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The objective of this study was to evaluate the quality of water purification system and identify the bacteria
this system, predict bacterial adherence according to the hydrophobicity of these microorganisms and of
the polypropylene distribution loop for purified water. The assessment of drinking water that supplies
the purification system allowed good-quality physical, chemical, and microbiological specifications. The
physicochemical specifications of the distributed purified water were approved, but the heterotrophic
bacteria count was higher than allowed (>2 log CFU mL™").The sanitation of the storage tank with chlorine
decreased the number of bacteria adhered to the surface (4.34 cycles log). By sequencing of the 16STDNA
genes, six species of bacteria were identified. The contact angle was determined and polypropylene surface
and all bacteria were considered to be hydrophilic, and adhesion was thermodynamically unfavorable.
This case study showed the importance of monitoring the water quality in the purified water systems
and the importance of sanitization with chemical agents. The count of heterotrophic bacteria on the
polypropylene surface was consistent with the predicted thermodynamics results because the number
of adhered cells reached approximate values of 5 log CFU cm?.

Uniterms: Purified water/quality. Purified water/adhesion. Purified water/bacterial biodiversity.
Prediction thermodynamics. Hydrophobicity.

INTRODUCTION

in the pharmaceutical and medical fields, and in a wide
variety of industries.

To become suitable for use in the laboratory or As a fundamental guideline, potable water is the

in industry pharmaceutical, water should be treated to
eliminate its contaminants, creating purified water. The
entire process of production, storage, and distribution
should be properly validated and monitored for
significant physical-chemical and microbiological
characteristics.

Monitoring water purification systems is critical
to obtain water with good microbiological and physical-
chemical characteristics, and the assessment of water
should meet the technical recommendations and the
requirements of legislation. The quality of purified water
is an important concern for use in analytical laboratories,
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starting point for any process of purification (FDA, 1986).
The physical-chemical quality is related to the fundamental
assessment of the water for alkalinity, conductivity,
residual free chlorine, hardness, ISL (Langelier Saturation
Index), pH, and silica content.

Although purified water contains small amounts of
organic molecules, a group of microorganisms known as
oligotrophes has adapted to these conditions (Ridgway,
Rigby, Argo, 1984; McFeters et al., 1993; Christie-
Oleza et al., 2012; Zhang, Huang, Liu, 2013). However,
there is little research on the microbial ecology of water
purification systems. Equipment surfaces of the systems
are also susceptible to adhesion and biofilms can therefore
be established as a source of viable microorganisms in
purified water (Penna, Martins, Mazzola, 2002). It was
reported that purified water, even with total organic carbon
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concentrations less than 0.5 mg-L', supported biofilm
formation (Florjani¢, Kristl, 2011).

In the storage and distribution of water, bacterial
contamination is one of the most persistent problems
because microorganisms have the ability to adapt to a
nutrient-poor environment, such as water purification
systems (Clinical and Laboratory Standards Institute,
2006).

Chemical cleaning is important to reduce the
contamination of these water purification systems.
These chemicals may be used alone or in combination
(Sohrabi et al., 2011). Thus, the cleaning procedure for
purified water equipment must be regulated to avoid the
formation of bacterial biofilm on tank walls, equipment,
and connections.

An investigation of the microbial diversity of a water
purification system is required and such an investigation
can assist in choosing suitable pre-treatment and more
effective cleaning strategies (Bereschenko et al., 2010).
Among the methodologies available for microbial
identification, sequence analysis of ribosomal RNA 16S
rDNA has been widely used to identify bacterial species
and perform taxonomic studies (Baker, Smith, Cowan,
2003; Chakravorty et al.,2007; Kim, Morrison, Yu, 2011).

In addition to microbial diversity, knowledge related
to the bacterial adhesion mechanism and the formation
of biofilms on the surfaces is important. The adhesion
of bacteria is a complex process that is affected by many
factors, such as the physicochemical characteristics
of bacteria (hydrophobicity, surface charge). The
characteristics of the surfaces of pipes can also contribute
to the adhesion of bacteria and influence biofilm formation,
including the surface properties of the material (surface
charge, hydrophobicity, roughness and texture). A better
understanding of the relationship between adhesion and
biofilm formation is important for the development of
effective control strategies in the early stages of biofilm
development (Simdes, Simdes, Vieira, 2010).

