspond to non-viable
bacteria (with membrane damaged) and green stained bacteria correspond to viable bacteria (without membrane damaged). Images demonstrate
a decrease in green stained bacteria on copper materials for all the biofilms tested and in comparison to the biofilms formed on SS316. The total numbers of
A. calcoaceticus decreased on the copper materials in comparison to SS316. The total numbers of S. maltophilia was not remarkably influenced by the type
of copper material, even if a decrease in viability (green stained bacteria) was observed for biofilms formed on 57 and 100% copper materials.
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Fig. 4 Viability (log cells per cm?) of 48 h biofilms formed on surface materials with different copper content (0, 57, 79, 87, 96 and 100% Cu). (1)
Viable cells (VC), (m) viable but non-culturable (VBNC) bacteria, () total cells (TC). Left figures (A and B) correspond to single species biofilm
viability. Right figures (C and D) correspond to dual species biofilm viability. (*) Differences statistically significant (P < 0.05) in comparison with

SS316 (0% copper).

in the bulk phase (Fig. 2E) (P < 0.05). Regarding the effects on the
released bacteria for 48 h, no A. calcoaceticus CFU were observed
in the bulk phase when elemental copper (100% Cu) was used.
The 57% copper alloy caused 5.02 log CFU per cm” reduction (P <
0.05) in bulk phase when compared with SS316. All the other
materials caused similar A. calcoaceticus CFU reductions when
analyzing the bulk phase (>3.80 log CFU per cm?) (P > 0.05).

Concerning S. maltophilia single species biofilms (Fig. 2F), it
was possible to observe that all the copper materials had similar
impact on the non-adhered bacteria (24 h), being the numbers
of CFU in the bulk phase lower on copper materials than on
SS316 (P> 0.05). The 96% copper alloy was the one causing the
highest CFU reduction (5.59 log CFU per cm?) in the bulk phase
for the 48 h analysis. The other copper alloys caused similar
CFU reductions (between 4.11 and 5 log CFU per cm?) (P> 0.05).

Fig. 2G and H show culturability results of A. calcoaceticus
and S. maltophilia in the bulk phase when dual species biofilms
were present, respectively. All the copper materials were able to
reduce significantly the culturability of non-adhered A. calcoa-
ceticus (Fig. 2G) and S. maltophilia (Fig. 2H) for 24 h analysis (P <
0.05). No A. calcoaceticus were found in the bulk water for the
48 h analysis, for all the copper materials tested. The cultur-
ability of released S. maltophilia (48 h - Fig. 2H) was also
significantly reduced when copper surface materials were used
(P < 0.05). The highest reductions (>5.3 log CFU per cm?) were
observed for the 87, 96 and 100% copper alloys.

Formation of reactive oxygen species

The generation of ROS by A. calcoaceticus and S. maltophilia
biofilms was monitored using DCFH-DA. This molecule reacts

This journal is © The Royal Society of Chemistry 2019

with ROS present inside the cells and is converted into DCF (a
fluorescent by-product). Therefore, fluorescence was evaluated
to monitor ROS formation. It is possible to observe higher
formation of ROS in 24 h old S. maltophilia biofilms than in A.
calcoaceticus (Fig. 5) (P < 0.05). The formation of ROS inside S.
maltophilia increased when exposed to materials with higher
copper content (87, 96 and 100% Cu) (P < 0.05). Regarding A.
calcoaceticus biofilms, the highest ROS formation was
observed for the alloy with the lowest copper content (57% Cu)
(P < 0.05).

Copper materials corrosion and leaching

The corrosion rate of all copper materials was found to be
higher during the first month of contact with STW (Fig. 6).
Afterwards, the corrosion rate stabilized for all the materials,
except for elemental copper that presented an increase in the
corrosion level after 90 d in STW (Fig. 6A). In the absence of
chlorine, all the materials demonstrated similar behavior in
terms of copper leaching (Fig. 7): copper concentrations did not
exceed the values recommended by WHO/EU Directive 98/83/EC
(2 mg L™ ")? and the EPA Standard (1.3 mg L™ "). No copper was
detected in the bulk water for the alloy with 57% of copper
([Cu*/Cu®] < 0.3 mg L™"). The presence of chlorine did not
affect the leaching from materials with 57, 79, 96 and 100% (P >
0.05). On the other hand, the exposure of the 87% copper alloy
to chlorine in STW increased significantly (P < 0.05) copper
leaching (Fig. 7B). After 90 d of contact with chlorinated water,
the copper concentration in stagnated water increased to values
higher than those recommended by the WHO/EU Directive 98/
83/EC (2 mg L™ ") and the EPA Standard (1.3 mg L™%).
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Discussion

