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Adherence of Pseudomonas aeruginosa to inanimate polymers
including biomaterials
JH Stone!?, MM Gabriel* and DG Ahearn?

1Department of Biology, Georgia State University, Atlanta, Georgia 30302—-4010, USA

Cells of Pseudomonas aeruginosa were adhered to polymethyl methacrylate, polyvinyl acetate, polyvinyl chloride,
polyhydroxyethyl methacrylate, mixed-acrylic, silicone, and natural latex materials. Planktonic bacteria and bacteria

that adhered to the test materials were compared for their uptake of either L-[3,4,5-3H] leucine or [ methyl -*H] thymid-
ine during growth in a minimal medium. Leucine incorporation was reduced and thymidine uptake was negligible

in adherent bacteria for up to 8 h following primary attachment by which time cells in the planktonic state showed

active uptake of both substrates. These reduced uptake periods correlated with lag phases of growth of adherent

cells as determined with a sonication-release plate count procedure and analyses of adenosine triphosphate (ATP).

The extent of the lag phase of the adherent populations was dependent on initial densities of adhered cells and the

nature of the substratum.
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Introduction [13,21,22,27]. Additionally, the strain has been used in
determining the relative efficacy of antimicrobials including

Bacteriain vivo colonize a variety of medical devices bound inhibitors [19,24]. In this report, we examine factors
including contact lenses, intraocular lenses, mtrauterlneffectin in vitro brimary adherence and subsequent
devices, and various types of catheters and stents (ie, urg— 9 P y 9

nary, peripheral, central venous). These colonizations ofte ccumulation oP. aeruginosaNo. 3 on inanimate surfaces.
result in device-related infections that are an increasing
cause of hospital and community morbidity and mortality Materials and methods
[14,15,23]. Bacteria on the devices are frequently found in L . .
secreted slime matrices that are often difficult to penetratgggsaagﬁgnaaldg%’éﬁgﬁgﬁe g f gagll}‘errq?-forming isolate
with antimicrobial agents [1,6,16]. Organisms residing in o .
. ; . recovered from a corneal ulcer [20] and shown previously

these secreted slime layers are typically more resistant . .

S . . PR .10 adhere readily to contact lenses [21] and urinary cath-
antimicrobial agents than bacteria existing in the planktonic ; o : 0
state [2,17,18,20,26]. Whether the enhanced resistance (g ers [13], is maintained in the lyophilized stock culture

primarily due to protection conferred by the secreted glyco- e"ricynoaﬂn?at\ir?e%lotrﬂatrsﬁée S(L)ane;s;lt%/_l._SVXor[I)(;fn cgo iﬂg%rgs_
calyx or to lower growth rates which have been observe yp y ag '

for biofilm bacteria, is not clear [5,8,30]. The possibility sourtlaec:su,ItEreetgorl;[{ omlﬁl U%?i)o rstlgrgi \(,evr?rrneers]:gtriicriw agg%g?mt
also exists that the formation of a resistant biofilm matrix Y- P ! Y

may be consequential to an initial change in the bacteri iImeeadcrflorCl;Itlérgﬁ(r:eggl\(/) ire(;l fggnéy?grhggﬁt'%?ib\%?s va?r?
cell metabolism following the adhesion process and prior t he specieg with the yA3|/3p| 20E  and VFi)tek systems
formation of a protective slime layer, ie :substratum—induce%biowIerieux Vitek, Inc, Hazelwood, MO, USA) Y
changes in newly adhered cells caused by activation of spe- U ' ' '

cific genes [7,9]. Therefore, the attachment of micro-

organisms to surfaces may influence expression of genes,. : .
involved in resistance to antimicrobial agents and to othe llicone (SI) was obtained from sterile Foley catheters that

phenomena (eg surface growth and accumulation kinetics:ﬁ/ere sectioned aseptically above the balloon and below the

