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Microorganisms develop biofilms on indwelling medical devices and are associated with device-related
infections, resulting in substantial morbidity and mortality. This study investigated the effect of pretreating
hydrogel-coated catheters with Pseudomonas aeruginosa bacteriophages on biofilm formation by P. aeruginosa
in an in vitro model. Hydrogel-coated catheters were exposed to a 10 log,, PFU ml~" lysate of P. aeruginosa
phage M4 for 2 h at 37°C prior to bacterial inoculation. The mean viable biofilm count on untreated catheters
was 6.87 log,, CFU cm™? after 24 h. The pretreatment of catheters with phage reduced this value to 4.03 log,,
CFU ecm™2 (P < 0.001). Phage treatment immediately following bacterial inoculation also reduced biofilm
viable counts (4.37 log,, CFU cm™2 reduction; P < 0.001). The regrowth of biofilms on phage-treated catheters
occurred between 24 and 48 h, but supplemental treatment with phage at 24 h significantly reduced biofilm
regrowth (P < 0.001). Biofilm isolates resistant to phage M4 were recovered from catheters pretreated with
phage. The phage susceptibility profiles of these isolates were used to guide the development of a five-phage
cocktail from a larger library of P. aeruginosa phages. The pretreatment of catheters with this cocktail reduced
the 48-h mean biofilm cell density by 99.9% (from 7.13 to 4.13 log,, CFU cm~2; P < 0.001), but fewer biofilm
isolates were resistant to these phages. These results suggest the potential of applying phages, especially phage
cocktails, to the surfaces of indwelling medical devices for mitigating biofilm formation by clinically relevant

bacteria.

Indwelling medical devices of various kinds may become
colonized with microorganisms, resulting in the formation of
microbial biofilms (16). Biofilm-associated organisms are tol-
erant to antimicrobial agents, can evade the host immune sys-
tem, and can act as a nidus for infection (16). As a result,
device-related infections, such as catheter-associated blood-
stream infections, cause substantial morbidity and mortality
among specific patient populations (9). Attributable mortality
rates for healthcare-associated bloodstream infections have
been estimated to be 25% (44).

A number of novel strategies have been proposed to more
effectively prevent and control device-associated biofilms, ei-
ther by minimizing microbial attachment to device surfaces or
by targeting the biofilm after it has developed. One such strat-
egy is to use bacteriophages (phages) (17). Phages have been
used for the treatment of infectious diseases in plants (26),
animals (6), and humans (33, 39, 43). The use of phages to
control biofilms has potential for several reasons. Phages can
replicate at the site of an infection, thereby increasing in num-
bers where they are most required. During the lytic replication
cycle, the infection of a bacterial host cell by a single phage
virion will result in the production of dozens or hundreds of
progeny phage, depending on the particular phage and host
strains. Some phages also have been shown to produce en-
zymes that degrade the extracellular polymeric substance
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(EPS) matrix of a biofilm (23, 25). Doolittle et al. (19) showed
that progeny phage will propagate radially through a biofilm.
At least in theory, a single phage dose should be capable of
treating a biofilm infection as progeny phage infect adjacent
cells and degrade the biofilm matrix.

Curtin and Donlan (13) demonstrated that a phage that is
active against Staphylococcus epidermidis could be incorpo-
rated into a hydrogel coating on a catheter and significantly
reduce biofilm formation by this organism in an in vitro model
system. Based on those studies with S. epidermidis, we have
investigated whether phages specific for Pseudomonas aerugi-
nosa also can reduce biofilm formation by this organism in a
similar in vitro model. Catheters were treated with a single
phage or a combination of phages prior to, immediately fol-
lowing, or 24 h after inoculation with the test P. aeruginosa
culture, and the effects of the phage treatments on biofilm
formation and maintenance were characterized.

(Portions of this paper were presented as poster no. A-011 at
the 2007 American Society for Microbiology General Meeting
in Toronto, Canada [20a].)

MATERIALS AND METHODS

Organisms and culture conditions. P. aeruginosa M4 (Health Protection
Agency, Colindale, United Kingdom) was selected as the biofilm-forming organ-
ism in this study. Stocks were maintained at —80°C and propagated on Trypticase
soy agar (TSA) plates at 37°C unless otherwise indicated.

P. aeruginosa phage M4 (Health Protection Agency, Colindale, United King-
dom) was used for the first round of phage treatment experiments. Phage M4
(35) is a member of the family Myoviridae (1). By using a single-step growth curve
(21), this phage was shown to exhibit a latent period (the time from initial
infection to lysis) of approximately 35 min and a burst size (number of progeny
phage per infected cell) of 95 to 100. Phage M4 stocks were maintained as
lyophilized preparations that were stored at 4°C.

