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ABSTRACT

Adhesion of microorganismsto food processing surfaces and the problemsit causes are amatter of strong
concern to the food industry. Contaminated food processing surfaces may act as potential sources of
transmission of pathogens in food industry, catering and in the domestic environments. Several studies
have shown that adhesion of bacteriato surfaces partly depends upon the nature of the inert surfaces and
partly upon the bacterial surface properties. The aim of this study was to compare the adhesion of four
different strainsof Salmonella Enteritidisto stainless steel 304 (SS 304). The effect of surface hydrophobicity
and surface elemental composition on the adhesion process was also analysed. Hydrophobicity was
evaluated through contact angle measurements using the sessile drop method. All the strains studied
showed positive values of the degree of hydrophobicity (AGw) and so can be considered hydrophilic
while stainless steel revealed a hydrophobic character. Bacterial cell surface composition was measured
using X-ray photoel ectron spectroscopy (XPS). The XPS results corroborated the similarity of the values
of the degree of hydrophobicity obtained by contact angles. The different Salmonella strains showed
similar elemental composition and cell surface physico-chemical properties. Nevertheless, S. Enteritidis
MUSC presented higher adhesion ability to SS 304 (p<0.05). It can be concluded that the physico-chemical
properties of the strain does not explain the ability of adhesion to stainless steel. Other factors like the
production of polysaccharides must be considered.
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INTRODUCTION

Adhesion of microorganismsto food processing equipment
surfaces is of great concern to the food industry. Adhered
microorganisms to solid surfaces can have the potential to act
as a chronic source of microbial contamination, which may
compromise food quality and represent a significant health
hazard (2). Several studies showed that cross-contamination
can result from hands, sponges/clothes and utensils either in
domestic kitchensor inany food processing plant (13,16,22,23).
For instance, Salmonella spp. isableto colonize different inert
food contact surfacesto form biofilms (3, 14, 18, 21). So, it has
been recogni zed that a greater understanding of theinteraction

between microorganisms and food-processing surfaces is
required to control these problems.

Salmonellosis has been one of the most commonly reported
food-borne illnesses worldwide. In many countries, including
Brazil, Salmonella Enteritidis is the most frequently isolated
serotype. Epidemiological evidence haslinked the majority of
outbreaks in State of Parana, Brazil, to contaminated poultry
products.

Stainless steel has been the material of choice for working
surfaces and kitchen sinksfor many yearsdueto its mechanical
strength, corrosion resistance, longevity and ease of fabrication
(17). Inthefood processing industry most of the surfaces are of
stainless steel including, pipelines and tanks (1), machinery
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and working surfaces (18,26,28). Moreover, it is relatively
resistant to chemical attack by oxidizing and other sanitizing
agents used in the food industry, like hypochlorite, peracetic
acid and iodophors (5).

The mechanisms governing the adhesion of Salmonella
spp. to inert surfaces are not completely understood; several
studies have shown that adhesion of bacteria partly depends
uponthe nature of theinert surfacesand partly upon the bacterial
surface properties(7,9,19). Hydrophobicity and surface charge
arethe most important surface propertiesin the adhesion process
asdemonstrated by innumerous studies (18,25,27,32,36).

The understanding of microbial adhesion is of major
importance in preventing undesirable biofilm formation.
Therefore, the aim of this study was to compare the ability of
adhesion of four strains of Salmonella Enteritidis to stainless
steel 304 (SS 304), in order to investigate the behavior of
different strains of the same species. The effect of surface
hydrophobicity and surface elemental composition in the
adhesion process was also analysed.

MATERIALSAND METHODS

Mediaand growth conditions

The strains used in this study are presented in Tablel.

All bacterial isolateswere maintained in trypticase soy agar
(TSA). Every strain was subcultured twice in trypticase soy
broth (TSB) at 37°C in an orbital shaker (130 rpm), overnight.
The cellswerethen harvested by centrifugation at 5000 g for 10
min and washed three times with phosphate buffered saline
(PBS 0.1M pH 7). The pellets were resuspended in PBS to an
inoculum level of 108 CFU/ml, determined by optical density.

Material used assubstratum

The test surface was stainless steel (304, finish n° 4),
commonly present in the food industry and used in domestic
kitchens. The coupons were cut in 0.8 x 0.8 cn?, washed in a

Table 1. Bacterial isolates used in this study.

Strains Source
Salmonella EnteritidisEMB:  /ALer from poultry
packaging
Salmonella EnteritidisMUSC!  Breast meat of poultry
Food samplerelated to

Salmonella EnteritidisAL2
Salmonella Enteritidis PC?

food-borne outbreak
Fecal human sample

The bacterial isolates were obtained from:

Food Microbiology Lab., Depart. of Food and Dry Technology,
University of Londrina, Pr, Brazil; 2LACEN (Central Parana Public
Health Laboratory Service).