Different approaches have been used to describe and
predict bacterial adhesion to surfaces. The adhesion can
be explained by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (Van Loosdrecht ef al., 1990), based on
thermodynamics (Absolom et al., 1983; Busscher et al.,
1984), and by the extended DLVO theory (XDLVO) (Van
Oss, 1989; Meinders, Van Der Mei, Busscher, 1995). The
latter integrates thermodynamic aspects with the DLVO
theory. However, important biological factors have been
largely ignored in these models.

The objective of this study was to evaluate the
quality of drinking water that feeds a purification system
(in operation for two years) and the water obtained from
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this system. This study also sought to identify bacterial
strains present in the water and to predict bacterial
adherence according to the hydrophobicity of these
microorganisms and of the polypropylene distribution
loop for purified water.

MATERIAL AND METHODS
Water sampling and procedures

Water samples from five points of a purification
system located in a laboratory of the Federal University
of Vigosa, MG, Brazil were collected in the period from
May-August 2013 (Figure 1). Physico-chemical and
microbiological quality was evaluated in the following
collection points: drinking water that feeds the system
(point 1), purified water (point 2) and water stored and
distributed in three collection points for use in laboratories
(points 3, 4 and 5). For microbiological analyses, before
each water sample was collected, each sampling point was
sanitized with 70% ethanol (v/v), and the first aliquots
of water were dispensed for 1 min. Water samples were
collected in sterilized glass containers and analyzed within
a maximum of 24 h.

Physico-chemical and microbiological quality of
drinking and purified water

The parameters analyzed and the methods and the
instruments used are presented, respectively. The drinking
water that feeds the purification system was analyzed daily
for 40 days for the following parameters: turbidity (NTU,
turbidimeter HACH 2100); temperature (°C) (APHA);
conductivity (uS cm™) (APHA, Hanna); pH (APHA,
pHmeter MA PA210p model); hardness (mg L' as CaCO)
(titration, APHA); calcium (mg I'! as Ca*") (titration,
APHA); alkalinity (mg L' as CaCO,) (titration, APHA),
free residual chlorine (mg I'! as CRL) (colorimetric,
APHA, Lamotte 1200 model spectrophotometer); total
dissolved solids (mg L") (APHA, plate heater, brand
DigTech); silica (mg L™ as SiO,) (APHA, Biospectro
spectrophotometer, SP-22), Langelier saturation index
(NING; NETWIG, 2002) and counts of heterotrophic
bacteria (pour plate, R2A agar Himedia®, incubation at
35 °C 72 h). The methods are described in the Standard
Methods for the Examination of Water and Wastewater
(American Public Health Association, 2005).

The water obtained from the purifying system was
also monitored daily for 40 days for temperature (°C),
conductivity (uS cm™), pH (pH meter model PA210p MA),
silica (mg 1! as SiO,) (Biospectro spectrophotometer,
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FIGURE 1 - Purification system studied in this work. Directing the flow of water indicated by the arrows.

SP-22) and heterotrophic bacteria count (filtration
and membrane technique, R2A agar (Himedia®) after
incubation at 35 °C for 72 h). The methodologies were
proposed by British Pharmacopoeia (2009).

Evaluation of the cleaning procedure of the water
purification system

The drinking water tank that feeds the purification
system was sanitized (Public Health Protection, 2009).
After this procedure, the drinking water was monitored
for heterotrophic bacteria count for a minimum period of
20 days of sampling.

The storage e tank and water distribution loop
were sanitized with a sodium hypochlorite solution at
a concentration of 500 mg L! total residual chlorine as
Cl,, pH 8 and a contact time of 120 min. To evaluate the
efficiency of the sanitizing procedure, the swab technique
was applied to the surface of the storage tank and the pipes
of the distribution system. After sanitization, distributed
purified water was monitored by heterotrophic bacterial
count daily for 20 days.