.~.distal end into 5-mm lengths. The natural latex (LA
Egaltlaffze]ct subsequent development of a mature bIOfIIn%amples were 9-mm diamgter grommets used for ca(lthe)ter
In our laboratoriesPseudomonas aerugino$éo. 3 has sampling ports. The samples of mixed-acrylic ‘(ethyl-

. ethyl, MA), polymethyl methacrylate (PMMA), and
'b?en en|1plo|yed for e\(aluanonﬂ(])ftsurfac%s (tcontta)cgc Ier;ﬁe ydrated polyhydroxyethyl methacrylate (polyHEMA, 58%
intraocular lenses, urinary catheters and stents) for the . I ’

) . . “water, w/w) materials were entire intraocular lenses and
relative resistance to primary adherence by baCte”%ontact lenses. The polyvinyl acetate (PVA) and polyvinyl
chloride (PVC) surfaces (10 nfcoupons) were industrial
‘ _ ‘grade materials. All surfaces except the polyHEMA hydro-
CO"?SPZ”Ide”CEéDG Ah%%fgézf’igigmjgx’f Biology, Georgia State Unige| were hydrophobic. None of the test materials possessed
versny, tlanta, eorglia - y . . .
2Present address: Whitehall-Robins, 1211 Sherwood Avenue, Richmond?,ln a.ntlmlcrOblal sqrface coating. Catheter and .Iens
VA 23220, USA materials were sterile and were processed aseptically.
Received 2 December 1998; Accepted 25 April 1999 Industrial grade materials were rinsed with 70% ethanol.
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All materials were handled with powder-free sterile gloves.and as dpm mnt and dpm mi? for sessile and planktonic
Hydrogel contact lenses were handled with Teflon-coatedbacteria, respectively, for the other time periods.
forceps.

Thymidine uptake
Primary adherence Methyl thymidine uptake by cells oP. aeruginosawas
The relative adherences d?. aeruginosato the test determined with a modification of the methods of Davies
materials were determined with modifications of the pro-and McFeters [10]. Test materials were placed into minimal
cedures of Sawargt al [27] and Gabrielet al [13]. Cells ~Media supplemented withdCi mI™* of [methyl-"H] thymi-
were grown overnight (18 h) at 3C in tryptic soy broth ~ dine (NEN Research Products) with a specific activity of
(TSB, Difco) on a rotary shaker (150 rpm). The cells were8.70 Ci mM™. The materials were incubated at°87on a
harvested in a centrifuge at 508@ for 10 min and washed rotary shaker for the indicated time intervals up to 12 h.
twice with 0.9% saline and adjusted to a density of abouEVery 2 h, representative samples were removed from the
10 cells mi* in phosphate-buffered saline (PBS; g_ogbroth, rinsed, anq tra_n;ferred to scmt|llat|pn cocktail and
NaCl, 0.2 g KCI, 1.44 g NHPO, and 0.24 g KHPO, per  evaluated for radioactivity. In both the leucine and thymid-
liter of deionized water; pH 7.4). In general, test items werelN€ uptake assays, uninoculated test materials were incu-
introduced into 3 ml of the cell suspension in sterile 20-m|Pated with the radiolabeled substrates and results were
glass scintillation vials which were incubated for 2 h at@djusted for non-metabolic adsorption of the leucine or thy-
37°C. The materials were removed aseptically and rinsednidine.
five times in each of three successive volumes (200 ml) of ) ]
PBS. Samples of each material were transferred separatefjjoluminescence (ATP extraction) .
to vials containing 3 ml of minimal broth (7.0 g,KPO,, est materials with adhered bacteria were rinsed and trans-
20g KHPO, 1.0g (NH),SO, 0.1g MgSQ, 0.5g ferred. to wells of a 24—wel|_ polystyrene culture .pl.ate
sodium citrate, and 1.0 g-glucose in 1L of deionized (Corning Glass Works, Corning, NY, USA) containing
water). Materials were incubated at°87for the indicated 0-5ml of PBS. A nonionic surfactant (0.5 ml Extractant-
sampling intervals prior to leucine and thymidine uptakeXM, Biotrace, Inc, Plainsboro, NJ, USA) was added (with

