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Abstract

Metal oxides can increase the adhesion of negatively-charged bacteria to surfaces primarily due to their positive charge. However, the
hydrophobicity of a metal-oxide surface can also increase adhesion of bacteria. In order to understand the relative contribution of charge and
hydrophobicity to bacterial adhesion, we measured the adhesion of 8 strains of bacteria, under conditions of low and high-ionic strength (1 and
100 mM, respectively) to 11 different surfaces and examined adhesion as a function of charge, hydrophobicity (water contact angle) and surface
energy. Inorganic surfaces included three uncoated glass surfaces and eight metal-oxide thin films prepared on the upper (non-tin-exposed)
side of float glass by chemical vapor deposition. The Gram-negative bacteria differed in lengths of lipopolysaccharides on their outer surface
(threeEscherichia coli strains), the amounts of exopolysaccharides @asdomonas aeruginosa strains), and their known relative adhesion
to sand grains (twBurkholderia cepacia strains). One Gram positive bacterium was also used that had a lower adhesion to glass than these
other bacterialacillussubtilis). For all eight bacteria, there was a consistent increase in adhesion between with the type of inorganic surface in
the order: float glass exposed to tin (coded here as Si—Sn), glass microscope slide (Si-m), uncoated air-side float glass surface (Si-a), followed
by thin films of (Ca—,—Fe,Cr;)304, Ti/Fe/O, TiG, SnG, SnG:F, SnQ:Sh, ALO;, and FgO;s (the colon indicates metal doping, a slash
indicates that the metal is a major component, while the dash is used to distinguish surfaces). Increasing the ionic strength from 1 to 100 mM
increased adhesion by a factor of 2:0.6 (73% of the sample results were within the 95% CI) showing electrostatic charge was important
in adhesion. However, adhesion was not significantly correlated with bacterial charge and contact angle. AéheSitie ight strains
was significantly P < 10-2%) correlated with total adhesion free ener) between the bacteria and surfage< 2162 e18V) Although the
correlation was significant, agreement between the model and data was poor for the low energy Kfrfac®$6§), indicating that better
models or additional methods to characterize bacteria and surfaces are still needed to more accurately describe initial bacterial adhesion to
inorganic surfaces.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction containing patchy distributions of metal oxides. Under typi-
cal groundwater conditions, the quartz and bacteria are both
Bacterial adhesion that leads to biofouling is a widespread negatively charged and therefore repel each other. However,
problem that affects the functioning of a variety of engi- the metal oxides provide a positively-charged surface that
neered systems including water distribution pifids water can significantly increase deposition in proportion to the per-
treatment membrang®,3], boat hull surfacept,5], cooling centage of Fg03 on the quartz surfadd 3,14] Aquifers are
towers[6,7], and bacterial delivery (bioaugmentation) sys- more complex than this idealized system, as soils contain
tems for in situ bioremediatiof8B—12] Our primary inter- many other metals as well as natural organic matter (NOM)
ests are in understanding and controlling bacterial transportmaking it difficult to predict the extent of bacterial adhesion
in sandy groundwater aquifers. Inorganic surfaces in theseto surfaces. Dissolved natural organic matter (DOM), for ex-
systems can be idealized as consisting of quartz particlesample, adsorbs to iron oxide patches on the quartz surfaces,
resulting in bacterial adhesion at levels only slightly larger
than quartz alongl5].
* Corresponding author. Tek:1 717 948 6129; faxi-1 717 948 6580. In order to better understand the factors that control ad-
E-mail address: bxI28@psu.edu (B. Li). hesion in natural and engineered systems, bacteria adhesion
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to surfaces has been analyzed in terms of bacteria and surwith progressively truncated lipopolysaccharides were cho-
face hydrophobicity and chard&6-18] surface roughness sen based on findings that the length of the LPS molecule
[19,20], the presence of conditioning films on a surface, or was inversely related to adhesion to a hydrophilic surface
the polymers on bacterifl5,21,22] The effects of solu-  [43—-45] while four additional bacteria were chosen based
tion chemistry on adhesion, such as [i#8,24] and ionic on production of extracellular polymeric substances (EPS)
strength25,26], have been examined as well. In these stud- or large differences in their adhesion to sand. Because these
ies, changes in adhesion are usually examined for a smallseven bacterial strains were all Gram negative, a Gram pos-
number of bacterial strains or types of surfaces. There haveitive bacterium (which does not contain LPS) was also in-
been few efforts to produce large adhesion data sets (i.e. forcluded Bacillus subtilis) in the study. We analyzed adhesion
a number of different bacteria and surfaces) needed to testdata to determine whether existing three different models,
energy-based adhesion models. One data set for a large numbased on XDLVO theory, could be used to explain trends in
ber of bacteria was developed by van Loosedrecht §]. adhesion based on bacteria and surface properties (surface
They showed that for a hydrophilic (glass) and hydrophobic potentials and contact angles).
(sulphated polystyrene disks), the percentage of bacteria at-
taching to the surface was related to both the hydrophobicity
(water contact angle) of the bacterium and its charge (zeta2. Methods
potential). However, they were not able to combine data from
the two different surfaces into a single model that could be 2.1. Bacteria
used to explain and predict bacterial adhesion based on cell
and surface properties. Others have analyzed the adhesion Eight different strains of bacteria were used in these ex-
of one or two bacteria to surfaces using DLVO theory, a periments that differ in their surface and adhesive prop-
model that accounts for the electrostatic repulsion and vanerties. The threee. coli K12 strains examined here had
der Waals attractive forces between a colloid and surface,distinctly different lipopolysaccharide outer layd#t,45]
or extended DLVO (XDLVO) theory, which additionally ac- LPS in Gram negative bacteria, such Bscoli, normally
counts for acid-base interactiofd3—31] XDLVO-based contains three components: keto-deoxy-octulonate (KDO);
analyses have provided support for the importance of thea core polysaccharide; and a large O-antigercoli strain
properties of both the surface and the colloids in adhesion, D21 contains the keto-deoxy-octulonate and inner and outer
but the model has not been tested in a single study using acore polysaccharide but no O-antigen, while a mutant of
wide range of bacteria and surfad82—-34] this strain E. coli D21f2) has only the KDOE. coli K-12

