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Bioﬁlms pose a unique therapeutic challenge because of the antibiotic
tolerance of constituent bacteria. Treatments for bioﬁlm-based infections represent a
major unmet medical need, requiring novel agents to eradicate mature bioﬁlms. Our
objective was to evaluate bacteriophage lysin CF-301 as a new agent to target
Staphylococcus aureus bioﬁlms. We used minimum bioﬁlm-eradicating concentration
(MBEC) assays on 95 S. aureus strains to obtain a 90% MBEC (MBEC90) value of
ⱕ0.25 g/ml for CF-301. Mature bioﬁlms of coagulase-negative staphylococci, Streptococcus pyogenes, and Streptococcus agalactiae were also sensitive to disruption,
with MBEC90 values ranging from 0.25 to 8 g/ml. The potency of CF-301 was demonstrated against S. aureus bioﬁlms formed on polystyrene, glass, surgical mesh, and
catheters. In catheters, CF-301 removed all bioﬁlm within 1 h and killed all released
bacteria by 6 h. Mixed-species bioﬁlms, formed by S. aureus and Staphylococcus epidermidis on several surfaces, were removed by CF-301, as were S. aureus bioﬁlms either enriched for small-colony variants (SCVs) or grown in human synovial ﬂuid. The
antibacterial activity of CF-301 was further demonstrated against S. aureus persister
cells in exponential-phase and stationary-phase populations. Finally, the antibioﬁlm
activity of CF-301 was greatly improved in combinations with the cell wall hydrolase
lysostaphin when tested against a range of S. aureus strains. In all, the data show
that CF-301 is highly effective at disrupting bioﬁlms and killing bioﬁlm bacteria, and,
as such, it may be an efﬁcient new agent for treating staphylococcal infections with
a bioﬁlm component.
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O

ver 99.9% of bacteria in the biosphere grow within robust and resilient sessile
communities called bioﬁlms (1). Bioﬁlm formation is a precisely controlled developmental process initiated by microbial aggregation on abiotic and biotic surfaces.
Importantly, bioﬁlms form in human tissues, facilitating serious chronic infections of the
upper respiratory tract, intestinal tract, urinary tract, bone, heart valves, middle ear,
gingiva, and skin that can lead to serious illness and death (2, 3). Indwelling medical
devices, such as intravenous catheters, stents, prosthetic joints, and pacemakers, are
frequent sites of bioﬁlm formation and are increasingly associated with morbidity and
mortality. In clinical medicine, 65 to 80% of bacterial infections are bioﬁlm associated,
costing the health care system billions of dollars each year (4–6).
Bioﬁlms are densely packed microbial populations held within DNA, polysaccharide,
and/or proteinaceous matrices (7). In the context of human disease, the bioﬁlm matrix
helps protect bacteria from innate and adaptive immune defenses and enables up to
1,000-fold increases in antibiotic tolerance compared to tolerance with planktonic
bacteria. Bioﬁlm microenvironments favor horizontal transfer of antibiotic resistance
genes (8) and drive the inactivation of antibiotics by virtue of high metal ion concentrations and low pH (9). Furthermore, bioﬁlms are permeability barriers to some
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antibiotics (10), and bioﬁlm communities will include subpopulations of semidormant
persister bacteria (including small-colony variants [SCVs]) with phenotypic tolerance to
antibiotics (11). The recalcitrance of bioﬁlms to classical antibiotic treatment strategies
(including prophylactic, early aggressive, and chronic suppressive therapies), combined
with the propensity for human pathogens, such as Staphylococcus aureus, to form and
persist in bioﬁlms, has created a medical need for antibioﬁlm agents (12).
There are no approved treatments to speciﬁcally target bioﬁlms and, for this reason,
research into bioﬁlm prevention, weakening, disruption, and direct killing is extensive
(3, 13). Several methods are in development to prevent bioﬁlm formation on artiﬁcial
implants by coating the indwelling surfaces with antibiotics (14, 15), antimicrobial
proteins (16), or chemicals (17, 18). Additional treatments to prevent and/or weaken
bioﬁlms are based on immunotherapies (19, 20) or the use of small-molecule quorumsensing and cyclic-di-GMP (c-di-GMP) signaling system inhibitors (21, 22), antimicrobial
peptides (23, 24), antibiotic cocktails (25, 26), bacteriophage (27), and matrix-degrading
enzymes, like DNase I (28), dispersin B (29), ␣-amylase (30), and alginate lyase (31).