Adhesion of Salmonella to surfaces

solution of acommercial detergent (Sonasol Pril, Henkel Ibérica
S.A., Portugd) in ultrapurewater for 30 min and then thoroughly
rinsed in ultrapure water (to remove any remaining detergent),
followed by immersion in ethanol 90% for 30 minto completely
degrease the surface and in sterile water.

Hydrophobicity and surfacefreeener gy

Hydrophobicity was evaluated through contact angle
measurements and using the approach of van Oss and co-
workers(37-39). Inthisapproach, the degree of hydrophaobicity
of a given material (1) is expressed as the free energy of
interaction between two entities of that material when immersed
inwater (w) -AGy. If theinteraction between thetwo entitiesis
stronger than the interaction of each entity with water (AGw <
0) the material is considered hydrophobic. Conversely, if AG
> 0thematerial ishydrophilic. AG,, can be calculated through
the surface tension components of the interacting entities,
according to:

AG,, , = —2(,/}/1”'/ —,/yéW)z +4
@
(Jm;ﬂ/v]y; -y —\/v;v;)

where Yy accounts for the Lifshitz-van der Waals component
of the surface free energy andy* andy are the el ectron acceptor
and electron donor parameters, respectively, of the Lewisacid-
base component (y*8), with "8 =2y 'y~ .

The surface tension components of a solid material are
obtained by measuring the contact angles of three pure liquids
(one apolar and two polar), with well known surface tension
components, followed by the simultaneous resol ution of three
equations of the form:

(1+cos0) " = Z(Jviwvﬁw v A ) @
where 6 is the contact angle and y™°T = YW + "8,

Contact angle measurements (at least 25 determinationswith
eachliquid on stainless steel and on each microbial strain) were
performed automatically withtheaid of animageanaysissystem
(G2/GA40) installed in astandard contact angle apparatus (Kruss-
GmbH). The images were transmitted by a video camerato a
personal computer for evaluation. All the measurements were
performed at room temperature. In the case of bacterial cells,
the measurements were performed on a cell lawn using the
sessile drop method described by Busscher et al. (6). Briefly,
bacteriawere deposited on a0.45 pum cellul ose acetate membrane
filter by filtration of the suspension using negative pressure.
To standardize the moisture content, the filters were then
transferred onto Petri dishes containing 1% (w/v) agar with
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10% (v/v) glycerol. Measurements of advancing water contact
angleswere carried out at 25°C and three liquids with different
polarities were used, water (W), formamide (F) and o-
bromonaphtalene (o-B). Their surface tension componentswere
obtained from literature (20).

Hydrophobicity of the stainless steel was estimated by the
sametechnique, with direct measurements of contact angleson
stainless steel surface, after degreasing and cleaning.

X-ray photoe ectr on spectr oscopy

Bacterial cell surface composition was measured using X-
ray photoel ectron spectroscopy (XPS). The bacterial cellswere
grownin 200 ml TSB at 37°C under 120 rpm for 18 hand washed
threetimesin deionized water by centrifugation (10 min at 5000
gand 4°C). A volumeof 200 ml of acellular suspension (10°%cells/
ml) was vacuum filtered through an acetate cellulose membrane
of 45 um. The membrane, completely covered with cells, was
immediately frozen with liquid nitrogen and then stored at -80°C
until the subsequent step of lyophilization. Freeze drying was
performed at 10 Pa, overnight. The samples were placed in a
dessicator, at room temperature and immediately analyzed by
XPS. The XPS analysis was performed using an apparatus
ESCALAB 200A, with aVG5250 software and data analysis.
The spectrometer used monochromatized Mg Ko, X-ray
radiation (15.000 eV). The constant pass energy of the analyzer
was20eV and it was calibrated with referenceto Ag 3ds. (368.27
€V). The pressure during analysis was under 1x10° Pa. The
spectrawere recorded following the sequence C 1s, O 1s, N 15,
P 2p. The elemental composition was defined as the ratio
between oxygen and carbon (O/C), nitrogen and carbon (N/C)
or phosphorous and carbon (P/C).