The effect of metal oxides on adhesion is of particular stain JIM109 has a complete LPS layer. Tuarkholderia
interest for understanding bacterial adhesion. There are acepacia strains used in this study were selected due to large
variety of metal oxides present in soils and many manu- differences in adhesion properties: the parent strain G4, and
factured materials such as tin, titanium and iron oxides are its non-adhesive mutant, Env4386]. B. cepacia G4 is
used in industrial processes as well. For example » T€O an environmentally relevant bacterium capable of degrading
vapor-deposited on glass to change the transmission propertrichloroethylene (TCE), polychlorinated biphenyls (PCBs),
ties of windowd35], and TiQ particles are used in anumber benzene and toluerjd7-50] Two strains ofPseudomonas
of manufactured products such as toothpaste and [&8ht aeruginosa were chosen for their differing production of ex-
Only a few metal oxides have previously been examined in tracellular polymeric substances: the wild type PAO1 pro-
bioadhesion studies. Most of that work has focused on iron duces a normal amount of EPS, while the mucoid mutant
oxides[14,15,37—-40]that are known to increase bacterial PDO300 is an overproducer of EF®L-53] P. aeruginosa
adhesion. The influence of other metals and metal oxides onhas been extensively used to study initial biofilm formation
bacterial adhesion is not well understood, although there isand biorediation54-57} P. aeruginosa is an opportunis-
general agreement that polyvalent cations increase adhesiotic pathogen routinely found in bacterial infestations in hu-
[18] and that the adsorption of organic matter onto metal mans in immune-compromised individuals and in contam-
oxides (iron and aluminum hydroxides) reduces adhesioninated human implant$. subtilis (ATCC 7003) was used
by masking positive chargg$3,39] It has been shown that as a representative, well studied, Gram positive bacterium.
lipopolysaccharide (LPS) on the surface of Gram-negative Gram positive bacteria do not contain LPS on their outer
bacteria contained high-affinity binding sites for bivalent membrane, and have a thick external layer of peptidoglycan.

cations[18,40,41] and that the affinity oEscherichia coli E. coli strains D21 and D21f2 were obtained from the
increased as the molecular mass of the O-antigen of the LPScoli Genetic Stock Center and Yale University, and strain
increased for TiQ and AL O3 surfaceq42]. JM109 was obtained from Shahriar Mobashery at Wayne

In this study, the adhesion of 8 bacteria to 11 metal State University. The tw®. cepacia strains were obtained
oxide-coated and uncoated glass surfaces was tested to dérom Mary DeFlaun at Envirogen Corp.aeruginosa strains
termine the effect of these different inorganic surfaces on were provided by Matt Parsek at Northwestern University.
bacterial adhesion. The bacteria were chosen based on difsubtilis was obtained from Jon Chorover at The University
ferences in their outer surfaces. Three straingEofcoli of Arizona.
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Bacteria were grown in Luria broth Millers at 26 and In order to evaluate adhesion for a large number of bacte-
harvested during mid-log-growth at a cell concentration of ria and glass surfaces, we developed an adhesion procedure
~10% mI—1. The harvested bacteria were washed three timesbased on exposure of a fixed concentration of bacteria to a
in phosphate buffer solutions (PBS) at a pH of 7.1-7.3, at one surface for a fixed time, which we refer to as the microbial
of two different ionic strengths: 100 mM (0.29 g KHOy, adhesion to glass (MAG) test. In the MAG test, all experi-
1.56 g KHPOy-3H20, 4.93g NaCl in 1 L water) (PBS-100); mental variables except the bacterial strain or surface type
or 1mM (0.026 g KRPQy, 0.047 g KHPO, in 1L water) were held constant, including cell concentration, exposure
(PBS-1). Cells were resuspended in PBS for adhesion ex-time, shaking speed, container size and solution volume.