Effective prophylactic treatments are important, since, once formed, mature bioﬁlms
are tolerant to most microbiocides and may require mechanical and/or surgical interventions for removal. It has been suggested that treatments for mature bioﬁlms will
require high-dose long-term antibiotic regimens combined with agents to weaken or
disperse constituent bacteria (3).
A promising antibioﬁlm strategy has recently emerged, based on the use of a family
of bacteriophage-encoded peptidoglycan hydrolases called lysins (32, 33). As puriﬁed
proteins, lysins exhibit potent bacteriolytic activity against planktonic forms of many
Gram-positive pathogens (34–36). Increasingly, antibioﬁlm activities have also been
reported against bioﬁlm forms formed by S. aureus, Streptococcus pneumoniae, and
Streptococcus pyogenes (34, 37–43). The use of lysins to rapidly eradicate bioﬁlms and
kill constituent bacteria represents a new opportunity in the ﬁeld of antibioﬁlm drug
development.
We previously described a potent antistaphylococcal lysin, CF-301, which is in
clinical development for the treatment of S. aureus bacteremia and endocarditis (43).
Signiﬁcantly, we demonstrated the ability of CF-301 to disrupt mature bioﬁlms formed
by the methicillin-resistant S. aureus (MRSA) strain BAA-42. In the current study, we
provide more detailed analyses of the in vitro and ex vivo antibioﬁlm activities of
CF-301. The ability of CF-301 to disrupt mature bioﬁlms was demonstrated against a
wide range of methicillin-sensitive S. aureus (MSSA) and MRSA isolates, as well as
coagulase-negative staphylococci, S. pyogenes, and Streptococcus agalactiae. The ability
of CF-301 to both eradicate bioﬁlm biomass and kill bioﬁlm bacteria was demonstrated
on a variety of surfaces, including catheters. Activity was further demonstrated against
polymicrobial bioﬁlms, bioﬁlms formed in human blood or synovial ﬂuid, and both
planktonic cultures and bioﬁlms enriched for persister forms of S. aureus. Finally, we
describe a potent synergistic effect between CF-301 and another cell wall hydrolase,
lysostaphin. In all, this work demonstrates the effectiveness of CF-301 as an antibioﬁlm
agent.
RESULTS
Bioﬁlm capacity of S. aureus. Nearly 80% (147/183) of S. aureus strains and isolates
tested were classiﬁed as strong or moderate bioﬁlm producers, with 100% producing
some adherent bioﬁlm (see Tables S1 and S2 in the supplemental material). No notable
differences in the distributions of bioﬁlm phenotypes (i.e., strong, moderate, or weak)
were observed among the different MSSA and MRSA groups analyzed, from the
contemporary clinical JMI isolates to the older well-characterized strains with NRS,
ATCC, and HER designations (Table S2).
Disruption of mature bioﬁlms with CF-301. The minimum bioﬁlm-eradicating
concentration (MBEC) of CF-301 was determined using a range of staphylococci and
streptococci. Tables 1 and S3 show that all 95 S. aureus strains are susceptible to CF-301
in the nanomolar range, with 90% MBEC (MBEC90) values of 0.125 and 0.25 g/ml for
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TABLE 1 Activity of CF-301 and DAP against mature bioﬁlms
Concn (g/ml) of:
CF-301
Organism
MSSA
MRSA
CoNSa
S. pyogenes (group A)
S. agalactiae (group B)

n
40
55
46
27
20

MBEC90
0.125
0.25
8
0.25
0.5

DAP
Range
0.125 to 1
0.125 to 0.5
0.125 to 32
0.03 to 1
0.03 to 1

MBEC90
⬎1,024
⬎1,024
⬎1,024
⬎1,024
⬎1,024

Range
512 to ⬎1,024
⬎1,024
256 to ⬎1,024
256 to ⬎1,024
512 to ⬎1,024

aCoagulase-negative
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staphylococci examined in this study include the following (number of isolates in
parentheses): S. epidermidis (21), S. warneri (9), S. hominis (5), S. capitis (2), S. saprophyticus (2), S. cohnii (1),
S. hyicus (1), S. lugdunensis (2), S. sciuri (2) and S. simulans (1).

MSSA and MRSA, respectively. There was no correlation between the propensity to
form bioﬁlms and high or low MBEC values (Tables S2 and S3). The 90% MBEC (MBEC90)
value for coagulase-negative staphylococci, including Staphylococcus epidermidis, was 8
g/ml, while the MBEC90 values for S. pyogenes and S. agalactiae were 0.25 and 0.5
g/ml, respectively. These ﬁndings contrast with the complete resistance of staphylococcal and streptococcal bioﬁlms to daptomycin (DAP) (MBEC90 values, ⬎1,024
g/ml; Tables 1 and S3).