Environmental phages were incorporated into the phage cocktail that was used
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for the second round of biofilm treatment experiments. These phages were
isolated from the Snapfinger Creek Wastewater Treatment Plant in Dekalb
County, GA. Untreated sewage samples were allowed to settle overnight at 4°C
and centrifuged at 9,000 X g for 20 min, after which the supernatant was filter
sterilized (0.22-pm pore size; Millipore, Billerica, MA). Twenty milliliters of 2X
tryptic soy broth (TSB), 20 ml of the filtered sewage, and 0.4 ml of a log-phase
TSB broth culture of one of seven clinical or laboratory strains of P. aeruginosa
were combined and incubated at 37°C overnight at 100 rpm in a shaker incuba-
tor. Samples that were cleared (indicative of the phage lysis of the bacterial
culture) were centrifuged at 4,000 X g for 30 min, filter sterilized (0.22 pm), and
stored at 4°C. The titer of the crude phage lysate was determined by plaque assay
using the soft-agar overlay method on TSA (2). Ten phage isolates were recov-
ered and used for host susceptibility testing and phage cocktail preparation.

Three of the Colindale Pseudomonas typing phages, M6, F8, and Coll1 (35)
(Health Protection Agency, Colindale, United Kingdom), also were used for
susceptibility testing.

Phages were propagated using the soft-agar overlay method (2). Larger vol-
umes of high-titer phage lysates were prepared as described by Adams (2) using
P. aeruginosa M4 as the host strain in TSB (Difco, Becton Dickinson, Sparks,
MD) amended with 3 mM MgCl, (added as MgCl, + 6H,0) and 4 mM CaCl,
(added as CaCl, - 2H,0). Briefly, 1 ml of an overnight culture of P. aeruginosa
M4 (grown at 37°C) was added to 49 ml of TSB containing supplemental MgCl,
and CaCl,, and the culture was incubated at 37°C with shaking at 250 rpm. When
the optical density at 550 nm was approximately 0.3 (approximately 10° CFU/ml)
using a Microscan turbidity meter (Dade Behring, West Sacramento, CA), M4
phage was added to a final concentration of 10° PFU ml~'. The culture was
allowed to stand for 15 min at room temperature and then incubated for 18 h at
37°C with shaking at 100 rpm. Host cell debris was pelleted by centrifugation
(4,100 X g for 35 min), and the supernatant containing phage was filter sterilized
(0.22-pm pore size; Millipore, Billerica, MA) and stored at 4°C. The titer of the
crude phage lysate was determined using the soft-agar overlay method on
TSA (2).

In vitro model system for growing biofilms on hydrogel-coated catheters.
Biofilms were grown on Lubri-sil all-silicone 16 French Foley catheters (C. R.
Bard, Covington, GA) in a modified drip flow reactor (mDFR) (Biosurface
Technologies, Bozeman, MT). These catheters contained a neutral hydrogel
coating on external and luminal surfaces. The mDFR has four chambers, each
with a sealing lid. The original device was modified to allow the connection of
catheter segments to the influent and effluent ports within the device. Following
sterilization by ethylene oxide gas, the catheters in the mDFR each were con-
nected by means of silicone tubing to glass vessels containing (i) phage lysate, (ii)
bacterial inoculum, (iii) sterile medium, and (iv) an empty waste container. The
entire system was assembled and operated in a 35°C incubator.

For experiments examining biofilm formation on non-phage-treated catheters,
an overnight culture of P. aeruginosa M4 in 100% TSB was pumped through the
catheters at 1 ml min~" for 2 h using a Masterflex pump (Cole Parmer, Niles, IL)
to allow the organisms to attach to the catheter surface. This was followed
immediately by pumping sterile 10% (vol/vol) TSB through the catheters at 0.5
ml min~! for an additional 22 or 46 h depending upon the experimental design
used. The mean concentration of the bacterial inoculum ranged from 10° to 10°
CFU ml ™! during the 2-h inoculation period.

Phage treatment of the catheter surfaces. Three types of phage treatments
were used: pretreatment, posttreatment, and recharge treatment. Phage pre-
treatment and posttreatment involved exposing the catheter lumen to a phage
lysate for a defined period of time. In both cases, a crude phage lysate (prepared
as described above) with a titer of 1.0 X 10'° to 2.2 X 10'° PFU ml ! was used.
For pretreatment experiments, the phage lysate was pumped through the cath-
eter segments for 2 h at 1 ml min~! prior to exposure to the bacterial inoculum
for 2 h, followed by sterile medium for either 22 or 46 h. For posttreatment
experiments, catheters were exposed first to bacterial inoculum for 2 h, phage for
2 h, and then sterile medium for 22 or 46 h. For recharge experiments, catheters
were pretreated with phage for 2 h, exposed to bacterial inoculum for 2 h,
exposed to sterile medium for 22 h, and treated again with phage by pumping the
high-titer phage lysate through the catheters for 2 h and then sterile medium for
an additional 22 h.