periments to an optical density at 600 nm-d.5, with cell Bacteria used in the MAG test were washed and resus-
concentrations in the range of 46 10’ mL~! based on pended in PBS solution (PBS-1 or PBS-100) in centrifuge
acridine orange direct counts (AOD(8]. tubes (50 mL) containing a single surface (2.5%ri.6 cm).
Tubes were shaken at 26 for 2 h, the glass was removed
2.2. Glass and rinsed three times with PBS solution (25 ml), and then

cells were enumerated (10 fields) by acridine orange di-
The 11 different glass and metal oxide-coated glass sur-rect counts (58) using a fluorescence microscope (Olympus
faces used in this study are designated in this study asBH2).
follows: Si-m, Si-a, Si-Sn, Ti@Q SnG, A1,03, FeO0s3,
Co/Fe/Cr/O, Sn@Sbh, SnQ:F, and Ti/Fe/O (the colon in-
dicates metal doping, a slash that the metal is a major

component, while the dash is used to distinguish surfaces). Contact angle measurements were performed in triplicate

A typical borosilicate glass microscope slide (designated using a goniometer (Newport Optical Inc.) by the sessile

as Si-m) was used for all experiments as these slides are -
widely available (Corning Microslide, Cat. no. 2948, glass drop method67,68} One drop of a liquid (&) was de-

no. 0215). Two other two glass surfaces were: the bottom of posited onto a dry glass surface or a lawn of bacteria. Images
‘ ' . ) ' of drops were magnified, photographed, and the contact an-
the glass exposed to molten tin during the float glass pro-

; - gle measured using an image analysis program (Scion Beta
duction (Si Sn), and_ the upper (uncoated) glass surfage e)(4.02 for windows, Scioncorp, Frederick, MD). Lawns of bac-
posed to the air during production (Sn-a). Electron micro-

probe studies have demonstrated that exposure of the glasgerla were prepared by filtering 10-20 mL of a cell suspen-

to molten tin results in a 2% (by weight) concentration of > (1‘?’.”‘“ harvested in mid-log-growth phase), prepared
) . : .. as described above, onto an aluminum oxide filter (Anodisc,
tin oxide [59]. The glass samples coated with metal-oxide

films were provided by C. Steffek, PPG Industries Inc. The glltze er nc]:cf)r?t:n?rllzeé%g)r(?n?;?;]et?(;; I\évi?gmoafnbgc(:)trepr'i)a; T;:Sh
20-500 nm-thick films were produced by different previ- ' g app y y '

. . . rinsed with 5 mL of deionized water. Lawns were dried in a
ously described vapor deposition techniq(@3-63] Four L - :
. . . Petri dish for at least 1 h and measured within 30 min. Pre-
of the surfaces are metal oxides with known stoichiome-

try (TiO, SNy, Al,Os, F&0s). The metals in the sur- vious studies have shown that after a drying time of 30 min,
- L measurements on lawns are stable for several H68rs72]
face designated as Co/Fe/Cr/O has a known stoichiometry of o
. . Contact angles were measured within 2 s farl4droplets
(Cor—,—Fe,Cr:)304 while the other metal-oxide surfaces (triplicate samples) of one non-polar (diiodomethane) and
(SnG:Sb, SnQ:F, and Ti/Fe/O) are mixtures of the met- P P P

als. SnQ:Sb contains 8% Sb. SneF contains 3% F, and two polar (glycerol and deionized water) solutid63].
Ti/Fe/O is a 50:50 mixture of the two metal oxides.

Each glass surface (2.5cm 7.6 cm) was cleaned (0.2% 2.5. Surface charge
(v/v) Dart210 cleaning solution, Madison Chemical Com-

2.4. Contact angle

pany, pH 2.9) in a sonicator at 6 for 20 min, and then at Zeta potentials of bacteria, assumed to be equal to the
40°C for 10 min, and then rinsed with deionized water and cell surface charg§73,74] were calculated from electro-
dried with nitrogen gaf64]. pheretic mobilities. Cells prepared as described above were
resuspended in 1 or 100mM PBS solutions, and zeta po-
2.3. Bioadhesion tests tentials measured five times (triplicate samples) using 20

cycles per analysis (ZetaPALS analyzer, Brookhaven Instru-
Various techniques have been developed to evaluate ini-ments Corp.). Glass and metal-oxide surface charge was de-