Time course and titration analysis of CF-301 activity on bioﬁlms. We previously
demonstrated antibioﬁlm activity for CF-301 against S. aureus strain BAA-42 (43). This
analysis was extended here to show that CF-301 (at the MIC of 32 g/ml) can disrupt
BAA-42 bioﬁlms on 24-well polystyrene plates within 2 h and prevent regrowth over 24
h (Fig. 1A). In contrast, daptomycin, vancomycin, and linezolid treatments at 1,000⫻ the
MIC had no antibioﬁlm effect by 24 h. The bioﬁlm biomass remaining after each
treatment was quantitated to conﬁrm the relative effectiveness of CF-301 over antibiotics (Fig. 1B).
The potency of CF-301 is examined in Fig. 1C. Disruption of 1-day-old BAA-42
bioﬁlms in 24-well polystyrene plates required as little as 0.5 g/ml over 24 h. In a
similar titration analysis of 2-week-old bioﬁlms, all biomass was removed by 4 h using
32 g/ml CF-301 and by 24 h using 0.32 g/ml (Fig. 1D); here, daptomycin was
ineffective over a range of concentrations.
Microscopic analysis of bioﬁlm disruption. The activity of CF-301 against bioﬁlms
formed on glass slides was visualized by microscopy. In one experiment, confocal
images are shown for bioﬁlms of MSSA strain Newman (expressing green ﬂuorescent
protein [GFP]) treated for 1 h with either buffer or CF-301 at 32 g/ml (Fig. 2A). While
the buffer treatment resulted in an intact three-dimensional bioﬁlm with a thickness of
20 to 25 m (Fig. 2A, left), CF-301 removed most of the ﬂuorescent signal (Fig. 2A,
right). In a second experiment, differential interference contrast (DIC) images and
corresponding ﬂuorescence ﬁelds are shown for bioﬁlms of MRSA strain BAA-42 treated
for 1 h with either buffer or CF-301 at 32 g/ml (Fig. 2B). Here, the buffer-treated bioﬁlm
was packed with bacteria and was highly ﬂuorescent in the presence of calcein green
bioﬁlm stain (left column), while the CF-301-treated sample was devoid of bacteria and
ﬂuorescence (right column). The removal of BAA-42 bioﬁlms by CF-301 (but not buffer)
was conﬁrmed both visually and by the ⬃5-log difference found in recoverable CFU
(Fig. 2C).
Disruption of catheter bioﬁlms. To examine catheter bioﬁlms, MRSA strain BAA-42
was grown inside polyvinyl chloride (PVC) catheters for 3 days prior to treatment with
CF-301 or daptomycin for 4 h. Based on staining with methylene blue, CF-301 disrupted
all bioﬁlm biomass, while daptomycin and buffer had no effect (Fig. 3A). To visualize the
antibioﬁlm activity, the treated catheters were bisected (as indicated in Fig. 3B) and
examined using bright-ﬁeld microscopy and low-magniﬁcation scanning electron microscopy (SEM). “Top” views of the buffer- and daptomycin-treated bioﬁlms show dense
bacterial networks (Fig. 3C and E), while “leading-edge” views show extensions protruding from growing bacterial networks (Fig. 3D). For CF-301, regardless of the view,
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no bioﬁlm biomass was detected (Fig. 3C to E). We conﬁrmed these ﬁndings by
ﬂuorescence microscopy using buffer- and CF-301-treated catheters stained with a GFP
fusion to the cell wall binding domain of CF-301 (GFP-CF-301BD). The buffer control was
strongly ﬂuorescent, while the CF-301-treated bioﬁlm (and control lacking bioﬁlm)
produced no signal (Fig. S1).