Isolation of bacteria from the water purification
system and DNA extraction from the isolates

Volumes of 1 mL of water samples collected at the
points of the purification system were inoculated on the
surfaces of petri dishes containing R2A agar and incubated
at 35 °C (American Society for Testing and Material,
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1991; British Pharmacopoeia, 2009). Colonies grown
in this medium with different types of morphology and
colors were isolated and subcultured in BHI (Brain Heart
Infusion) (Fluka Analytical®). The pure cultures of the
various bacteria were kept at -18 °C in microcentrifuge
tubes containing brain heart infusion (BHI) and glycerol
(80:20).

Extraction of the isolated DNA was performed with
the Wizard® Genomic DNA Purification kit (Promega,
USA) following the extraction protocol. The quality
of extracted DNA was analyzed and quantitated by
reading on a NanoDrop-100 spectrophotometer (Thermo
Scientific).

16S rDNA amplification

To determine the bacterial genera and species
present in the purified water, the amplification of bacterial
16S rRNA genes was performed with primers 27F
initiator 5-AGA GTT TGG TGA TCM CTC AG-3 and
reverse 1378R 5-CGG TGT GTA CAA GGC GCC GGA
ACG 3 (Sigma®, USA), which gave rise to fragments of
approximately 1500 bp. The reactions were performed
in volumes of 25 pL containing 2.5 uL of 10X reagent
Buffer (Sigma®, USA), 200 M dNTPs (Promega®, United
States), 1 U Taq Polymerase (Sigma®, USA) 0.1 uM of
each primer and approximately 80 ng of total DNA.

The PCR reaction was performed in a thermocycler
(Maxygene Axygen, USA). Amplification conditions
followed the following protocol: 3 min denaturation at 94
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°C; 35 cycles of amplification at 94 °C for 1 min; annealing
at 55 °C for 1 min and extension at 72 °C for 2 min and
72 °C for 10 min. Product formation was confirmed
by electrophoresis of 3 ul on a 1 % (w/v) agarose gel
(Promega®, United States) stained with ethidium bromide.

Sequencing of the amplified product in the PCR

The PCR products were bidirectionally sequenced
with the primers and universal primers 27 F and 1378 R
from Macrogen Inc. (Seoul, South Korea) with the Model
3730XL sequencer (Applied Biosystems, USA).

The bidirectional sequences obtained were compared
to their complementary strands, generating a consensus
tape generated by DNA Baser program software 3.5.4
(http://www.dnabaser.com/index.html). The sequences
obtained from each individual were subjected to
comparative analysis with the database from the National
Center for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov/) using the BLAST algorithm
(Basic Local Alignment Search Tool).

Translation of the DNA sequence for amino acids
from different isolates was performed using the BLASTN
algorithm, which expresses a sequence of nucleotides to
amino acids and is compared with the sequences deposited
in the NCBI database. An agreement of at least 95% was
assumed to confirm the specificity of the sequence.

Measurement of the contact angle

Surface

The surface hydrophobicity was evaluated after
contact angle measurements using the approach described
by Van Oss et al. (1989). The surfaces of the distribution
loop material (polypropylene plates, Belfano brand, model
tubelli 32) were subjected to analysis to determine the
contact angles with three liquids of different polarities:
water (Milli-Q), formamide (Bio LGC, Sao Paulo, Brazil)
and a-bromonaphthalene (Merck, Brazil). The contact
angles were determined by the sessile drop method using
a Kriiss® brand goniometer, Easy Drop model (Hamburg,
Germany).

Microorganisms

The measurement of the contact angles for different
species of microorganism isolates was performed on a
layer of vegetative cells using methodology described by
Busscher ef al. (1984). First, bacteria were grown twice in
30 mL of BHI broth (Fluka analytical®) for 20 to 24 h to
obtain a slurry of the active culture with approximately 1.0x
07 CFU mL"". After the active cultures were centrifuged at
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4100 x g for 10 min at 4 °C (Eppendorf Centrifuge S804R),
the pellets were washed three times with phosphate- buffered
saline (PBS) 0.1 mol I'!. The cell mass was resuspended in
0.1 mol L"'PBS and deposited on a cellulose ester membrane
filter (0.45 um pore size and 47 mm diameter, Millipore) in
a filtration system using negative pressure. After filtration
and avoiding dehydration of the cells, the membranes
were placed in petri dishes containing previously prepared
1% agar (w/v) (Difco) and 10% glycerol (v/v) Merck®).
The membranes with the cell layer were carefully cut to
determine the contact angles with water, formamide and
a-bromonaphthalene.