Two rounds of phage treatment experiments were conducted. In the first
round, pretreatment, posttreatment, and recharge experiments were conducted
using phage M4. In the second round, pretreatment experiments were conducted
using a phage cocktail that consisted of equal numbers of each of M4 phage
and four environmental phages (PE2005-24-39, ®E2005-40-16, DW2005-24-39,
and ®W2005-37-18-03) for a final cocktail titer of 7.0 X 10° PFU ml~'. The
phages in this cocktail were selected based on the phage susceptibility profiles of
biofilm isolates recovered from the first round of phage treatment experiments.
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Two sets of control experiments also were conducted. Catheters were exposed
for 2 h to heat-inactivated M4 phage (80°C for 3 h) as a control pretreatment.
Also, a conditioning serum film was simulated on the catheter lumen to assess its
effect on biofilm formation and phage M4 efficacy. Filter-sterilized whole human
serum (complement inactivated at 56°C for 30 min) was instilled into the lumen
of phage-pretreated catheter segments in the mDFR and incubated for 2 h at
35°C (13). The experiment continued with the 2-h bacterial inoculation and 22-h
sterile medium incubation periods. The catheter segments were sampled and
processed to assess biofilm development, and results were compared to results
for untreated catheters not exposed to serum.

Recovery and enumeration of biofilm organisms. Catheters were removed
from individual chambers of the mDFR at different time points following bac-
terial inoculation. In the case of untreated and pretreated catheters, catheter
samples were collected after 2, 6, 24, and, in some experiments, 48 h after
bacterial inoculation. For posttreatment catheters, samples were collected 4, 6,
24, and 48 h after bacterial inoculation. It was not possible to collect 2-h samples
from these systems, since phage posttreatment immediately followed bacterial
inoculation.

The ends of the catheter segments were clamped shut with hemostats and cut
from the mDFR fittings. All processing was conducted aseptically. Fluid from the
catheter lumen was collected to quantify phage in the luminal fluid by the
soft-agar overlay method. The catheter was cut into two 1-cm sections. Each
section then was cut lengthwise, rinsed gently in phosphate-buffered saline
(PBS), and placed into a 50-ml sterile centrifuge tube containing 10 ml PBS.
Biofilm organisms were recovered from catheter segments using the following
method: tubes containing catheter sections were sonicated at 42 kHz in a water
bath sonicator (Branson 2510; Branson, Danbury, CT) for 10 min, vortexed for
30 s, sonicated again for 5 min, vortexed for 30 s, sonicated a third time for 30 s,
and then vortexed a final time for 30 s. This recovery method was similar to the
method described by Curtin and Donlan (13), which was shown to recover
essentially all viable biofilm cells from the catheter surface. The recovered
biofilm cells then were quantified by serial dilution spread plating on TSA, and
viable counts were determined and expressed as CFU cm 2 of the catheter
lumen surface. Organisms recovered from the biofilms were subcultured on TSA
and confirmed as P. aeruginosa by the Vitek Legacy GNI+ card (bioMerieux,
Durham, NC).

To determine the concentration of phage present on the catheter lumen
surface prior to exposure to the bacterial inoculum, a 1.2 X 10'° PFU ml ™! phage
M4 lysate in cation-supplemented TSB was pumped at 1 ml min~" through each
of four catheter sections contained in the mDFR for 2 h at 35°C. Catheter
sections were clamped and removed from the reactor and processed according to
the protocol used to recover biofilm cells, and the phage concentration was
determined by plaque assay.

Effect of catheter processing procedure on phage viability and assessment of
phage effect on P. aerug during pling procedure. The effect of the
processing method itself on phage viability was determined by adding 1 ml of a
5 X% 10" PFU ml~! M4 phage lysate to each of six 9.0-ml Butterfield buffer tubes,
exposing three of these tubes to the sonication and vortexing process de-
scribed above, and enumerating PFU in all six tubes using the soft-agar
overlay method (2).

To demonstrate that phage M4 was not causing the further lysis of P. aerugi-
nosa M4 during the biofilm-sampling procedure, a suspension equivalent to a 0.5
McFarland standard (1 X 10% CFU ml™") of P. aeruginosa M4 was prepared in
5 ml Butterfield buffer at 4°C. A 1-ml aliquot was removed for viable cell count
determination, and 1 ml of 10'° PFU ml~' phage M4 lysate was added to the
remaining 4-ml solution. The tube was subjected to the same biofilm removal
procedure as that used during mDFR experiments (i.e., sonication and vortex-
ing), followed by chilling on ice for 2 h (which was twice the length of time
required for sampling during the biofilm/phage experiments). The number of
viable cells then was determined by plate count. Counts of untreated and phage-
treated cell suspensions were compared. This experiment was performed in
triplicate.