Adhesion assays

The coupons of stainless steel were immersed in 2 ml of
each bacterial suspension containing 108 CFU/ml. After 1 h at
25°C with constant shaking at 100 rpm, the couponswererinsed
twice with PBS to remove poorly adhered bacteria. An aliquot
of 20 W/ml of a4”,6-diamidino-2-phenylindole (DAPI) solution
was added to each coupon containing the plates and incubated
for 30 mininthe dark. After thistime, the couponswere rinsed
with sterile distilled water and the adherent microorganisms
were quantified by automatic enumeration using epifluorescence
microscopy. Thirty fields per coupon were scanned and the
fluorescent cellswere enumerated. Computerizedimageanalysis
software (Image-Pro Plus, Media Cybernetics) was used for the
guantitative estimation of the adherent cells. All experiments
weredoneintriplicate.

Satistical analysis

The resulting data were analysed using SPSS software
(Statistical Packagefor the Socia Sciences). One-way ANOVA
with Bonferroni test was used to compare the number of
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adhered cells. All testswere performed with aconfidence level
of 95%.

RESULTSAND DISCUSSION

The contact angles formed by the three liquids (water,
formamide, and a-bromonaphtalene) on stainless steel and on
bacterial lawnsare present in Table 2.

Thevalues of water contact anglesfor all Salmonellastrains
tested were quite similar (9.7°- 14.0°) and were somewhat lower
then those reported in the literature (17° - 35°) (10, 30). The
different serovars of Salmonella studied and the non-uniformity
on bacterial surface may explain the results obtained in this
study (11). The water contact angle value gives preliminary
information about the degree of hydrophobicity of cells. The
sampleisconsidered hydrophobic or hydrophilicif theangleis
higher or lower than 65°, respectively (40). According to this
criterion, all Salmonella strainsare hydrophilic whereas stainless
steel is hydrophobic.

The values of the contact angles of the three liquids were
used to calculate cell surfacetension parametersand the degree
of hydrophobicity (Table 3).

Table 2. Values of contact angles (in degrees) measured with
water (Bw), formamide (6r) and a-bromonaphatelene (6,.5) on
stainless steel and on the different Salmonella assayed.

Contact angle (°) (+SD)
ew ef e(x-B
Stainless steel 812(x09 600(x1l1) 234(x05)
S EnteritidisEMB 108(+22) 156(x18) 26.1(x4.2)
S EnteritidisMUSC  135(x1.6) 159(x2.3) 27.6(x17)
S EnteritidisPC 140(x44) 170(x32) 317(x28)
S EnteritidisAL 9.7(x19) 148(x26) 27.2(x25)

SD - standard deviation.

Table 3. Values of the components of surface tension (Y, v,
v") and degree of hydrophabicity (AG,) of stainless steel and
bacterial cells.

Surfacetension (mJ/m?)
,YLW ,Y-f— ,Yf Alei

Stainless steel 4081 000 584 -5980
S EnteritidisEMB 30989 097 559 3HA12
S EnteritidisMUSC 3049 107 5441 3215
S EnteritidisPC 3806 12 5448 3228
S EnteritidisAL 3050 105 5584 3B




The AG,, valuesobtained werevery similar for al thestrains
tested being all strains hydrophilic (AG, >0). From Table 3, it
can be observed that all cell surfaces were predominantly
electron donors (higher valuesof y°), with low electron acceptor
parameters (7).

Considering the values of water contact angle (81.2°) and
AG =-59.8 mJm?, the stainless steel assayed washydrophobic,
whichisin accordance with several authors (12,30,33). A point
to be noted is that stainless steel does not have an electron
acceptor parameter but is only electron-donor (Y).

The chemica composition of microbia cellssurface obtained
by X PS spectraisusually expressed in terms of N/C, O/C and P/
C ratios (35). The corresponding valuesfor the microorganisms
assayed are presented in Table 4. All strains used in this study
exhibited high O/C values, ranging from 0.465 to 0.584, and low
P/C vaues, ranging from 0.008 to 0.0137.

Microbia surface thermodynamics is a reflection of the
physico-chemistry of bacterial surfaces, whichiscontrolled by
macromolecular components, e.g., lipo-polysaccharides, proteins
and exopolymers, varying in quantity with growth conditions
and from strain to strain. The amount of the macromolecular
components can be represented by a variety of different
functional groups (31,34). In previous works, cell surface
hydrophobicity, assessed by water contact angle, was directly
correlated with the concentration of nitrogen or carboninvolved
in hydrocarbon form and inversely correlated with the oxygen
concentration (4,11,29). In this study, the water contact angle
was directly correlated with the N/C ratio whereas
hydrophobicity expressed asAG, wasinversely correlated with
the oxygen concentration. The XPS results corroborated the
similarity of the hydrophobicity values. Cercaet al. (8) correlated
the N/C ratio of S. epidermidis strains with cell surface
hydrophobicity, with the less hydrophobic cells exhibiting the
lower N/C ratio. The presence of proteinic appendages is often
reflected in ahigh nitrogen concentration at the cell surface (29).