Determination of the total interfacial tension

The total interfacial tension was determined by the
sum of the apolar and polar components of the respective
surfaces (Eq. 1).

v/ (1+cos9)=2\/YsLWY/LW +2\/Y§V1+ +2\/y:Yf )

where v, is the total interfacial tension of the liquid, y/" is
the interfacial tension of the interactions of the Lifshitz-
van der Waals, v, is the interfacial tension of the electron
acceptor component of the acid-base component, ¥, is the
interfacial tension of the electron donor component of the
acid-base component, 0 is the contact angle, and s and 1
indicate surface and liquid, respectively.

The three components of the interfacial tension
that are necessary to obtain the contact angle formed by
three liquids of different polarities were determined. The
amounts of polar liquid and nonpolar components used
are shown in Table I (Van Der Mei, Bos, Busscher, 1998).

TABLE | - Values for interfacial tension of the components of
the liquid at 25 °C

Interfacial tension (mJ m )

Liquid

v v
Water 72.8 21.8 25.5 25.5
a-bromonaphthalene 44 .4 44 .4 0.0 0.0
Formamide 58.0 39.0 2.28 39.6

The interfacial tension (y,"°7) is the result of the sum
of the two components y*" and y*%.

v =11.1(1+cosB, )’ )
v =24y Xy )
U i @)
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where y'" is the interfacial tension of the interactions
of the Lifshitz-van der Waals forces, 0, is the contact
angle obtained with a-bromonaphthalene, y*# is the polar
component of the Lewis acid-base interaction, 7, is the
interfacial tension of the electron acceptor component of
the acid-base component, 7, is the interfacial tension of
the electron donor component of the acid-base component,
and y,"°" is the total interfacial tension of the surface.

Free energy of the hydrophobic interaction AG{Q!

The total free energy of the interaction among
molecules of the surface (s) immersed in water (w) was
determined by the sum of the apolar and polar free energies
of interaction, AGEY, e AG4%;, respectively (Van Oss, 1995).
AGg =AGys + MGy )
AGgs ==2v" =1, (6)

AG =—4(\/v§v; N T —\/m;) (7

Determination of the total free energy of
adhesion (AG _yqi0n)

Using the values of the components of the interfacial
tension, it is possible to determine the AG between two
surfaces (microbial cells (b) and food surfaces (s)):

Yoo =V Vi (®)
Yo =Y v =24y, v " )
Yoo =2(Y5Ys 1Y =YY, - v;vi) (10)

When free energy is related to the interfacial tension,

AG, ..s0n 1S then represented by the following:

AC;aa'hesian = AGIf‘I:V + AGI;;SB (1 1)
NGy =1, =1 vy (12)
NGy =y’ =i =i’ (13)

where v, is the interfacial tension between the bacterial
surfaces and the adhesion surface, vy,, is the interfacial
tension between the bacterial surfaces and the liquid, and
v,,1s the interfacial tension between the adhesion surfaces
and the liquid.

The free energy of adhesion between the
polypropylene surface and isolated and identified bacteria

Braz. J. Pharm. Sci. 2017;53(2):e16070

from the water were determined to evaluate the influence
of these factors on the thermodynamics of adhesion. The
value of AG of adhesion allows for the assessment of
the thermodynamic process: if AG adhesion is <0, the
process is favorable; if AG adhesion is > 0, the process is
unfavorable.

Statistical analysis

The data of physical-chemical analysis and counts
of heterotrophic bacteria in purified water at the three
distribution points were subjected to analysis of variance,
and means were compared by Tukey’s test at 5 %
probability using the Statistical Analysis System, version
9.1 (2006), licensed to the Federal University of Vigosa.

RESULTS AND DISCUSSION

Physical-chemical and microbiological quality of
drinking water purified by the purification system

The assessment of drinking water that supplies the
purification system established good physical-chemical
and microbiological quality (Table II). In the period
analyzed, the count of heterotrophic bacteria remained
below 500 CFU ml, a limit set by the Portaria MS n°
2.914 (Brasil, 2011). The average of heterotrophic bacteria
count was 1.24 log CFU ml'. Analyzing these results, it
was noted that the water supply was one of the main factors
responsible for good system performance.