tial bacterial adhesion, including: surfaces exposed to solu-termined using an asymmetric clamping cell (Anton Paar,
tions under various mixed fluid conditiof87], flat plates Graz, Austria) connected with a commercial streaming po-
in laminar flow fields[65], and columns packed with vari- tential analyzer (EKA, Brookhaven Instruments, Holtsville,
ous types of particleld 3,18,48,66]In some cases, a surface NY) according to methods described in Walkson ef#B)].
was immersed in a solution that was mixed (shaken) during Surface charge is reported here only for the 1 mM solu-
exposurg37], while in others, the solution was placed as a tion (25°C, pH 7.3-7.5) as measurements obtained with the
drop on the surface and then the surface was rinsel@ off 100 mM solution produced erratic and inconsistent values.
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2.6. Surface roughness measurements the measured zeta potentials for the surfaces, either using
electrophoretic mobility (bacteria) or streaming potential
The roughness of glass and metal-oxide surfaces was meafglass and metal-oxide surfacg$B]. Energy Uswp) was
sured using an atomic force microscope (AFM; Bioscope, calculated on the basis of moving a bacterium to within
Digital Instruments) consisting of an AFM head mounted on = 5 nm of a surface, roughly equal to the length of the core
an inverted microscope. Glass surface roughness was meapolysaccharide of Gram negative bactg88].
sured using contact mode in air with DNP-S silicon nitride  The interaction energy per unit area between the bac-
cantilevers (Digital Instrument) having a force constant of terium (b) and a surface (S\Gyo (MJ/n¥), at the minimum
0.045 N/m (the long/thin tip) as measured by the Cleveland separation distande, is calculated as for Lifshitz-van der
method[76]. All tips were cleaned in a Bioforce UV/ozone Waals and acid—base interactidbg,68,77]using:
cleaner before use. Height images were used to calculate the
roughness measurement based on root mean square (RMSAGLY = 2 <\/yVLVW - \/ysLW)(\/y't;W - \/y\,%,W> (5)
values.

2.7. Model N yi&(\/y?Jr\/E—\/VTV)

The total energWswh (J) needed to bring a bacterium (b)

from an infinite distance to a surface (s) in water (w) was +2/ v <\/ Vs +ve — M)
calculated using XDLVO theory, as:

+,,— +,,—
Uso= U8l + U8+ Uy @ ~2(\ ) ©

where the superscripts indicate interactions due t0 where+ indicates the electron acceptor andhe electron
Lifshitz—van der Waals (LW), electrostatic (EL), or the donor.

acid-base (AB) forces arising from hydrogen bonding  According to van Os§71,72,78,86] the total surface en-
betWeen two Surfaces |mmersed na pOlaI‘ SOlVent (eg Wa'ergy Of a pure Substance is the defined as the sum Of the

ter) [67,68,77,78] U™V was calculated using the retarded syrface tensions due to the LW and AB components, or
Hamaker expressiof79-82] The individual components

I_ W _ _AB
of the total energy77,78,82,83fare: yoR =y 4y (7
UW _ —Ha @ where B = 2,/yTy~. Using the extended Young equa-
Wb 6 p(1+ 14K /1) tion, or
ho—h _ _
Ul = 21ar1AG18 exn( = ) @ @roosty =2 ([ 4 ity )
1

(8)

1+ e«h the measured contact anglgs of three probe solutions on
UEV\I;bZ ea [2%%'” (W) a surface can be used to determine the surface tension pa-
rameters of the surface and liqy®B]. The surface tensions
2 2 —ouh of the three solutionsy; (mJ/n?; wherej is w = water,
+(Wp + ¥ In(l—e) (4) g = glycerol, or m= diiodomethane) are known constants
[67,68] The apolar liquid (diiodomethane) was first used to
H (J) is the Hamaker constant calculated Hs = calculate the non-polar surface tensip}%’,",as;/p; =Ym =

—127h3AGLY [84], a (m) the bacterial radius and the 0. UsingEq. (8) for water and glycerol, we then obtained
characteristic wavelength of the interaction (assumed to yf andy; .

be 100nm according t®0), ¢ =80 x 8.854 x [0~12

(C23 1m™1) is the permittivity of water® (mV) the sur-

face potential, ana(m1) the inverse Debye length calcu- 3. Results

lated asc = 0.304 M—1/2whereM [M] is the ionic strength.

The characteristic decay of acid—base interactions in water,3.1. Bacteria properties