Characterization of phage-resistant biofilm isolates. Several colonies of bio-
film organisms, representing different colony morphologies recovered from M4
phage-treated, cocktail-treated, and untreated catheters, were collected after 2,
24, and 48 h, subcultured, and characterized to assess resistance to phage M4. All
isolates were gram-negative rods and were oxidase positive, and they produced a
grape-like odor, pyoverdin, and a yellow-green pigment on Pseudomonas Agar F
(Difco Laboratories, Becton Dickinson Co., Sparks, MD), which is indicative of
P. aeruginosa (7). Isolates exhibiting atypical reactions were reconfirmed using
the Vitek GNI+ card. The susceptibility of each isolate from the first round of
phage treatment experiments to phage M4 was determined by the spot test (8)
and the soft-agar overlay method (2). To determine whether phage resistance
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was related to a stress response of the organism or a stable characteristic, isolates
were subcultured several times during 7 days in TSB and then tested again for
susceptibility to phage M4. The biofilm isolates recovered from phage cocktail-
treated catheters in the second round of experiments were tested for suscepti-
bility to each of the five phages in that cocktail using the spot test.

Phage-resistant isolates from both rounds of experiments were tested for their
ability to adsorb M4 phage using a modification of the methods of Hadas et al.
(22) and Karlson (27). Briefly, an overnight culture of each isolate was grown in
TSB to an optical density at 550 nm of 0.12 (approximately 3 X 10° CFU ml™'),
and 1 ml of this culture was combined with 0.1 ml of phage M4 (concentration,
3 X 10% PFU ml™') in a glass tube so that the proportion of phage to bacteria was
1:10 (multiplicity of infection [MOI] = 0.1). This tube was held in a 30°C water
bath for 4 min to provide time for phage to adsorb to the bacterial cells. An
aliquot then was immediately transferred to a tube of TSB containing five drops
of chloroform, which would have no effect on unattached phage particles but
would kill bacterial cells and prevent plaque formation by any phage particles
adsorbed to those cells. Unadsorbed phage were quantified by the soft-agar
overlay method, and the number of adsorbed phage was calculated as the dif-
ference between the initial phage count prior to the addition of bacteria and the
phage count after the 4-min adsorption period.

Additional characterization tests were conducted on the biofilm isolates re-
covered from catheters treated with the phage cocktail. Certain isolates were
exposed to 50 pg/ml mitomycin C (Roche Applied Science, Indianapolis, IN) to
test for the presence of temperate phages (42). Isolates also were tested for the
presence of integrated Pf4 filamentous phages using PCR (32).

Relative growth rates for certain biofilm isolates were measured by inoculating
TSB with a log-phase culture, incubating it at 35°C at 100 rpm, and measuring
absorbance at 600 nm hourly for 6 h using a Hach DR 4000 spectrophotometer
(Hach Co., Loveland, CO).

Biofilm formation was assessed using a modified crystal violet assay (11, 34).
Briefly, microtiter plates were inoculated with an 18-h culture grown in 10%
TSB, incubated at 35°C for 10 h, and stained with an aqueous solution of 1%
(vol/vol) crystal violet and 3% (vol/vol) glacial acetic acid. After 15 min, plates
were washed several times with sterile water to remove excess stain. Biofilm
formation was quantified by the addition of 95% ethanol to each well (200 pl
each). The 45, of each tube containing the extracted crystal violet was measured
using a Hach DR 4000 spectrophotometer.

The stability of biofilm variant colony morphology was determined by subcul-
turing colonies in brain heart infusion broth through 10 serial transfers according
to the method of Haussler et al. (24). Reversion to the M4 parent colony
morphology was assessed by growth characteristics on Columbia blood agar.

SEM. Biofilm development on catheter lumen surfaces was visualized by
scanning electron microscopy (SEM). Catheter segments were rinsed gently in
sterile PBS and then fixed in 5% (vol/vol) glutaraldehyde in 0.67 M cacodylate
buffer (pH 6.2) for 1 h and dehydrated through a graded series of 10-min ethanol
immersions (30 to 100%). Specimens were immersed overnight in hexamethyl-
disilazane (Polysciences Inc., Warrington, PA), mounted on aluminum stubs with
silver paint (Ted Pella Inc., Redding, CA), coated with gold (Polaron SC7640
sputter coater; Thermo VG Scientific, United Kingdom), and photographed with
an ESEM (Philips XL-30; FEI Co., Hillsboro, OR). The entire luminal surface
of 1-cm™2 catheter segments was examined, and images were chosen that rep-
resented the typical field of view.