assays' ATP extraction’ or sonication-release. m|X|ng) to eaCh We” After 5 min, the p|ates were agitated
gently and 0.2 ml from each well was dispensed into lumin-

ometer cuvettes. A 0.1-ml volume of reconstituted lucifer-
ase-luciferin reagent (Enzyme-MLX, Biotrace) was added
) ) to each cuvette and the reaction mixture was analyzed in a
Prelabeled cells:  The cell suspensions in PBS were |yminometer (Uni-Lite X-cel, Biotrace). The relative light
incubated for 1 h at 3T in shaken cultures followed by ynjts (RLUS) or light output were converted to cell numbers
the addition of 0.05% volume df[3,4,5°H] leucine (NEN  \yith a calibration curve derived from actual cell numbers

Research Products, DuPont Company, Wilmington, DEgnq adjusted for any nonspecific luminescence generated
USA) and then were incubated for an additional 20 min.py yninoculated substrata.

These cells were washed four times in PBS and adjusted
to 1C° cells mI* in PBS or minimal broth. Test items were gppjcation-release

incubated in 3 ml of radiolabeled cell suspension for 2 h,Test materials with associated bacteria were removed from
rinsed (immersed five times in each of these successivge vials after 0, 6, 16 and 24 h and rinsed in three success-
changes of saline, 200 ml) and then placed into 10 ml ofye changes of PBS. Then each sample was placed in a
Opti-Flour cocktail (Packard Instrument Co, Downersgeparate sterile vial with 1 ml of PBS and sonicated for
Grove, IL, USA) in scintillation vials. Vials were mixed 1 min at 75 kHz in an ultrasonic bath (Branson Ultrasonics
with a vortex mixer and radioactivity was measured in acorp, Danbury, CT, USA) filled to a 1-cm depth with
liquid scintillation counter (LS-7500 Beckman Inst, Fuller- gejonized water. The vials were vortexed and adhered bac-
ton, CA, USA). teria released from test samples were enumerated on TSA
spread plates incubated for 24 h at°@7 Data were
Postlabeled cells: The uptake of leucine by adhered expressed as CFU minfor all test surfaces.
cells from minimal medium was determined at 4, 8, 12, 16
and 24 h. Test materials with adhered bacteria were transStatistical analyses
ferred after the rinsing step to vials containing fresh mini-All tests for sonication-release, leucine uptake, thymidine
mal medium supplemented withZCi mI~ of 1-[3,4,5°H] uptake, and analysis of ATP were conducted in sets of five
leucine. These samples were incubated for 30 min &€ 37 for each type of substratum at a given sampling interval.
on a rotary shaker. Following the radiolabeling step, theMost experiments were performed at least in duplicate.
materials were rinsed as per the prelabeled cells and eadbata from each test group were plotted linearly and com-
sample was placed into 10 ml of Opti-Fluor cocktail and pared statistically (Sigma Plot for Windows Version 4.00,
radioactivity was determined as described above. Plankandel Scientific, Sausalito, CA, USAR < 0.05).
tonic cells from the minimal broth were run in parallel for
their leucine uptake and dilutions of the inocula in each esults
experiment were radiolabeled with leucine and enumerateéR
on tryptic soy agar (TSA, Difco). Data were reported asThe growth rate of planktonic cells d?. aeruginosain
colony forming units mn? for the 2-h incubation period minimal broth (0.46") exceeded the rates of accumulation

Leucine uptake
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of adhered irreversibly bound cells on the MA (06 1190 o s

PMMA (0.26™), and SI (0.27") materials suspended in the 1000 |
medium (Figure 1). Adhered cell numbers at 2 h differed
for the various surfaces and showed only slight increases
on all surfaces for 6-8 h, by which time cells in the plank-
tonic state were in the logarithmic phase of growth. At the
2—4 h intervals, the numbers of cells adhering from minimal
medium and PBS to a given substratum were similar and
exceeded those adhering from TSB (data not shown). There
was a trend for fewer cells to be released by sonication <
from MA than from the other surfaces. Numbers of adhered 400
cells were essentially constant after 15 min to 4-6 h even ago -
when the rinsing procedure was repeated (six volumes).