ND- Not detected

As a fundamental guideline, potable water is the
starting point for any process of purification. In addition
to the pre-treatments that are used, routine monitoring
of'its quality must be implemented to avoid operational
problems. In purification system water using reverse
osmosis membranes, high levels of hardness and alkalinity
provoke fouling of the membranes, reducing their
efficiency and producing a higher frequency of chemical
cleaning of the membranes in the devices.

The determination of pH is important, as it can
affect the removal of salts and prevent or promote the
deterioration of membranes. The pH of the feed water can
affect the rejection of salt by the membrane because there
is an optimum pH at which maximum rejection occurs. A
higher rejection rate of certain ionic constituents, such as
fluorides and bicarbonates, is eliminated by the increase
of pH (Castanheira, 2010).

ISL is used by some manufacturers of reverse
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TABLE Il - Quality of drinking water that feeds the purification system

Parameters Mean Stal.ldf‘ll‘d Maximum Minimum
deviation value value
Alkalinity (mg 1" as CaCO,) 20.3 +3.52 26.4 13.7
Heterotrophic bacteria (log CFU mL™") 1.24 +0.82 2.55 ND
Residual Free Chlorine (mg L' as Cl,) 0.84 +0.33 1.83 0.62
Conductivity (uS cm™) 62.77 +7.49 76.18 52.24
Hardness (mg L' as CaCO,) 20.00 +8.97 51.1 10.1
ISL (Langelier Saturation Index) -3.76 +0.16 -4.07 -3.60
pH 6.17 +0.34 7.3 5.7
Silica (mg L' as Si0,) 15.23 +2.34 23 11
Total dissolved solids (mg L") 49.8 +30.0 105.5 17.5
Temperature (°C) 25 +2.05 21.3 27.2
Turbidity (uT) 0.143 +0.03 0.203 0.100

osmosis membranes to assist chemicals in the pre-
treatment of the feed water (Ning, Netwig, 2002). In the
water purification system under study, the manufacturer
recommends that the maximum value ISL should be +0.3.

The purified water produced by the system met
physical-chemical quality and microbiological quality
standards in compliance with the current U.S. and EU
Pharmacopoeias. The purified water was analyzed
immediately after production by the system without
storage in the tank, presenting 1.78 log CFU 100 mL"!
on average. The physico-chemical analyses of purified
water samples from the distribution points also met the
requirements and did not show differences (p>0.05).

The physico-chemical and microbiological analyses
of purified water are of great importance for a quality
product because purified water is one of the raw materials
most often used in the pharmaceutical field. The quality
of the purified water depends on a number of factors,
such as the type of purification system and the storage
and distribution procedures of the purified water that is
produced. Moreover, it is necessary to constantly assess
the purification procedures, including monitoring system,
maintenance and cleaning.

The microbiological analysis of purified water
distributed in the three points of use showed approximately
the same level of bacterial contamination and did not
present differences (p>0.05). The average of the bacterial
numbers at points I, IT and III were 2.18, 2.19 and 2.20
log CFU mL", respectively. In the period analyzed, the
distributed purified water was kept in recirculation for
12 h, with a mean flow velocity in the distribution loop
of 0.87 m.s".

The results show that during the 40 days of analysis,
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for 23 days, the number of bacteria was above the
allowed amount (2 log CFU mL! or 100 CFU mL™")
(recommendation of British Pharmacopoeia and USP
Pharmacopoeia). The purified water produced by the
system presented an acceptable microbiological level,
but with storage, there was an increase in the bacterial
population of approximately 2 log cycles, which may be
related to the presence of microbial growth and biofilms.