Statistical analysis. All experiments were performed a minimum of three
times. Bacterial and phage counts were log;, transformed, and differences in
microbial recovery were analyzed using two-tailed ¢ tests (Sigma Stat 3.5; Systat
Software Inc., San Jose, CA). P values of <0.05 were considered significant.

RESULTS

Effect of P. aeruginosa M4 phage treatment on biofilm for-
mation on catheter surfaces. Pretreatment of hydrogel cath-
eters with 10.07 log,, PFU ml~! P. aeruginosa phage M4 for
2 h at 1 ml min~" resulted in a mean concentration (n = 4)
of 6.16 log,, PFU cm™ 2 associated with the catheter luminal
surface. The method used to recover and quantify phages on
the catheter surface was shown to have no significant effect
on phage viability when treated and untreated phage lysates
were analyzed (P = 0.650). P. aeruginosa M4 attached to
untreated hydrogel-coated catheter surfaces and formed
biofilms, attaining mean cell densities of 6.87 log,, CFU
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FIG. 1. Effect of P. aeruginosa phage M4 pretreatment and post-
treatment of catheter surface on biofilm formation by P. aeruginosa
M4 during a 24-h exposure period. Closed circle, untreated; open
circle, pretreated; closed triangle, posttreated. Data are means *
standard deviations (n = 3).

cm 2 after 24 h of exposure in the catheter model system
(Fig. 1). The pretreatment of catheters with phage M4 sig-
nificantly reduced biofilm formation by P. aeruginosa M4 to
4.03 log,, CFU c¢cm~2 (P < 0.001) after 24 h, a >99.9%
reduction. The posttreatment of catheters with phage (i.e.,
phage treatment immediately following exposure to the bac-
terial inoculum) also significantly reduced biofilm formation
(4.37 log,, CFU cm 2 [P < 0.001]), although to a lesser
extent than pretreatment. When catheters were exposed in
the mDFR for an additional 24 h (see Fig. 3), biofilm levels
on treated catheters increased so that the treatment resulted
in overall reductions of less than 1 log,, CFU cm ™2 at 48 h,
even though this difference between treated and untreated
catheters still was statistically significant (P = 0.01 and
<0.001 for pretreated and posttreated catheters, respec-
tively). When pretreated catheters were treated a second
time with phage (recharged) at 24 h, biofilm cell densities
increased but still were significantly (P < 0.001) lower than
counts on untreated catheters (5.58 versus 7.13 mean log,,
CFU cm ™ 2% 97% reduction) or pretreated catheters that had
not been recharged (5.58 versus 6.44 log,, CFU cm ?) at
48 h. The observation that the recharge treatment of cath-
eters significantly reduced biofilm counts compared to cath-
eters that were not recharged suggested that some, but per-
haps not all, of the organisms in the biofilm still were
susceptible to phage M4 24 h after inoculation. Phage num-
bers in the luminal fluid in catheters exposed to P. aerugi-
nosa M4 attained 8.13 log,, PFU ml~* at 2 h, decreased to
6.95 log,, PFU mI~! at 6 h, and maintained similar levels
through 48 h.

Characterization of biofilm isolates from phage-treated
catheters. Eleven biofilm isolates from catheters treated with
M4 phage were collected and characterized. Although most
exhibited atypical colony morphology, shape, and pigment
production, no small-colony variants were observed. All
were identified as P. aeruginosa. All except one of the iso-
lates from the 2-, 24-, and 48-h samples were completely
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resistant to phage M4 upon initial testing. The single excep-
tion exhibited only partial resistance (growth of several col-
onies within the zone of clearing). All isolates lacked the
ability to adsorb phage M4, suggesting that these organisms
lacked receptors required for phage M4 attachment. All
isolates collected from the 2-, 24-, and 48-h time points
exhibited complete phage resistance after growth in TSB for
7 days. This suggested that these isolates exhibited stable
phenotypes and did not revert to the M4 parent phenotype.
Biofilm isolates collected from catheters that were not pre-
treated with phage also were morphologically diverse, al-
though all were completely susceptible to phage M4.

Effect of serum, heat inactivation of phages, and the sam-
pling procedure on biofilm formation. Subsequent exposure
to human serum following phage pretreatment did not sig-
nificantly affect the ability of the treatment to reduce at-
tachment and biofilm formation by P. aeruginosa M4; the
mean log,, CFU ¢cm™? reduction compared to results for
catheters that were not treated with phage or serum was 2.95
(P = 0.012) after 24 h. The pretreatment of catheters with
heat-inactivated phage had no observable effect on bacterial
attachment and biofilm formation by P. aeruginosa M4 after
24 h (P = 0.497) (data not shown). To ascertain that there
was no further phage lysis of P. aeruginosa cells during the
sampling procedure, viable bacterial counts were performed
on standardized cell suspensions of P. aeruginosa M4, both
before and after the suspensions were exposed to phage M4
and treated according to the normal biofilm-processing pro-
cedure. No difference in viable cell count was observed
(P > 0.05) (data not shown).