Scanning electron microscopic observations showed a few W s 2 18 2o

cells (estimated at 10-100 cells minremaining on all Time (h)

substrata after the rinsing or rinsing-sonication procedure

(data not shown). Figure 2 Uptake of tritiated-leucine by cells d?. aeruginosaadhered

; ; ; on MA (@), PMMA (m), Sl (A), and LA (O) vs planktonic cells [0).

a dﬁgrrgga{gds\lilvl’llsgcggll?pgrtitglia?ltmll_(fnal; dStT\l/‘I:Z,) tZEOS\Iee”dSZifg%%TeS in all non-overlapping data points were signifiaarst 5 (P
reduced to negligible capacity fdrleucine uptake during
the first 8 h after contact with the surface (Figure 2). These
data correlated in general with the increase in cell numbers
with time that were released from the surfaces by sonic-
ation. In separate agar diffusion tests of all materials, zones 300
of inhibition were present only with some of the LA
samples. It is assumed that soluble inhibitors accounted for
the depression of leucine uptake by cells on the latex. Thy-
midine uptake by planktonic cells was immediate, appreci-
able, and tracked the growth curve for 2—4 h, whereas thy-
midine uptake by adhered cells was depressed during the
first 6-8 h after attachment (Figure 3). The uptake of thymi-
dine by cells adhered to PVA and PVC occurred earlier
than with cells adhered to LA and SI.

Accumulation of irreversibly-bound cells on three differ- 100
ent materials was measured as total ATP extracted from
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107 Figure 3 Uptake of ®H-methyl thymidine byP. aeruginosaadhered to
= Sl (A), LA (O), PVA (), and PVC ©). Differences in all non-overlap-
g 108 ping data points were significant= 5 (P < 0.05).
= &
=)
g
TS 108 . . . .
g5 the adhered cells and expressed in relative light units
= 10¢ (RLUSs) (Figure 4). The ATP content of cells adhered to

SI, from an inoculum of % 1(° cells was almost 100-fold
higher than from cells on MA and PMMA. The ATP con-
tent from cells on MA and PMMA initially decreased with
time but then increased at a higher rate than for cells on
silicone. The relative adherence of cells to MA and PMMA

108

102

10° 1 L ! ! ' L for 4 h and longer, as indicated by ATP content, appeared
0 4 8 12 16 20 24 inverse to that indicated by the uptake of leucine and thymi-
Time (h) dine. The MA samples, however, for ATP analysis differed

from those used in the radiolabel studies in that the latter
Figure 1 Densities of cells ofP. aeruginosaadhered to hydrophobic had been disinfected with J8,. We have not investigated
polymers: mixed acrylic (MA@®); polymethyl methacrylate (PMMAm) . . .
and silicone (SIA) from minimal mediunvscell densities in the minimal this aspect fl“.lr.ther' When different dens.mes_ of (?e”S were
medium (MM, ). Differences in all non-overlapping data points were adhered to silicone, the ATP content with time increased

significantn = 5 (P < 0.05). at a lower rate with the higher inoculum (Figure 5). This
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e 107 type of polymer and with the density of cells in the plank-

tonic state. The rate of accumulation of irreversibly bound
108 |- cells on a given surface tended to be lower with the higher
inocula. In our studies, surface areas of about 160-466 mm
of selected polymers with relatively smooth surfaces

10° - (determined by scanning electron microscopy, data not
2 shown) were exposed from>310° to 3 x 1P total cells in
S 10t | PBS or MM. Maximal primary adherence after 2 h was
= about 1x 1° cells mm? found for SI, PVA and PVC. At
-_%" these concentrations the cells were not coalesced into a
o 1 F biofilm although sparse clumps of cells were present. Usu-
k= ally there was at least one log fewer cells adhering to
E 102 | polyHEMA compared to the hydrophobic surfaces.