However, biofilms in systems for the storage and
distribution of purified water are difficult to detect,
inactivate, and remove. Florjani¢ and Kristl (2011) showed
that the number of biofilm microorganisms influences the
number of planktonic cells in the purified water. These
authors found a high positive correlation (r between
0.99 and 0.84) between the number of planktonic cells in
purified water (CFU mL™!") and the number of heterotrophic
bacteria in the biofilm (CFU cm?). These results suggest
that biofilm bacteria are continuously detached to the
middle of this liquid

Moreover, Boe-Hansen et al. (2002) reported that
the number of planktonic bacteria is due not only to the
detached bacteria of biofilm but also to the multiplication
of bacteria in the liquid medium, which should also be
considered

The increase of 2 log cycles distributed in purified
water mentioned above may be due to the multiplication
of bacteria, even if the distribution system promotes water
circulation with turbulence and very small concentrations
of carbon and ions.

These microorganisms have adapted to strict nutrient
conditions and can survive and multiply in these adverse
environments. They can also induce adaptive responses
to environmental stresses by expressing specific genes,
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resulting in changes in physiology, including metabolic
and structural changes (Yousef, Juneja, 2003).

The storage and distribution system should be
configured to avoid recontamination of the water after
treatment and should be subject to a combination of
monitoring techniques (WHO, 2005; Clinical and
Laboratory Standards Institute, 2006).

Cleaning of the water purification system

The counts of heterotrophic bacteria in drinking
water over 20 consecutive days of sampling showed
a mean of 1.89 log CFU mL"'; and after cleaning, the
drinking water tank monitored for 20 consecutive days
had a mean of 0.58 log CFU mL"!, leading to a reduction
in the average count of 1.32 log CFU mL"".

Prior to the sanitization of the storage tank, the
swab test was performed to check the level of bacterial
contamination on the surfaces in contact with purified
water (Table I1I). To avoid possible contamination
and interruption of the supply of purified water after
sanitization, the swab was performed only in the area of
the tank.

TABLE 1l - Enumeration of heterotrophic bacteria (log CFU
cm?) in the connections (Point I1I, IV and V) and storage tank
of purified water

Source Log,, CFU cm™* 3?:;?;2
Connection '(Point IIT) 5.09 +0.31
Connection '(Point IV) 5.30 +0.22
Connection '(Point I'V) 4.80 +0.11
Storage tank > 5.63 +0.05
After sanitizing the tank 1.29 +0.29

'Connection specification in polypropylene. *Storage tank
material (polyethylene). *Storage tank sanitization with sodium
hypochlorite solution of 500 mg L' expressed CRL, pH =8 *
Average of three repetitions.

There were differences (p<0.05) in the count of
heterotrophic bacteria after the sanitization procedure.
However, after the sanitization procedure, the
microbiological quality of the purified water was assessed,
and the results remained within acceptable levels for only
4 days over the 20 days of analysis. There was a gradual
increase in the counts of heterotrophic bacteria up to a
maximum and after reaching a plateau.

The bacteria present in the purified water may
undergo proliferation and biofilm formation on the surface
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of the storage tank. This biofilm is difficult to remove,
even with mechanical and chemical sanitizing rinse,
becoming a source of contamination of the stored water.
The biofilm bacteria are more resistant to antimicrobials
than planktonic bacteria.

To maintain the purification of the water in the
storage tanks, especially in relation to the microbiological
parameters, we must consider that the material used in
the distribution loop should prevent the adhesion and
minimize the formation of biofilms.

Identification of bacterial biodiversity isolated
from the water purification system

Table IV lists the isolated bacterial species of the
water collected at various sampling points. Several isolates
of Enterococcus faecium, Staphylococcus warneri,
Escherichia fergusonii, Enterobacter cloacae, and
Acinetobacter ssp. were previously detected in drinking
water (Herson et al., 1987; Rice et al., 1991; Adcock,
Saint, 2001; Olofsson, Hermansson, Elwing, 2003;
Bernasconi et al., 2007; Ogier, Serror, 2008). Additionally,
the species Staphylococcus warneri has been isolated
from active carbon filters in water purification systems
in clinical laboratories (Silva et al., 2006) and biofilms of
Acinetobacter spp. were isolated from activated carbon
and sand filters and water distribution points (Bifulco,
Shirey, Bissonnette et al., 1989; Percival et al., 2004).

E. faecium was found in drinking water and
distributed purified water, suggesting that this species
passes through all stages in the purification system.