SEM. As shown in Fig. 2a, untreated catheters were heavily
colonized after 24 h of exposure to P. aeruginosa M4. Exposure
to the phage pretreatment reduced biofilm cell densities to the
extent that even microcolonies or single cells in representative
fields were not visible (Fig. 2b).

Development and testing of phage cocktail. The 11 biofilm
isolates described above (designated biofilm variants) that
were recovered from the first round of phage M4-treated cath-
eters were tested for their susceptibility to M4, three Colindale
typing phages (M6, F8, and Coll1), and the 10 environmental
phages isolated in this study. The results are shown in Table 1.
Phage M4 was effective only against the P. aeruginosa M4
parent strain and 2 of the 11 variants. In contrast, several of the
other phages were broadly effective against the phage M4-
resistant biofilm variants. Therefore, phages ®E2005-24-39,
PE2005-40-16, PW2005-24-39, and PW2005-37-18-03 were
grown to a high titer and combined with phage M4 to formu-
late a phage cocktail, and this mixture was evaluated for its
ability to reduce P. aeruginosa biofilm formation and variant
regrowth.

In this second round of experiments, the phage cocktail
pretreatment reduced the mean log,, biofilm CFU c¢m ™2 from
7.13 (untreated catheters) to 4.13 (treated catheters) after 48 h
(P < 0.001), a 99.9% reduction (Fig. 3). The phage cocktail-
treated catheters also contained significantly lower final bio-
film counts than catheters that had been recharged at 24 h
(4.13 and 5.58 mean log,, CFU cm 2, respectively; P = 0.002).
This suggests that a combination of multiple phage strains
selected to target resistant bacterial strains within the bio-
film can broaden the host range of the phage treatment
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and more effectively control biofilm formation. However,
organisms did colonize phage cocktail-treated catheters and
develop biofilms. To determine the basis for this biofilm
regrowth in the presence of multiple phage types, represen-
tatives of each distinct colony type were collected from
biofilm plate counts from each of the three phage cocktail
pretreatment studies.

Characterization of biofilm organisms on cocktail-treated
catheters. Five distinct colony morphologies were identified,
and each was confirmed as P. aeruginosa. Each variant was
tested for its susceptibility to each of the five phages in the
cocktail mixture. Four of the isolates were completely sus-
ceptible to at least one of the five phages in the cocktail, and
one (48C) was completely resistant to all five phages. This
isolate produced small (~2 mm), nonpigmented colonies on
TSA after 24 h of incubation at 35°C. Isolate 48C was
characterized further to determine the stability of its phe-
notype and the basis for its phage resistance. The phenotype
of this isolate was stable; reversion to the original M4 parent
morphology did not occur after 10 serial transfers in brain
heart infusion broth. The growth rate of 48C (0.083 h~ ') was
lower than that of the M4 parent strain (0.106 h™'), but
biofilm formation for 48C (A4, = 0.063) was significantly
higher (P = 0.017) than that for the M4 parent strain
(As4o = 0.027). Isolate 48C readily adsorbed phage M4
(94.4% adsorption) in an adsorption assay, suggesting that
the mechanism of resistance toward this phage was not due
to an alteration of phage receptors by this strain. The exposure of
each of the biofilm isolates to mitomycin C did not result in the
induction of any phage having lytic activity against the parent P.
aeruginosa M4 or the other, non-phage-resistant variants, suggest-
ing that lysogeny was not the mechanism for resistance to phages
in the cocktail mixture. All biofilm isolates, including 48C, were
negative for Pf4 prophage DNA.

DISCUSSION

Although there have been several studies published on the
effect of phages against biofilms (10, 12, 18, 19, 23, 25, 30, 38),
we are unaware of other studies that have used phages to
prevent bacterial attachment and initial biofilm formation,
rather than attempting to control a mature biofilm. Markoish-
vili et al. (31) developed a nontoxic polymer film (PhagoBio-
Derm) that was impregnated with phages, ciprofloxacin, and
benzocaine, and it has been used to treat patients with different
infectious diseases. Biofilms may be implicated in some of
these types of infections; however, an explicit evaluation of
PhagoBioDerm against biofilms has not been published.