A1 ranges between 0.2 and 1.0nm, and is defined here as

0.6 nm as in previous studi§®3]. The minimum separation Two of the E. coli strains (D21 and JM109) were hy-
distance between the bacterium and surfégejs usually drophilic, as they had water contact angles less thatC25
defined as 0.158 nm, and may be regarded as the distanc¢34,68] (Table ). All of the other strains were hydropho-
between the outer electron shells (van der Waals bound-bic with water contact angles ranging from 30 to°82
aries) of adjoining non-covalently interacting molecules All bacteria were negatively charged, with zeta potentials
[78,83] The surface potential was assumed to be same asranging from—20 to —53mV in a 1 mM solution (PBS-1)
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Table 1 Table 3
Contact angles of bacteria and glass surfaces Glass and metal-oxide surface roughness and surface chargel(t8M)
Surface Contact angle (degrees) Glass Roughness (nm) Surface charge (mV)
Water Glycerol Diiodomethane Si-Sn 4.3+ 0.8 —-56.3+ 0.6
; Si-m 6.2+ 0.6 —36.5+ 0.5
E. coli JM109 19+ 2 40+ 4 43+ 2 Si-a 41407 034104
E. coli D21 194 4 27+ 3 40+ 3 SnG»:Sb 16.04 2.1 2674 0.6
E. coli D2 39+£6  75+£3  40+£3 TilFe/O 52405 _31.9+ 0.4
B. cepacia G4 37+ 4 62+ 2 48+ 5 SnOyF 17.6+ 1.8 _305+ 07
B. cepacia Env435 30+ 3 62+ 2 50+ 4 Tio, 9.4+ 1.2 303+ 02
P. aeruginosa PAO1 35+ 4 57+ 3 36+ 4 Sno, 65+ 0.6 282403
P. aeruginosa PDO300 30+ 3 50+ 4 32+ 2 AlO3 48+ 08 262+ 05
B. subtilis 7003 33+ 2 45+ 2 66+ 2 Co/Fe/CH/O 8.1+ 1.1 _50.2+ 0.9
Si-Sn 9+ 2 19+ 2 34+ 2 Fe0 654 07 301404
Si-m 13£3 17+ 4 25+ 2 $ ce -
Si-a 22+ 3 2142 34+ 4
ColFe/Cr/O 62+ 4 69+ 4 35+2
Ti/FelO 52+ 4 58 + 2 21+ 2 glass and metal-oxide surfaces were negatively charged in
TiOz 59+2 554 27+3 the 1 mM ionic strength solution, with surface charges rang-
SnQ 6o+s S92 s2£2 ing from —56.3 + 0.6mV for Si-Sn, t0—9.3 + 0.4mV
SnG:Sb 45+ 7 50+ 3 23+ 4 2l h T lation b
SnOyF 574 2 464+ 3 204+ 2 for Si-a glass. There was no significant correlation between
AlL,O3 62+ 5 48+ 2 23+ 2 water contact angle and glass surface chaRfe=£ 0.01,
Fe03 68+ 5 57+ 3 24+ 3 P = 0.74). Nine of the surfaces had an average roughness

of less than 10 nm (range 4.1-9.4 nfable 3. Two of the
) ) ) metal-oxide surfaces had higher average roughness values
(Table 3. Bacteria zeta potentials decreased in the 100mM ¢ 16 & 2 1nm (Sn@:Sb) and 17.4+ 1.8nm (SnG:F).

solution (range of-8 to —40mV) by 025_47%’ except for  These two surfaces also had much thicker metal-oxide coat-
P. aeruginosa which decreased by 75% solution. There was g5 (500 nm) than the other vapor-deposited metal-oxide
no significant correlation between water contact angle and surfaces (between 25 and 60 nf@p—62]

zeta potential for the eight strains of bacteri® « 0.07,

P = 0.52). The equivalent spherical radius of the bacteria
ranged from 0.3wm for B. cepacia G4 to 1.12um for B.
subtilis, with no differences in cell size in the two different
two ionic strength solutions.

3.3. Adhesion of bacteria to surfaces

The order of increasing adhesion of the eight strains
of bacteria was consistent for the 11 different glass and
metal-oxide surfaces. In 1 mM PBS solution, all eight strains
of bacteria adhered the least to Si-Sn glas$600 mnT2,

Fig. 1A), followed by the other two hydrophilic glass sur-

) - .. faces (Si-m and Si-a). Bacterial adhesion was greatest to the
facture (designated as Si—Sn) produced the most hydmph'“cFezchoated glass, which was also the most hydrophobic

surface (contact angle:B 2°, Table J among the glass and
) surface.
metal-oxide surfaces. Two other surfaces, the uncoated glass : . . .
. . . ; The extent of adhesion varied among the different bacteria
surface (Si-a) and the microscope slide (Si-m), had water .

contact angles less than<2and were therefore hydrophilic. N a manner generally cpnsistent with our expectations re-
All metal-oxide surfaces were hydrophobic, with contact an- garding the influence of lipopolysaccharide length and pres-

) } ence or absences of large amounts of extracellular polymeric
gles ranging from 45(Sn(;:Sb) to 68 (Fe&05). All the substances. The thré&e coli strains with LPS lengths that

increased in the order D21f2, D21, and JM109, increased in

3.2. Glass and metal-oxide properties

The side of the glass exposed to molten tin during manu-

Table 2 _ , _ adhesion values for each of the 11 surfaces. This increase
Bacteria size (equivalent radius) and zeta potentials in adhesion with LPS length is consistent with previous ad-
Bacteria Radiusi(m) Zeta potential Zeta potential hesion results obtained for these thEeesoli strains in col-

(mv) AmM)  (mV) (100mM) umn tests using glass beads in a low ionic strength solution;
E. coli JM109 0.65+ 0.12 -53+5 —32+6 however, at a higher ionic strength there was no correlation
E. coli D21 059+ 014 —50+5 —34+6 found between adhesion and LPS lenf#th]. Both Pseu-
E. coli D21f2 0.61+ 0.14 -57+6 —40+ 6 .
B. cepacia G4 037+ 008 —204 2 1144 domonas _stralns, known to produce large amounts of EPS_,
B. cepacia Env 435  0.40+ 0.07 —27+ 3 2143 had the highest numbers of cells attached among the 8 strains
P. aeruginosa PAO1 051+ 0.13 —40+ 3 2142 for each of the 11 surfaceB.aeruginosa PDO300, an over-
P. aeruginosa 050+017 -32+3 -8+1 producer of EPS, adhered the most, followed by the wild