Potency of CF-301 against catheter bioﬁlms. A titration analysis was performed to
examine the effectiveness of CF-301 against catheter bioﬁlms formed by MRSA strain
ATCC BAA-42. As shown in Fig. 4A, CF-301 concentrations ranging from the MIC (32
g/ml) to 0.01⫻ the MIC (0.32 g/ml) removed all observable bioﬁlm biomass within
4 h. The corresponding drop in bioﬁlm bacteria was ⬎5 log10 CFU/ml. In contrast,
daptomycin had little effect on biomass from 5,000⫻ MIC (5 mg/ml) to the MIC (1
g/ml) and resulted in only a 1- to 3-log10 CFU/ml decrease. In an extended analysis of
ﬁve additional MRSA strains, CF-301 effectively disrupted bioﬁlms down to a concentration of 0.32 g/ml (Table S4).
A series of time course experiments were performed to further examine the potency
of CF-301 against bioﬁlms formed by MRSA strain ATCC BAA-42. Bioﬁlm biomass was
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FIG 1 Disruption of S. aureus bioﬁlm biomass. Bioﬁlms of MRSA strain ATCC BAA-42 were grown over 24 h (A to C) or 2 weeks (D) in 24-well
polystyrene plates and treated with either CF-301 (MIC ⫽ 32 g/ml) or antibiotics (1,000⫻ the MIC ⫽ 1 mg/ml) in MHB or CA-MHB. Medium-alone
controls were included. (A) Crystal violet staining of bioﬁlms treated for 24 h. (B) Quantitation of crystal violet staining over a 24-h time course.
Assays were performed in triplicate, and OD600 data are the mean ⫾ standard deviation. (C) Bioﬁlms treated with a 2-fold dilution series of CF-301
for 4 h prior to crystal violet staining and quantitation. (D) Bioﬁlms treated with a 10-fold dilution series of CF-301 or DAP for 4 or 24 h prior to
staining with crystal violet. LZD, linezolid.
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FIG 2 Microscopic analysis of 24-h-old bioﬁlms on glass surfaces. (A) Confocal analysis of GFP-expressing
MSSA strain Newman (CFS-1246) treated for 1 h with buffer or CF-301 (32 g/ml). The box size is 290 m
by 290 m by 25 m, and voxel dimensions are 0.284 m by 0.284 m by 0.420 m (scale bars ⫽ 40.0
m). (B) Bioﬁlms of ATCC BAA-42 on glass chamber slides, treated for 1 h with buffer or CF-301 (32
g/ml), and stained with FilmTracer Calcein green bioﬁlm stain. DIC images are shown with and without
ﬂuorescence (magniﬁcation, ⫻400). (C) Unmagniﬁed bioﬁlms of MRSA strain ATCC BAA-42 on glass
chamber slides, treated for 1 h with buffer or CF-301 (32 g/ml). After treatment, bioﬁlm CFU were
determined.

completely removed after only 1 h with CF-301 at 32 g/ml (Fig. 4B), and the
corresponding drop in bioﬁlm bacteria was ⬎5 log10 CFU/ml. By SEM, the antibioﬁlm
effects of CF-301 were obvious almost upon contact (Fig. 5). Within 30 s after the
addition of CF-301 (32 g/ml), the bioﬁlm matrix and the majority of bacteria were lost,
and the remaining bacteria appeared “deﬂated,” perhaps because of cytoplasmic
leakage. By 15 min, only bacterial debris remained. In contrast, the buffer-treated
bioﬁlms appeared as robust bacterial networks embedded in an extracellular matrix
after 15 min (Fig. 5).
Susceptibility of planktonic bacteria inside catheters to CF-301. To address the
possibility that CF-301 only disrupted the bioﬁlms on catheters and did not kill the
bacterial components, we followed the viability of lumenal planktonic cells after
treatment with daptomycin or CF-301. Here, daptomycin resulted in a ⬍1-log10 drop in
CFU over 24 h, while CF-301 resulted in a ⬎4-log10 drop to the threshold of detection
by 6 h (and out to 24 h) (Fig. S2). These ﬁndings, taken with the results from Fig. 4B,
support a sequence in which CF-301 removes all bioﬁlm bacteria by 1 h and kills all
lumenal bacteria by 6 h.