During the first 6-8 h, a reduced or negligible uptake of
thymidine and leucine by adhered cells Bf aeruginosa

10 - No. 3 suggested that primary adherence to the solid sur-
faces induced an extended lag phase compared to the lag
100 L ! ' L L L L phase for cells in the plankton. Decreased metabolic
-2 o 2 4 8 8 10 12 14 activity following primary adherence was indicated further
Time (h) by an essentially constant ATP level prior to an increase

in the number of irreversibly bound cells. Bright and
Figure 4 ATP content expressed as relative light units (RLUPokeru- Fletcher [4] gave evidence that supported the existence of
%Bgfnzogié(;g;nﬂAv\f‘;g’ gggif'iac'\gmf é-zhi'ﬁg_rgg)c_es nallnon-over 4 direct substratum influence on the assimilation of amino
acids in a mariné®>seudomonasp. Cells adhered to poly-
5 tetrafluoroethylene demonstrated highér., values than
free-living cells when leucine was the substrate. The den-
sities of adherent cells of Gram-negative bacteria
10“ R (Pseudomonas, VibriaandPhotobacteriunspp) also have
a—Aa been related to a quorum-sensing effect [28]. This probable
quorum effect was supported further by Davedsal [11]
& who reported that a strain &f. aeruginosahat lacked the
1_\.7 ability to produce an acylated homoserine lactone failed to

10

3 A/
10 F ‘/
10° A/‘/ /

1 -

ay

produce a mature biofilm with mounded coloniPs.aeru-
o ginosa No. 3 in minimal medium produced a mature
biofilm within 48-120 h dependent upon the substratum.
Our data for the first few h of cell contact with inanimate
10 % e /+ surfaces indicate a lag period in accumulation of firmly
g% * adhered cells that varied, in part, upon the initial adherent
0 A/A " /+ cell densities and the nature of the substratum. A differen-
107 F — tial effect on metabolic activity by substrata of essentially
identical hydrophobicities (Figure 3, PVA and Sl with bub-
10" \ . , . X . ble contact angles>10(°) has not been reported for non-
2 0 2 4 6 8 0 12 antimicrobial surfaces. Whether the end of the lag periods
was associated with synthesis of homoserine lactone is
Time (h) not known.
Figure 5 Increase with time in ATP content d¢f. aeruginosaadhered SUbStrat_um characteristics such _as S_urface charge and
to Si (A, 10° cells nT%; A, 107 cells mI) and polyHEMA &, 10 cells ~ hydrophobicity as well as the physiological properties of
mi=%; *,107 cells mf™) from varying initial cell densities in MM. Differ-  the strain are known to affect the extent of irreversible pri-
ences in all non-overlapping data points were significemt (P < 0.05). mary adherence of strains Bf aeruginosao biomaterials
[20,23]. Adsorption of macromolecules onto substrata may
phenomenon was not evident with cells adhered talso influence the amount of bacterial adherence [22,25].
polyHEMA but differences in degrees of adherence to subAttachment to solid surfaces has been reported to immedi-
strata of varied hydrophobicity were again evident and sigately upregulate alginate synthesis in a straifPoferugi-
nificant. The bubble contact angle of pure water onnosal[9], therefore strengthening cell-substratum binding.
polyHEMA was zero, whereas the contact angle on the siliRecently, Tang and Cooney [29] reported that biofilms of
cone was greater than 100 P. aeruginosaPA 0-1 on non-coated stainless steel con-
tained a greater proportion of viable cells than biofilms on
aluminum or fiberglass. Moreover, antimicrobial paints
were more effective at inhibiting early stage biofilm devel-
The degree of primary adherence Bf aeruginosaNo. 3  opment 6 days) on aluminum than on the other two sub-
from PBS or MM to various biopolymers varied with the strata coated with the same two paints. The data indicated a

Relative Light Units / mm?