The number of cells of different strains of Salmonella
Enteritidis adhered to stainless steel are presented in Fig. 1.
The extent of adhesion of Salmonella MUSC was statistically
different (p<0.05) of the other strains.

Liuetal. (24) predicted that when both bacterial and support
surfacesare hydrophobic, microbial adhesionishighly facilitated.

Table4. Ratiosof themgjor chemical elementsof bacteria surface
composition of the Salmonella strains obtained by X PSanalysis.

Strain N/C o PIC
S EnteritidisEMB 0.066 0584 0.008
S EnteritidisMUSC 0118 0465 0.009
S EnteritidisPC 0118 0466 0.009
S EnteritidisAL 0114 0479 0.008
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25000 -
T
o 20000 A 1
£
E
= 15000 |
D
@}
=
£ 10000 A [ I
2 1
=
2
5000 | l T
0 : : : : : :
S. S. S. S.
Enteritidis Enteritidis Enteritidis Enteritidis
EMB MUSC PC AL

Figure 1. Number of adhered cellsto stainless steel 304.

If both bacterial and support surfacesare hydrophilic, microbial
adhesion would proceed with difficulty. Thus, anincreasein cell
surface hydrophobicity would favor cell adhesion on both
hydrophilic and hydrophobic supports surface. Also, Assanta
et al. (1) suggested that Arcobacter butzzeri could attach in
higher numbers to surfaces with low surface free energy and
Aeromonas hydrophila cells had a tendency to attach in high
numbersto hydrophobic surfaces. However, inthe present case,
the extent of adhesion does not seem to be directly related with
cell surface hydrophobicity, because the strains show similar
valuesof AG (Table 3). A recent study by Henriqueset al. (15),
reported the increase in the number of adhered yeast cells to
acrylic by an increase in the interactions between the el ectron-
donor groups of acrylic and the electron-acceptor groups of
cells. Once more this can not be the rationale to explain the
different extents of adhesion displayed by the Salmonella strains
assayed.

CONCLUSIONS

The different extent of adhesion of four Salmonella
Enteritidis strainsto stainless steel 304 could not be explained
in terms of cell surface physico-chemical properties. Other
factors might be governing the process of adhesion, namely
the production of exopolysaccharides is worth to be
investigated.

Thisstudy provesthat adhesionisstrongly strain dependent
and in this sense the adhesion ability of Salmonella serovars
can be considered afactor of virulence.
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RESUMO

Adesdo de Salmonella enteritidisa superficies
deaco inoxidavel

A adesdo de microrganismos asuperficies de processamento
de alimentos e os problemas que dai resultam sdo matéria de
grande preocupagdo para aindistria alimentar. Superficies de
processamento de alimentos contaminadas podem actuar como
uma potencial fonte de transmisséo de patogénicos naindustria
alimentar, restauracdo e em ambientes domésticos. Diversos
estudos tém demonstrado que aadesdo de bactériasasuperficies
depende, por um lado, danatureza das superficiesinertese, por
outro, das propriedades superficiais das bactérias. O objectivo
deste trabalho consistiu na comparacéo da capacidade de
adesdo de 4 cepas diferentes de Salmonella Enteritidis ao ago
inoxidavel 304 (SS 304). Analisou-se também o efeito da
hidrofobicidade e da composi¢céo elementar no processo de
adesdo. A hidrofobicidade foi determinada através damedicao
de angulos de contacto usando o método da gota séssil. Todas
as cepas apresentaram valores positivos do grau de
hidrofobicidade (AGw) podendo, assim, ser consideradas
hidrofilicas enquanto o ago inoxidavel revelou um caracter
hidrofébico. A composicéo elementar dasuperficie das células
bacterianas foi medida através de espectroscopia de
fotoelectrbes X (XPS). Os resultados do XPS corroboraram a
similaridade de val ores do grau de hidrofobicidade obtidos por
angulos de contacto. As diferentes cepas de Salmonella
apresentaram umacomposi ¢do elementar e propriedadesfisico-
quimicas semelhantes. No entanto, a Salmonella MUSC
apresentou uma capacidade de adesdo ao aco inoxidavel mais
elevada (p<0.05). Pode entdo concluir-se que as propriedades
fisico-quimicas das cepas ndo explicam a capacidade de adesdo
a0 aco inoxidavel, devendo ser considerados outros factores
tais como a producéo de exopolissacaridos.

Palavr as-chave: Adesgo, Salmonella Enteritidis, hidrofobicidade
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