Formation and disruption of mixed-species bioﬁlms. To generate stable mixedspecies bioﬁlms, an inoculum composed of S. aureus BAA-42 (CF-301 MIC and MBEC
values of 32 g/ml and 0.125 g/ml, respectively) and S. epidermidis NRS 7 (CF-301 MIC
and MBEC values of 256 g/ml and 8 g/ml, respectively) in a precise 2:1 ratio was
coincubated for 3 days in 24-well dishes and over 6 days in catheters and surgical mesh.
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FIG 3 Disruption of catheter bioﬁlms. Bioﬁlms of MRSA strain ATCC BAA-42 were grown for 3 days in the
catheter lumen (covering half of the internal diameter) before treatment for 4 h with buffer, daptomycin
(DAP; 1 g/ml and 1 mg/ml), or CF-301 (32 g/ml). (A) Methylene blue-stained bioﬁlm biomass
remaining after treatment. (B) Representation of catheter bioﬁlms, cut longitudinally to expose the
internal biomass. Top-down and leading-edge views are indicated. (C) Top-down view of methylene
blue-stained bioﬁlm biomass. Bright-ﬁeld microscopic images are shown at ⫻400 magniﬁcation. (D)
Leading-edge view of methylene blue-stained bioﬁlms. Darkly stained material represents the bioﬁlm.
Bright-ﬁeld microscopic images are shown at ⫻400 magniﬁcation. (E) SEM images of catheter bioﬁlms
remaining after the indicated treatments. The following magniﬁcations were used: buffer, ⫻500; DAP,
⫻7,500; CF-301, ⫻7,500; and no bioﬁlm, ⫻7,500.

The resulting bioﬁlms were consistently composed of S. aureus and S. epidermidis in
ratios of ⬃10:1 (Fig. 6A).
Mixed-species bioﬁlms, formed on either 24-well plate, catheter, or surgical mesh
surfaces, were susceptible to disruption by CF-301 at concentrations down to 0.032
g/ml over 24 h (Fig. 6B, D, and E and S3B). While the susceptibility of single-species
S. aureus bioﬁlms was nearly identical to that of mixed-species bioﬁlms, the singlespecies S. epidermidis bioﬁlms alone were up to 100 times more resistant. S. epidermidis
bioﬁlms were, therefore, more sensitive to CF-301 when formed with S. aureus. This is
particularly evident in 4-h treatments with CF-301 (Fig. 6C and S3A), in which S.
epidermidis was resistant to 320 g/ml as a single-species bioﬁlm and susceptible to 3.2
g/ml as a mixed-species bioﬁlm.
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FIG 4 Titration and time course analysis of CF-301-mediated bioﬁlm biomass disruption and associated
CFU reduction. Bioﬁlms of MRSA strain ATCC BAA-42 were grown for 3 days in the catheter lumen before
treatment. (A) Bioﬁlms treated for 4 h with buffer, DAP, or CF-301. Drug concentrations are based on MIC
values; MICs of DAP and CF-301 are 1 g/ml and 32 g/ml, respectively. Methylene blue-stained bioﬁlms
are shown with a matched analysis of bioﬁlm CFU remaining after each treatment. Asterisks denote the
limit of detection. (B) Bioﬁlms treated with CF-301 (32 g/ml) over a 4-h time course. At the indicated
time points, catheters were washed and bioﬁlms were either stained with methylene blue or quantitated
to determine the CFU. Asterisks denote the limit of detection.

Disruption of bioﬁlms enriched for SCVs. To generate SCVs, bioﬁlms of S. aureus
strain BAA-42 were grown for 24 h with sublethal concentrations of antibiotics.
Daptomycin, vancomycin, and oxacillin treatments selected for SCV subpopulations at
rates ranging from 18.2 to 20.1% (Fig. 7A and Table S5). In contrast, bioﬁlms grown
either without antibiotics or with CF-301 yielded SCV subpopulations ranging from 0.5
to 1.7% (Table S5).
Bioﬁlms formed in either the presence or absence of daptomycin, vancomycin, and
oxacillin exhibited MBEC values for CF-301 of 0.32 g/ml (Fig. 7B to D). To conﬁrm a
bactericidal effect for CF-301, we determined CFU in both the adherent and planktonic
cell fractions of bioﬁlms grown with daptomycin and then treated with CF-301. As
shown in Fig. 7E, CF-301 effectively killed both bioﬁlm and planktonic bacteria at
July 2017 Volume 61 Issue 7 e02666-16
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FIG 5 SEM images of catheter bioﬁlms treated with CF-301. Bioﬁlms of MRSA strain ATCC BAA-42 were grown for 3 days
in the catheter lumen prior to either a 30-s or 15-min treatment with CF-301 (32 g/ml). A 15-min buffer treatment was
included as a control, and all magniﬁcations are indicated.