A. calcoaceticus and S. maltophilia were used as model micro-
organisms from DWDS.*! These two bacteria were selected for
this work taking into account their frequent presence in
drinking water and their ability to infect immunocompromised
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Fig. 6 Corrosion rate of copper materials in STW (A) and in STW with
1 mg L~ of free chlorine (B) for 182 days. (@) 57% copper alloy; (*) 79%
copper alloy, () 87% copper allot; (O) 96% copper alloy; (A)
elemental copper (100% copper). The assay was performed with three
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consumers. In fact, Acinetobacter spp. and S. maltophilia were
already described by the World Health Organization** as caus-
ative agents of infections in immunocompromised patients
through tap water. Several other works described the isolation
of Acinetobacter species**** and S. maltophilia**~*° from drinking
water. Moreover, S. maltophilia is widespread in the environ-
ment and has an intrinsic multidrug resistance profile
hindering infections treatment.>*->

The selection of pipe materials is a critical aspect for the
chemical and microbiological stability of plumbing systems.
Several characteristics should be ensured to guarantee a safe
plumbing system: controlled microbial proliferation -
including biofilm development; no leaching of products to the
drinking water; low installation and material costs; and high
life-time.*®* Copper is a metal used in plumbing systems for
decades and its antimicrobial properties have been described as
advantageous.** Nevertheless, copper expensive cost is one of
the main reasons to increase the use of plastic materials in
plumbing systems.*>*® Copper leaching to drinking water and
its possible negative effects on the water quality and public
health also contributed to the misuse of this material.?>**
Nevertheless, the choice between copper or plastic pipes is still

This journal is © The Royal Society of Chemistry 2019
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controversial.’” Although plastic pipes have lower installation
costs, they usually have a shorter life-time and can be respon-
sible for the leaching of some chemicals to the drinking water,
changing the water characteristics and causing some concern to
consumers' health, including potential carcinogenic effects and
the favoring the growth of pathogens.***>*® The present work
aims to screen alloys with different copper contents (0, 57, 79,
87,96 and 100%) in order to understand the possibility of using
less expensive copper materials in plumbing systems to reduce
biofilm development - guaranteeing the microbial and chem-
ical quality of the delivered water. The corrosion rate of each
material was also evaluated as well as copper leaching to the
bulk water.

The present results demonstrated that copper materials were
consistently more efficient in controlling biofilms of A. calcoace-
ticus than of S. maltophilia. In fact, this effect was not evident in
the bulk phase. No A. calcoaceticus CFU were detected after single
species biofilm development on copper materials. This result
corroborates the study of Rozanska et al.*® where no CFU of Aci-
netobacter species were detected on copper (100% Cu) after 5 h of
contact with this material. Moreover, significant reductions were
observed when Acinetobacter species were in contact with 63 and
94% copper surfaces for 5 h. S. maltophilia single species biofilms
were more tolerant to copper and CFU were detected in 24 h old
biofilms formed on all the surface materials tested. Previous
studies already described some strains of S. maltophilia tolerant
to copper and able to bioremediate this metal.’**** Moreover, S.
maltophilia biofilms were found to be more tolerant to antimi-
crobials than these of A. calcoaceticus.®>*

It is important to highlight that copper materials reduced
significantly the culturability for all the scenarios tested, even
when using the alloy with the lowest copper content. However,
the control efficiency of S. maltophilia in single and dual species
biofilms was slightly increased when the contact time with
copper surfaces increased for 48 h. Moreover, no relationship
was observed between CFU reduction and surface copper
content. Morrier et al.* also found that antimicrobial activity of
dental amalgams was not related to copper content. For
instance, in the present study it was observed that, in particular
cases, alloys with lower copper content demonstrated better
results than those with higher content. As example, no CFU
were detected for 48 h old S. maltophilia biofilms formed on 57
and 79% copper alloys. However, complete inactivation of S.
maltophilia was not achieved using the higher copper content
materials (87, 96 and 100%). These different behaviors may not
be exclusively associated to the copper content, which rein-
forces the importance to evaluate the possibility of using and/or
developing alloys with reduced copper content for application
in plumbing systems. The presence of other metals such as zinc
and lead®*® in the alloy with 57% copper may also have an
important impact in biofilm control. It is important to note that
the referred alloy has high percentage of zinc (39%). The alloy
containing 79% copper is composed of 10% aluminum, which
may improve copper action. A recent work described the
importance of dissolved aluminum in the amplification of the
toxicity of transition metals, such as copper, which helps to
understand the higher CFU reductions when alloys containing

This journal is © The Royal Society of Chemistry 2019
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both metals were used®. Moreover, the hypothesis of aluminum
interaction with bacterial membrane phospholipids cannot be
disregarded.®”