PDO300 type (. aeruginosa PAO1), which produced lesser amounts

B. subtilis 7003 112+ 020 -39+ 6 —26+2

of EPS.B. cepecia G4 adhered more than its non-adhesive
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OSi-Sn @Si-m @ Si-a @ (Col-y-zFeyCrz)304 m TiFe/O @ TIO2 @ SnO2 M AIZ03 @ SnO2:Sb @ SnC2:F m Fe203

8000 - (A) 1 mM

#/mm’) cell adhesion number (#/m

#* 8000 4

—

a

£ 6000

=]

=

c

5 4000

[T}

5]

=

< 2000

©

S 0
Eeoli. E.coli I coli. P.aeruginosa  P.aeruginosa B.cepacia B.eepacia B.sushtilis
IM109 D21 D212 PDO300 PAO1 G4 Env.433 7003

Fig. 1. The adhesion of eight strains of bacteria on 11 glass and metal-oxide surfaces in (A) 1 and (B) 100 mM solutions. The order of the results shown
in the bar plots is the same as that given by the legend. Error barsSu@.

mutant Env435B. subtilis 7003, which lacks LPS, adhered sion was inversely correlated with water contact angle. This
the least of the eight bacterial strains to the different sur- latter result contradicted previous findin%] of increas-
faces despite having the highest water contact angle) (33 ing adhesion with bacterial water contact angle. Bacterial

of the different bacterial strains. adhesion was not significantly correlated with bacterial sur-
face water contact angle (linear correlation—= —88.3X
3.4. Effect of ionic strength on bacterial adhesion + 5102,P < 0.35,R? = 0.22; non-linear correlation of form

Y = 5963 0035X p - 0.46,R%2 = 0.16) or surface charge

The same trends in adhesion observed between bacteridlinear correlation,Y = —4.45X + 2419, P < 0.94, R?
and surfaces at low ionic strength (1 mM) were also observed = 0.002; non-linear correlation of forvi= 2065 e 001X
at the higher ionic strength (100 mM): in general, the most P < 0.90, R* = 0.0003). As for glass surface properties,
hydrophilic surfaces had the fewest number of bacteria ad-the bacterial adhesion was not correlated with glass surface
hered, while the hydrophobic surfaces had larger numberscharge (linear correlatiotY,= 24.63X + 3420,P < 0.38,R?
of attached bacteriad{g. 1B). Increasing the ionic strength = 0.09; non-linear correlation of form of= 3627 € 0131X
from 1 to 100 mM produced a nearly consistent increase of P < 0.34, R> = 0.10), but was significantly correlated
2.0+ 0.6 (£S.D.; range 1.2—4.0). This increase in adhesion
with ionic strength is consistent with other research showing o S eurtece
adhesion in proportion to ionic strendi®6,87,88] 8000 —— o Fe203 surface -

3.5. Adhesion analyzed in terms of bacteria/glass surface

6000
contact angle and zeta potential

Previous research has shown that when there is a large 4000 1

difference in the water contact angle of two surfaces, bac-
terial adhesion can be explained on the basis of the zeta
potential and water contact angle of the bact§zid. We
therefore examined adhesion data for the two surfaces
with the greatest differences in their water contact angles %,,,ae‘; 10
(Si—Sn glass and E©3-coated glass) solely on the basis of
bacterial zeta potential and water contact angle. Bacterial
adhesion was observed to be negatively correlated with bac-
terial zeta potential for both surfaces, as expected based Orkig. 2. Bacterial adhesion to a hydrophobic 46g) and hydrophilic
previous result$27] (Fig. 2). However, in both cases adhe- (Si-Sn) surface based on bacterial zeta potential and water contact angle.

2000

cell adhesion number (##Immz)
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Total adhesion free energy U (Joule, X10'19) Fig. 5. Bacterial adhesion, normalized to the value obtained for the Si-m

glass surface, as a function of surface roughness. The regression line
shown in not significantR% = 0.14,P < 0.26). Error bars represent the
range of adhesion values.

Fig. 3. Bacterial adhesion correlated with total adhesion free energy
(U) in: 1mM (A =2060e18V R2 =0.60,P < 10713, 100mM A
=2155e19 RZ =0.67, P < 10713, and both 1 and 100 mMA(
=2123e197 RZ = 0.67,P < 10-25) jonic strength solutions.

with experimental values primarily for two strains, coli
with glass surface water contact angle (linear correlation,  JM109 andP. aeruginosa PAO1.