The results of the present study suggest that the phage
pretreatment of catheters can reduce biofilm formation by P.
aeruginosa. Treatment with a single phage resulted in a 2.8 log
reduction (>99%) after 24 h, which compares favorably to
results obtained using catheters that incorporate antimicrobial
agents. For example, Raad et al. (36) compared the relative
efficacies of several antimicrobial agents in a model system for
reducing the colonization of polyurethane central venous cath-
eters by Staphylococcus epidermidis. Reductions in bacterial
colonization ranged from 0 to >99% depending on the anti-
biotic used. Ahearn et al. (3) analyzed adhesion after 2 h by
several clinically relevant bacteria onto all-silicone catheters,
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FIG. 2. (a) Scanning electron micrograph of the luminal surface of a section of an untreated Lubri-sil hydrogel-coated all-silicone Foley catheter
after biofilm formation by P. aeruginosa M4 for 24 h (2,500X magnification [Magn]). (b) Scanning electron micrograph of the catheter luminal
surface pretreated with P. aeruginosa phage M4 and exposed for 24 h to P. aeruginosa M4 (2,500X magnification).

latex-coated catheters with hydrogel/silver, silicone-coated
catheters with hydrogel/silver, and lubricious-coated silicone
catheters in an in vitro model. The silver-treated catheters
showed the reduced adhesion of all organisms tested, although
the percent reductions ranged only from 30 to 95.5%, depend-
ing on the organism and type of catheter.

An advantage of phage treatment over treatment with anti-
microbial agents is that phages are self replicating in the pres-
ence of their host cells and are self limiting in their absence.
This ensures that phages are produced continually to infect
new bacterial cells as long as the bacteria are able to support
their replication, and this is supported by the observation that

phage numbers in the luminal fluid were 10° ml~' at 2 h after
addition. The flow of medium following phage pretreatment
would be expected to wash out any phage particles that were
not associated with the catheter surface. Phage persistence in
the catheters for 48 h suggests that progeny phage tend to
infect other biofilm cells rather than only planktonic cells.
Doolittle et al. (19) observed that the spread of infection by
TD4, an Escherichia coli phage, in a flow-cell biofilm resem-
bled plaque formation, in that radial diffusion predominated
rather than the downstream flow of progeny phage from lysing
cells.

The conditions provided by the in vitro model system in this
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TABLE 1. Effect of environmental and typing phages on biofilm isolates recovered from P. aeruginosa M4 phage-treated catheters”

Phage ID M4 | M6 F8 Col DE2005- | ®E2005- | ®E2005- | ®E2005- | ®E2005- | ®W2005- | ®W2005- | ®W2005- | ®W2005- | OW2005-
11 24-39 36-17 37-18-03 38-19 40-16 24-39 36-17 37-18-03 | 38-19 40-16
Biofilm
Isolate ID
M4 ® O o (] ® (] [ ] o [ ] [ [ ) [ ) [ [

2HA1 | O | O o O o o o @) (] (] (] ® ©) o
2HA2 | O | O O ©) @) ©) ©) (@ ©) (@) @) @) o @]
24HA1 | O [ O (] o (] [ @) o [ [ (-] [ O O
24HB1 | O | O o o (-] o ©) o o (] ©) (] ©) O
s4HC1 |O 1O |O (O |O O (@) (@) o o O o @) @)
440a1 |1O 1O |O (@ | @ [ O [ [ [ O ) o @)
4002 |1O O |O (O |@ [ (@) o o [ o o o (@)
48HB1 | O | O o o [ ] o ©) O o [ ] O (-] O O
488B2 | O | O -] o [ ) (o] O o [ ] [ ] O o o O
48HC1 | O | O o o [ ] [ ) O [ o [ [o] [ o O
48HC2 | O | O (o] (o] [ ] o O o o ® O (] o (@)

“ O, no plaque formation (complete resistance); €, partially clear plaque containing bacterial colonies (partial resistance); @, slightly turbid plaque (partial re-

sistance); @, clear plaque (completely susceptible).

study differed in several respects from conditions that could be
present in vivo. The bacterial inoculum level (10° to 10° CFU/
ml) was artificially high to determine whether this treatment
could be effective under the most extreme bacterial challenge.
A smaller inoculum bacterial cell concentration would be ex-
pected to result in a larger effective MOI, which in theory
could provide a more significant reduction in bacterial coloni-
zation and biofilm formation. Further laboratory studies using
different levels of bacterial challenge will be required to define
the limits of phage pretreatment technology. It also will be
necessary to evaluate this technology in animal model systems
and ultimately in human studies to fully assess its clinical rel-

Log CFU/cm?