The antimicrobial action of copper surfaces has been
investigated and several effects on bacteria integrity were
described such as damage of membrane, copper intake (due to
dissolution of copper ions from surfaces), damage caused by
oxidative stress, cell death and DNA degradation.®*® In the
present work, the copper action was evaluated using biofilms
developed in synthetic drinking water. Most of the previous
works on copper mode of action focused the contact killing
effects on dry surfaces or used planktonic bacteria.®*”* Copper
leaching to STW, membrane damage assessment by propidium
iodide staining and the oxidative stress effects were evaluated in
order to understand how copper alloys exerted antimicrobial
action. In general, higher membrane damage was found in A.
calcoaceticus compared to S. maltophilia, and membrane
damage was not related to surface copper content. The forma-
tion of ROS was higher in S. maltophilia than in A. calcoaceticus,
regardless the surface material used. However, S. maltophilia
was the bacteria more tolerant to copper. It is possible that S.
maltophilia in biofilms expressed defense mechanism to survive
ROS formation. In fact, previous works described efflux systems,
such as SmeYZ and SmeU1VWU2X, able to improve S. malto-
philia tolerance to oxidative stress.>»”> The antimicrobial action
also seems to be independent from the copper leached to water,
as no relationship was observed between the numbers of cul-
turable bacteria in the bulk water and the surface copper
content or its concentration in the bulk water. Based on the
results from analysis of the bacteria in both bulk phase and in
biofilms, it is possible to observe that the action of copper is
more effective on the surface than in the bulk water. Complete
inactivation of non-adhered bacteria was not obtained with any
material tested. This proposes that the antimicrobial action of
the copper materials was not driven by metal leaching to the
bulk water. This hypothesis is reinforced by results from copper
leaching in the absence of chlorine. The concentration of
copper was below the maximum levels recommended by EPA*
and WHO? (1.3 mg L' and 2 mg L™ ") in unchlorinated STW.
Higher copper concentrations were detected in STW exposed to
the 87% copper alloy. In chlorinated systems, the copper
leaching from this alloy is of potential concern. It exceeds the
maximum concentration recommended by WHO and EPA.>***
Therefore, the results propose that the alloy with 87% copper
content should not be considered for application in chlorinated
plumbing systems.

Although the evaluation of culturability is the standard
method commonly applied to control the microbiological
quality of drinking water,” viability tests should also be evalu-
ated to infer on the biofilm prevention efficacy of the materials
tested. It is known that culturability analysis do not provide
accurate information about the microbiological quality of
drinking water. Under adverse environments, bacteria may
acquire a “dormant state” — the VBNC bacteria that survive
under adverse conditions and are metabolically active but
unable to growth on solid growth media and form colonies.
These VBNC bacteria may recover its culturability and
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proliferate in water when in the presence of more favorable
conditions, compromising the water quality. Bacterial regrowth
in drinking water is also a common problem, imposing the use
of residual chlorine along DWDS. Therefore, VBNC and bacte-
rial regrowth were also assessed in this work. Biofilm regrowth
was assessed by studying bacterial ability to recover its cultur-
ability when colonized coupons were in the presence of R2A
broth for 24 h. The alloy containing 96% copper was the most
promising material avoiding regrowth. The exception was S.
maltophilia in dual species biofilms that was able to recover on
this alloy. Nevertheless, this result seems not be related to the
number of VBNC, as viable and VBNC bacteria were detected in
all the conditions tested. Viable counts and VBNC detected in
the alloy with 96% copper did not recover its culturability,
contrary to the observed with other alloys. This proposes that
the extent of injury of VBNC bacteria in the presence of 96%
copper alloy is harder to be overcome, even when exposed to
high nutrient conditions. Dwidjosiswojo et al.” and Bedard
et al.” found that VBNC of P. aeruginosa exposed to copper ions
recovered culturability when copper chelators were used.
Dwidjosiswojo et al’ also demonstrated that copper in
plumbing systems was responsible for the induction of a VBNC
state in P. aeruginosa. Nevertheless, their study demonstrated
that copper at concentrations similar to those detected in
plumbing systems was unable to damage the bacterial
membrane. Gido et al.*® also found that copper increased the
number of Legionella pneumophila in VBNC state. The efficiency
of copper alloys seems not to be dependent on copper leaching
to the bulk water or even on the ROS production but depends on
the contact time, as it was observed by the reduction of CFU of S.
maltophilia single and dual species biofilms after 48 h in contact
with copper materials.

Conclusions

In conclusion, all the copper surface materials reduced cultur-
ability and viability of A. calcoaceticus and S. maltophilia from
single and dual species biofilms. The most promising results
were obtained using the 96% copper alloy. This had antimi-
crobial effects and avoided biofilm regrowth. Additionally, it
presented low corrosion rate and leaching, even in the presence
of chlorine. Bacterial membrane damage and the formation of
ROS was verified for all the selected copper alloys. It is impor-
tant to highlight that alloys containing lower copper content
were also efficient in impairing biofilm formation, with results
comparable to elemental copper. These alloys are potentially
relevant for plumbing systems, helping to reduce installation
costs due to the lower copper content. The exception was the
87% copper alloy that was prone to prohibitive leaching in the
presence of chlorine. The impact of copper alloys in DW biofilm
control intensifies the need for further research about the
combined effect of different metal alloys in biofilm develop-
ment and DW quality.
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