= 44.70X 4+ 534.1,P < 10~%4, R? = 0.81; non-linear corre-
lation of form of Y = 826 €923% , P < 107>, R2 = 0.87). 3.7, Effect of nanoscale surface roughness on bacterial
This suggested that the substratum hydrophobicity played gdhesion
an important role in determining bacterial adhesion.
Surface roughness is not included in XDLVO theory
3.6. Analysis of adhesion data using a model based on but it may also impact bacterial adhesif20,68] Glass
surface energy and metal-oxide surface roughness varied among the sam-
ples (Table 3 with the two roughest surfaces being the
Adhesion (at both ionic strengths) and free energy were SnQ:F and SnQ@:Sb-coated surfaces. In order to compare
significantly correlatedA = 2123e19U: p < 10726 R2 the relative effect of roughness, we normalized the aver-
= 0.68) (Fig. 3. Correlations based on data from only one age surface roughness values for each surface to that of
ionic strength (1 or 100 mM) were similarly significant. The the Si-m (glass slide) surface. There was no significBnt (
distance used in the analysis of the total energy needed= 0.26) effect of surface roughness on bacterial adhesion
to bring the bacterium to within 5nm of the surface was (Fig. 5. However, we note two potential trends. First, ad-
not critical to our conclusion as correlations developed at hesion was always larger to the surfaces that were rougher
other distances (2—20 nm) were similarly significant. The than the glass slide (surface roughness larger than unity).
wide variation in the data at the lowest surface energies in- Second, there was relatively little variation among the ad-
dicates that not all bacterial-surface adhesion events werehesion of the eight strains of bacteria to the two smoothest
well explained. Using the regression model, we compared surfaces (Si—Sn and Si-a). Thus, there may be ranges of sur-
the measured and predicted energies grouped according tdace roughness over which adhesion is not correlated with
bacterium. The predicted valudsig. 4) did not match well roughness.
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Fig. 4. Adhesion measured in experiments compared with model predic#ors2155e1°U; 100 mM solution) for the 11 surfaces arranged by the
specific bacterial strain.
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4. Discussion specific metal oxides (i.e. F®3) in determining adhesion
in the present analysis.

Metal-oxide coatings consistently increased bacterial ad-
hesion compared to uncoated glass surfaces (Si-a and Si-m3.1. Contribution of bacterial surface properties to
or the side of the float glass exposed tin during glass produc-adhesion
tion (Si—Sn). One noticeable change in the surface produced
by the metal-oxide coating was increased hydrophobicity. It is clear that the polymers on the outer surface of the
The two uncoated glass surfaces (Si-a and Si-m) and thebacterium affected adhesion, but it is not clear how these
Sn-exposed surface (Si-Sn) were hydrophilic, with water differences can be incorporated into predictive models. The
contact angles of 9 and 22while the metal-oxide surfaces adhesion of the thre. coli strains increased with the length
were all hydrophobic, with water contact angles of 4568 of the LPS for each strain, and for the tviR aeruginosa
In contrast, the surface charge of the surfaces appeared tGtrains we found that there was greater adhesion of the EPS
have a less direct influence on bacterial adhesion. The threeoverproducer (strain PDO300) than the parent strain (PA0L).
surfaces with the lowest numbers of bacterial adhesion (for It has been reported that LPS/EPS molecules produce steric
each of the eight bacterial strains) had the largest range ofrepulsion between bacteria and substrate surffi®jsdue
surface potentials«{9 to —56 mV). to the hydrophilic nature of the biopolymers and the fact that

There was always a consistent order of increasing bac-they can generate osmostic forces when they come together
terial adhesion to the 11 surfaces of: Si-Sn, Si-m, Si-a, [89,90] Such repulsion between bacteria and surfaces was
Co/Fe/Cr/O, TilFe/O, Ti@ SnG, SnG:F, SnQ:Sb, not observed to occur here because adhesion increased as
Al;0s, and F@Ogz. There is evidence that this order was polymer length increased. coli JM109 adhesion (com-
influenced by the presence of the type of metal oxide. For plete LPS layer) was larger than adhesiongbyoli D212
example, the three Sn-oxide surfaces exhibited similar ad- (truncated LPS chain), and the adhesion of the EPS overpro-
hesion levels. Fewer bacteria adhered to the glass surfacelucer strain®. aeruginosa PDO300) was larger than normal
exposed to molten Sn during the manufacturing of the float strain (PA01). Nano-scale measurements of bacterial prop-
glass Fig. 1). Iron oxide produced surfaces within the lower erties, made using atomic force microscopy measurements,
to intermediate ranges of cell adhesion when mixed in with may provide more quantitative predictors of microbial adhe-
other metals (Co/Fe/Cr/O or Ti//Fe/O), but a pure Fe-oxide sion based on steric interactions. While there are advances
coating produced the highest adhesion values. being made in this are84,43,44] however, it is clear that