Studies of the species E. fergusonii showed its ability
to form biofilms, with a larger number of adhered cells at
24 °C compared to 37 °C in minimal glucose medium
relative to the other species of E. coli (Ingle et al., 2011).

The levels of nutrients present in drinking water are
usually low, with organic carbon concentrations ranging
from 0.05 mg L' and 12.2 mg L' and assimilable organic
carbon fractions of 3 pg L' and 500 pg L-'. However,
the concentrations of these organic materials in drinking
water support the growth of various heterotrophic bacteria
(Camper et al., 1991). Enterobacter cloacae is able to
multiply at various concentrations of nutrients and survive
chlorination (Herson et al., 1987).

Strains of the species Enterobacter cloacae
and 4. calcoaceticus produce large amounts of
exopolysaccharides (Bryan, Linhardt, Daniels, 1986;
Rosenberg et al., 1988; Sarafzadeh et al., 2013; Wang,
Yang, Wang, 2013).

According to Rosenberg et al. (1988), strains of 4.
calcoaceticus adhere to hydrophobic surfaces, such as
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TABLE IV - Identification of bacterial species based on the analysis of 16S RNA gene

Sampling points Species closest BLAST search of GenBank Code Similarity (%)
Drinking water (Point 1) Enterococcus faecium 102790.1 98
Aneurinibacillus aneurinilyticus 036798.1 94
Escherichia fergusonii 074902.1 99
Enterobacter cloacae subsp. Dissolvens 044978.1 99
Purified water (Point 2) Acinetobacter calcoaceticus 042387.1 100
Staphylococcus warneri 102499.1 99
Staphylococcus warneri 102499.1 99
Purified water distributed (Point 3) Enterococcus faecium 102790.1 99
Enterococcus faecium 102790.1 100
Purified water distributed (Point 4) Enterobacter cloacae subsp. Dissolvens 044978.1 99
Enterococcus faecium 102790.1 99
Purified water distributed (Points 5) Enterococcus faecium 102790.1 99

hydrocarbons, polystyrene and human epithelial cells.
The death rates for disinfection of Acinetobacter spp.
are similar to those of other heterotrophic bacteria when
exposed to chlorine compounds. However, some studies
have indicated that Acinetobacter can develop greater
resistance to chlorine, chloramines and chlorine dioxide
when grown under conditions that favor the development
of biofilms (Percival et al., 2004).

The above statement was confirmed in the study
by Simdes, Simdes and Vieira (2010) They studied the
impact of microbial diversity in biofilms with six species
of bacteria isolated from drinking water as it relates to
their resistance to disinfection with sodium hypochlorite.
Among these species, the A. calcoaceticus biofilm was
susceptible to disinfection and achieved total inactivation;
however, its presence in multi-species biofilms increased
its resistance to disinfection.

A. calcoaceticus species also showed the ability to
aggregate strongly compared to other bacteria studied,
and their presence in a multi-species community
represents an advantage in colonization. This adhesion
mechanism is highly specific and transmits advantages to
microorganisms, including transfer of chemical signals,
exchange of genetic information, protection against
adverse environmental conditions, metabolic cooperation
between different species and cell differentiation in some
population (Simdes, Simdes, Vieira, 2008).

Prediction of the adhesion of bacterial isolates to
polypropylene

Cells of different species in drinking water and
purified water showed a value of AG™7">0, considered to
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be hydrophilic according to Van Oss (1995). Additionally,
the polypropylene surface is considered to be hydrophilic
due to the value of AG™7">0 (Table V).

TABLE V - Values of the apolar (AG /) and polar (AG!2
components and of the total free energy of interaction (AG %
the isolated bacteria and the surface

Free energy of interaction

Surfaces (mJ m?)

AGH,  AGE  AGIY
Polypropylene -3.61 16.76 13.11
A. aneurinilyticus -0.32 36.87 36.51
Escherichia fergusonii 0.00 21.22 21.25
Enterobacter cloacae -1.19 29.77 28.57
Enterococcus faecium -1.27 28.45 27.18
Staphylococcus warneri -2.98 7.03 4.05
Acinetobacter calcoaceticus -0.16 26.06 25.90

The strain of A. calcoaceticus was also considered to
be hydrophilic according to research performed by Van der
Mei, Bos and Busscher (1998). However, the numerical
values of hydrophobic interactions of free energy should
not be compared to bacteria within the same species
because there are differences in measurements between
contact angles in water (Simdes et al., 2007).