Discussion
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substratum effect on adherence although biofilm formation expression byrseudomonas aeruginasappl Environ Microbiol 59: e

eventually appeared equivalent on all painted and unpainteg) 1181-1186.

Davies DG and GA McFeters. 1988. Growth and comparative physi-
surfaces. The substratum also showed an effect on the' 54y of Kiebsiella oxytocaMicrob Ecol 15: 165-175.

adherence oP. aeruginosaNo. 3 although eventual attain- 11 Dpavies DG, MR Parsek, JP Pearson, BH Iglewski, JW Costerton and
ment of equivalent adhered numbers on the different sub- EP Greenberg. 1998. The involvement of cell-to-cell signals in the
strata (although implied) was not demonstrated. development of a bacterial biofilm. Science 280: 295-298.

Biomaterials that demonstrate low primary adherencelz Ili:nog;ei/ol' a3r;d1|_3346(|slbert. 1996. Antibiotic resistance of biofilms. Biofou-

may be significant forin vivo usage. Reduced primary 13 Gabriel MM, AD Sawant, RB Simmons and DG Ahearn. 1995. Effects
adherence and prolonged lag phases could permit more of silver on adherence of bacteria to urinary catheters. In vitro studies.

effective immune responses. This suggests that the adminis- Curr Microbiol 30: 17-22.

tration of antibiotics in device implantation procedures 14 Goldmann DA and GB Pier. 1993. Pathogenesis of intravascular cath-
. . . eterization. Clin Microbiol Rev 6: 176-192.
immediately after surgery may be of lesser value than theifs knardori N and ML Yassien. 1995. Biofilms in device-related infec-

administration preoperatively or postoperatively (ie after tions. J Ind Microbiol 15: 141-147.
several hours). These speculations are worthy of considef6 Kumon HK, K Tomochika T Matunaga, M Ogawa and H Ohmori.
ation in the implantation of certain high risk devices. 1994. A sandwich cup method for the penetration assay of antimicro-

. . . . . . . bial agents throughPseudomonas aeruginosexopolysaccharides.
Considerable interspecies and intraspecies strain vari- .. o e 615-619.

ation has b?en fpund among varioys bacteria and for straing |echevallier MW, CD Cawthon and RG Lee. 1988. Factors promoting
of P. aeruginosan adherence studies [6,9,28]. Our current  survival of bacteria in chlorinated water supplies. Appl Environ
work involves a single strain oP. aeruginosathat was Microbiol 54: 649-654.

; i~did8 Marrie TJ and JW Costerton. 1981. Prolonged survivaBefratia
selected from 15 strains that showed lesser and more mdlé marcescenin chlorhexidine. Appl Environ Microbiol 42: 1093-1102.

crim_inate adhere_nce. Whether our _observations with gq May LL, MM Gabriel, RB Simmons, LA Wilson and DG Ahearn.
strain of P. aeruginosaapply to the primary adherence to  1995. Resistance of adhered bacteria to rigid gas permeable contact
biomaterials by strains of other species has yet to be estab- lens solutions. CLAO J 21: 242-246.
lished. 20 Mayo MS, WL Cook, RL Schlitzer, MA Ward, LA Wilson and DG
Ahearn. 1986. Antibiograms, serotypes, and plasmid profiles of
Pseudomonas aeruginosessociated with corneal ulcers and contact
lens wear. J Clin Microbiol 24: 372-376.
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