concentrations down to the MBEC value of 0.32 g/ml. The SCVs were, therefore,
susceptible to killing by CF-301. Bioﬁlms formed in the presence of sublethal concentrations of CF-301 were also completely susceptible to CF-301, yielding MBEC values of
0.32 g/ml (data not shown). No resistance to CF-301 was ever observed following
treatment with CF-301.
Killing of planktonic S. aureus persister cells. Because of the importance of
persister cells to antibiotic tolerance of bioﬁlms (11), we conﬁrmed the effectiveness of
CF-301 against planktonic persisters of S. aureus strain MW2. As shown in Fig. S4A,
stationary-phase cultures were treated with 100 g/ml daptomycin (100⫻ the MIC) to
yield a biphasic time-kill curve similar to that previously described in which the
antibiotic treatment selects for highly robust persisters (11, 44). Signiﬁcantly, the
addition of 160 g/ml CF-301 (5⫻ the MIC) killed the entire persistent subpopulation
within 2 h and prevented regrowth by 24 h. As shown in Fig. S4B, exponential-phase
cultures were treated with 3 g/ml ciproﬂoxacin (CIP) (3⫻ the MIC) to obtain a biphasic
kill curve as observed with daptomycin. Here, the addition of 160 g/ml CF-301 killed
all persisters within 1 h and prevented regrowth by 24 h.
CF-301 does not select for persister cells. Treatments of stationary-phase and
exponential-phase S. aureus cultures with CF-301 alone resulted in monophasic time-kill
curves distinct from the biphasic curves observed with antibiotics (Fig. S4A and B). The
CFU counts of each culture treated with CF-301 (with no antibiotic) rapidly declined to
the threshold of detection by 2 h and remained undetectable to at least 24 h.
Consistent with our ﬁndings that CF-301 kills persister cells, the treatment of either
stationary-phase or exponential-phase S. aureus with CF-301 does not select for persistent subpopulations.
Disruption of bioﬁlms in human serum, plasma, and whole blood. Bioﬁlms of
MRSA strain BAA-42 were formed on catheters in the presence of either 1% human
serum (HuS), 50% heat-inactivated plasma, or 50% whole blood. After formation, the
bioﬁlms were then treated with CF-301 (or buffer control) in either 100% HuS, 100%
heat-inactivated plasma, or 100% whole blood, respectively, for 4 h. In each case, the
CF-301 treatments (but not buffer control) resulted in complete bioﬁlm removal and/or
CFU reduction at concentrations as low as 0.32 g/ml (Fig. S5A and B). CF-301 was,
therefore, active in human blood and fractions thereof.
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Stability of CF-301 in LR solution. Antibiotic lock therapies (ALTs) for catheters
often use lactated Ringer’s (LR) solution as a vehicle (45). To explore the use of CF-301
as an ALT to maintain the sterility of catheters, we examined long-term stability for
CF-301 in LR. At concentrations of 320 g/ml and 3.2 mg/ml, with or without heparin,
CF-301 remained 99.9% active over 3 weeks at 37°C (Table S6). At 32 g/ml, CF-301 was
99% active after 1 day and 28.4% active by 3 weeks. Under every condition, no changes
in solution clarity, color, particulate matter, turbidity, or pH were observed over 3 weeks
(data not shown).
Synergistic antibioﬁlm activity. Several different lysin pairs have been combined
for synergistic killing of planktonic bacteria (46–48). Here, the synergy between CF-301
July 2017 Volume 61 Issue 7 e02666-16
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FIG 6 Formation of mixed-species bioﬁlms and analysis of CF-301 susceptibility. Bioﬁlms containing S. aureus (strain BAA-42) and/or S. epidermidis (strain NRS
7) were grown either on 24-well polystyrene plates for 3 days or on catheters and surgical mesh for 6 days before treatment with a 10-fold dilution series of
CF-301. (A) Quantitation of S. aureus and S. epidermidis CFU in mixed bioﬁlms prior to CF-301 treatment. Experiments were performed in triplicate, and CFU
represent the mean ⫾ standard deviation. (B) Crystal violet staining of single- and mixed-species bioﬁlms on 24-well plates treated for 24 h with CF-301 (relative
to untreated control). (C) Catheter bioﬁlms treated for 4 h. (D) Catheter bioﬁlms treated for 24 h. (E) Surgical mesh bioﬁlms treated for 24 h.