To predict the ability of microorganisms to
adhere to the surface, the total free energy between
the adhesion of microorganisms and the material of
the distribution loop when immersed in water was
calculated (Table VI). The values of AG adhesion allow
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us to evaluate the thermodynamics of adhesion, which
are thermodynamically favorable when AG adhesion <
0, suggesting that adhesion occurs spontaneously, with
unfavorable adhesion when AG adhesion > 0.

TABLE VI - Values of free energy of adhesion (AG adhesion)
between the isolated bacterial cells (b) and the surface of the
loop distribution (polypropylene) (s) in an aqueous medium (/)

Total energy of

Surface/Bacteria 1nte(rr2;1(}t1r(r)lg)free
AG adhesion

Polypropylene A. aneurinilyticus 28.20
Polypropylene Escherichia fergusonii 23.21
Polypropylene Enterobacter cloacae 23.73
Polypropylene Enterococcus faecium 22.72
Polypropylene  Staphylococcus warneri 19.00
Polypropylene A. calcoaceticus 24.40

It was observed that the adhesion between
the polypropylene and the isolated bacteria was
thermodynamically unfavorable. According to Van Oss
(1995), it is well known that an aqueous environment
favors adhesion to hydrophobic surfaces due to the
expulsion of water. However, adhesion between
hydrophilic surfaces can occur.

The prediction of adhesion potential based on
physicochemical properties provides useful information
about the possible microbial behavior under actual
conditions (Simoes et al., 2007). In this work, only one
thermodynamic factor was studied, which indicated that
the adhesion is thermodynamically unfavorable; the
adhesion and the formation of biofilms of the species
identified on the surface cannot be predicted because
the thermodynamic theory does not consider the
microbiological aspects of the adhesion.

However, the results of prediction thermodynamics
were consistent with the counts of heterotrophic bacteria
in polypropylene surfaces (distribution loop), which
reached values of approximately 5 log CFU-cm?. If
the thermodynamics were favorable to the adhesion of
bacteria to the surface, this count would be much higher
and could reach between 6 log CFU cm?to 7 log CFU cm
2. Although these results are consistent, it is important to
note that these values for a surface that comes into contact
with the purified water can influence the microbiological
quality.

Several factors can influence the adhesion of
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bacteria to surfaces, such as the hydrophobicity of the
cells and cellular appendages that contribute to increased
adherence (Pang et al., 2005; Herzberg, Elimelech, 2007).
Many of the identified bacterial species have cellular
appendages, which can mediate the adhesion process; for
example, the genus Acinetobacter presents polysaccharide
capsules and fimbriae (Towner, 2002; Percival et al.,
2004). Extracellular structures, such as pili, fimbriae,
flagella and exopolysaccharides, can liaise between the
cell and the adhesion substrate, neutralizing electrostatic
repulsion (Simoes, Simdes, Vieira, 2010).

Predictions based solely on the physical-chemical
properties of the surface and on thermodynamic
approaches only provide information on the understanding
of the adhesion process and the formation of biofilms.
Furthermore, multi-species interactions prevail in the
environment, and the strongly adherent bacteria may play a
key role in the primary colonization of surfaces with other
microorganisms.

CONCLUSION

The water purification system monitored in this case
study, which has been in operation for two years, produces
water that meets the physico-chemical and microbiological
quality requirements within the criteria established by
pharmacopeia. However, with storage, the distributed
purified water exhibits microbiological levels above the
permitted standards because they exceeded the maximum
of 2 log CFU-mL"', which may compromise the analytical
results of some research laboratories.

The surfaces of the bacteria isolated in the samples
from the purification system and the surface of the water
distribution loop are hydrophilic and thermodynamically
unfavorable for adhesion.

The results of the thermodynamic predictions were
consistent with the counts of heterotrophic bacteria of the
polypropylene surface (distribution loop), which reached
approximate values of 5 log,, CFU-cm?
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