Surface roughness was probably a factor in adhesion, asadditional work needs to be done to more fully understand
all the metal-oxide-coated surfaces had greater bacterial adthe roles of polymers in adhesi¢42,91]
hesion to their surfaces and were also rougher than uncoated
surfaces (Si-a, Si-m and Si—Sn). However, the contribution 4.2, Predicting bacterial adhesion based on surface
of roughness was not easily separated from hydrophobicity properties
as all metal oxides were also more hydrophobic than un-
coated surfaces. Nano-scale roughness was not designed to For a single surface, two bacterial surface properties (wa-
be systematically varied in these studies, and thus it waster contact angle or surface energy, and zeta potential) were
not possible to independently evaluate its contribution to sufficient to predict general trends in differences in adhe-
adhesion here. A previous study demonstrated that increassion among the bacteri&ig. 2). Moreover, once an order of
ing the nano-scale roughness of a surface from 15 to 38 nmbacterial adhesion was established for the eight strains for
increased colloid and bacterial adhesion in tests based orone surface, the same order of increasing adhesion appeared
flow through porous media (silica bead8)]. In the present  to occur for the bacteria to any other surface. For example,
study, two surfaces (SnF and SnQ@:Sh) had relatively  bacterial adhesion to the Si-m surface increased in the order:
high-surface roughness values of 16.0 and 17.5nm, while B. subtilis 7003, B. cepacia Env435,E. coli D212, E. coli
the other surfaces had an average roughness values rang>21, B. cepacia G4, E. coli IM109,P. aeruginosa PAO1,P.
ing from 4.1 to 9.4nm. The two relatively rough surfaces aeruginodosa PDO300. For the F£;3 surface, we observed
were at the highest range of measured cell adhesion, withthe same order. However, the magnitude of the change in
only the iron oxide surface demonstrating greater adhesionadhesion between the surfaces was not the same. For exam-
by the bacteria in our tests. It has been shown that rough-ple, E. coli strain D21 adhesion increased by a factor of 9.8
ness lowers surface energy, so that electrostatic repulsiorbetween Si-m and E©3, while P. aeruginosa sp. PDO300
and van der Waals attractive forces are considerably loweradhesion changed by a factor of 4.2.
at rough surfaces than they are for corresponding smooth Other researchers have concluded that electrostatic inter-
surfaceq66]. However, we did not find that the surface en- action between the bacterium and surface is the main factor
ergy of a rough surface was lower than smooth glass whenaffecting bacterial-surface adhesion, with hydrophobic in-
the two surfaces had similar hydrophobicities. Thus, surface teractions and polymer bridging playing only minor roles
roughness appears to be a contributor to adhesion, but in 29,40} Their conclusions were based on bacterial adsorp-
manner that was not always as important as the presence ofion in solutions of different ionic strength, however, and
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not on different surfaces at a single ionic strength. We ob- [14] J.N. Ryan, M. Elimelech, R.A. Ard, R.W. Harvey, P.R. Johnson,

served a much greater correlation of adhesion with surface
energy (based on three liquid contact angles) than surface{
charge for the different surfaces at a fixed ionic strength.

Environ. Sci. Technol. 33 (1999) 63.

15] W.P. Johnson, B.E. Logan, Water Res. 30 (1996) 923.

16] Y. Sakagami, H. Yokoyama, H. Nishimura, Y. Ose, T. Tashima, Appl.
Environ. Microbiol. 55 (1989) 2036.

It must be recognized that a decrease in the ionic strength[17] E. Kiss, J. Samu, A. Toth, I. Bertoti, Langmuir 12 (1996) 1651.
not only decreases surface charge, but it also changes th¢l8] S.F. Simoni, T.P. Bosma, H. Harms, A.B. Zehnder, Environ. Sci.

lengths and conformations of polymers on a bacterial sur-
face [34]. When the ionic strength was increased from 1

Technol. 6 (2000) 1011.
[19] D. Kiaie, A.S. Hifman, T.A. Horbett, K.R. Lew, J. Biomed. Mater.
Res. 29 (1995) 729.

to 100mM, the zeta potential changed by a factor of 0.3 [5q; k. shellenberger, B.E. Logan, Environ. Sci. Technol. 36 (2002) 184.

(1/3.33) to 0.5 (1/2), or an average of a factor of 040

0.16. This change was well correlated to the change in

adhesion by a factor of 2.8 0.6 between the two ionic
strengths. Therefore, it is clear that solution ionic strengt

[21] T.L. Kurl, D.E. Leckband, D.D. Lasic, J.N. Israelachvili, Biophys.
J. 66 (1994) 1479.
[22] S. Abarzua, S. Jacubowski, Mar. Ecol. Prog. Ser. 123 (1995) 301.

h [23] H.C. Van der Mei, B. Van de Belt-Grittee, H.J. Busscher, Colloids

Surf. B: Biointerfaces 5 (1995) 11.

played a role in bacterial adhesion. However, the overall [24] G. Smit, M.H. Straver, B.J. Lugtenberg, J.W. Kijne, Appl. Environ.

change in adhesion produced by ionic strength (a factor of

2.0) is smaller than differences by a factor of 42gerug-
inosa sp. PDO300) and 9.8 coli D21) observed between
two surfaces (Si-m and E®3). Thus, while ionic strength

appears to correlate well with electrostatic charge for any

Microbiol. 58 (1992) 3709.

[25] C.H. Bolster, A.L. Mills, G.M. Hornberger, J.S. Herman, J. Contam.
Hydrol. 50 (2001) 287.

[26] T.A. Camesano, B.E. Logan, Environ. Sci. Technol. 32 (1998) 1699.

[27] M.C.M. van Loosdrecht, W. Norder, J. Lyklema, A.J. Zehnder, Aquat.
Sci. 51 (1990) 103.

specific bacterium-surface condition, surface energy was aj2g] b.R. Absolom, F.V. Lamberti, A. Policova, W. Zingg, C.J. Van Oss,

much better predictor of adhesion to different surfaces.
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