0 10 20 30 40 50 60
Catheter Exposure (h)

FIG. 3. Effect of P. aeruginosa phage M4 pretreatment, pretreat-
ment and recharge, and the phage cocktail treatment of catheter sur-
face on biofilm formation by P. aeruginosa M4 during a 48-h exposure
period. Closed circle, untreated; open circle, pretreated; closed trian-
gle, recharge; open triangle, phage cocktail treatment. Data are
means * standard deviations (n = 3).

evance. However, the observation that the exposure of phage-
treated catheters to human serum did not significantly affect
phage efficacy suggests the potential of phage to remain active
in the presence of a serum conditioning film under in vivo
conditions.

One concern with therapeutic uses of phages is the possibil-
ity that organisms in the biofilm will develop resistance to the
phages. Our results showed that the strain of P. aeruginosa
used in this study contains several subpopulations (variants)
with distinct phenotypes, and that phage treatment may select
for or induce the expression of those phenotypes that confer
resistance to phage M4, allowing biofilms of resistant cells to
develop. This was not unexpected, since P. aeruginosa is known
to exhibit significant phenotypic variability in biofilms (14, 15,
20). However, we did not observe small-colony variants similar
to those reported by Webb et al. (41), nor did we detect the
presence of Pf4 prophage genes in variants isolated from phage
cocktail-treated catheters. Pf4 was shown to influence the
structure and stability of P. aeruginosa PAO1 biofilms (37) and
mediate the formation of variants within biofilms.

The resistance of bacteria toward phage may be associated
with lysogeny, mutations that affect phage adsorption, restric-
tion modification, or the mechanisms of abortive infection such
as the presence of clustered regularly interspaced short palin-
dromic repeats (CRISPRs) in the bacterial genome (4, 5, 17).
Lenski and Levin (29) measured bacterial phage resistance
rates of 10 % in a chemostat coinoculated with Escherichia coli
and phage T4. Sulakvelidze and Kutter (40) suggested that
phage cocktails containing two or more phages could be used
to reduce resistance. In the present study, the results obtained
when screening the biofilm isolates recovered from phage M4-
treated catheters against a collection of phages suggested that
it is possible to develop a mixture of phages (phage cocktail)
that could increase the effective host range and further reduce
biofilm formation. The treatment of catheters with a cocktail of
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the five best phages from that screening significantly reduced
biofilm formation by P. aeruginosa M4 compared to that of
treatment with a single phage. However, biofilms on the cock-
tail-treated catheters also contained several phenotypic sub-
populations, and one biofilm isolate (48C) exhibited a stable
variant colony morphology and complete resistance to all five
phages in the cocktail. This isolate also demonstrated greater
biofilm formation potential than the M4 parent strain. The
mechanism mediating phage resistance in 48C is unknown.

Through continued screening it might be possible to identify
phages with lytic activity against this strain. However, as Lenski
has suggested (28), phage have less coevolutionary potential
than their bacterial host strains, at least in a closed system,
allowing bacterial mutants with no corresponding lytic phage
strain to evolve. This suggests that the phage cocktail approach
we have described is more effective in applications that provide
protection against an initial bacterial challenge rather than
applications that require prolonged protection against biofilm
formation. However, it is noteworthy that only one of the
common phenotypic subpopulations recovered from the phage
cocktail experiments was completely resistant to the phages
used, whereas all of the variant types recovered from the sin-
gle-phage treatments were resistant to that phage.

We suggest that the application of phage cocktails to the
surfaces of indwelling medical devices, such as intravascular
catheters and prosthetic joints, could provide a strategy for the
reduction in initial colonization and subsequent biofilm forma-
tion by clinically relevant bacteria. However, potential obsta-
cles to the use of this treatment must be carefully considered,
including the narrow host range of phage, the resistance of
host bacteria to phage, potential for inactivation by the pa-
tient’s immune system, and the safety of phage preparations in
humans (17). Further in vivo studies will be necessary to assess
the potential of this approach for the prevention of device-
associated infections and to determine whether phage pre-
treatment can be clinically significant.

Conclusions. The pretreatment of hydrogel-coated silicone
catheters with P. aeruginosa phage M4 significantly reduced
attachment and biofilm formation by P. aeruginosa M4 in a
laboratory model system. The regrowth of biofilms on phage-
treated catheters occurred, but recharge treatment and treat-
ment with a mixture of phages having activity against the
biofilm organisms significantly reduced the extent of biofilm
formation compared to that of untreated catheters or cath-
eters treated once with a single phage. The efficacy of phage
pretreatment was not significantly affected by later exposure
to human serum, and viable phages continued to be detected
in the luminal fluid during the 48-h time course of the
experiment. These results suggest the potential of phage
application to the surface of indwelling medical devices for
the reduction of biofilm formation by clinically relevant
bacteria. Further testing using in vivo model systems is
needed to evaluate the therapeutic potential of this tech-
nology.
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