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and the lysin-like molecule lysostaphin (49) was examined against strong and moderate
bioﬁlms formed by 10 MSSA, MRSA, vancomycin-intermediate S. aureus (VISA), and
vancomycin-resistant S. aureus (VRSA) strains. Checkerboard assays were used to evaluate the synergy between CF-301 and lysostaphin. The resulting isobolograms yielded
concave curves and ⌺FECmin values of ⬍0.5 (FECmin, minimum fractional eradicating
concentration) (Fig. S6 and Table S7), indicating potent synergy. Combinations using as
little as 1/8 the MBECs of CF-301 and lysostaphin were effective antibioﬁlm agents.
Ex vivo analysis of bioﬁlms formed in HSF. Human synovial ﬂuid (HSF) is known
to support the formation of strong antibiotic-resistant bioﬁlms composed of host
factors (including ﬁbrin) and bacterial proteins (including ﬁbronectin- and ﬁbrinogenbinding proteins) (50). We showed that bioﬁlms formed by MRSA strain BAA-42 in HSF
July 2017 Volume 61 Issue 7 e02666-16
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FIG 7 Disruption of S. aureus bioﬁlms enriched for SCVs. To select for SCVs, bioﬁlms of MRSA strain BAA-42 were formed on 24-well plates over 3 days in the
presence of daptomycin (DAP; 1 g/ml), vancomycin (VAN; 1 g/ml), or oxacillin (OXA; 0.5 g/ml). (A) Appearance of SCVs among bacteria recovered from
bioﬁlms grown with and without DAP. SCVs are indicated by arrows. (B) Crystal violet staining of bioﬁlms after growth in the presence and absence of DAP
and treatment with CF-301 for 24 h. The results of duplicate experiments are shown. (C) Quantitation of crystal violet staining of bioﬁlms grown in the presence
and absence of DAP and treated with CF-301 for 24 h. Values were determined as a percentage of the buffer-treated (i.e., no CF-301) control. (D) Quantitation
of crystal violet staining of bioﬁlms grown in the presence and absence of VAN or OXA and treated with a CF-301 for 24 h. Values were determined as a
percentage of the buffer-treated (i.e., no CF-301) control. (E) CF-301-mediated killing of bioﬁlm bacteria grown in the presence and absence of DAP. After 24-h
treatment with CF-301, both the bioﬁlm and planktonic cells were quantitated. Asterisks denote the limit of detection.
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were susceptible to removal and killing by CF-301 between 4 and 24 h (Fig. S7A).
Lysostaphin alone and in combination with CF-301 also effectively killed bioﬁlm
bacteria; however, daptomycin alone had no effect. Scanning electron micrographs of
buffer-treated HSF bioﬁlms reveal a thick adherent matrix containing densely packed
bacterial cells (Fig. S7B and C). After treatment with CF-301, SEM images reveal a
convoluted scaffolding devoid of bacteria and interspersed with bacterial debris (Fig.
S7D to F).
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DISCUSSION
Antimicrobial agents for treating bacterial bioﬁlms represent a major unmet medical
need (3, 51). Aggressive antibiotic therapies can reduce bioﬁlms and control dispersed
planktonic bacteria; however, eradication is difﬁcult because of the high antibiotic
concentrations that must be sustained (50, 52–54). To avoid the limitations of antibiotics, a promising new strategy was proposed based on the emerging understanding
of bacteriophage lysins as antibioﬁlm agents (32, 43). Lysins can potentially destroy
bioﬁlms, kill constituent bacteria, and resensitize released planktonic bacteria to antibiotics and immune surveillance, and, in doing so, provide effective standalone or
adjunctive therapies to treat bioﬁlm infections.
The potent (and rapid) antibioﬁlm activity of CF-301 was ﬁrst demonstrated using an
initial test concentration of 32 g/ml (MIC; 1.2 M) to eliminate bioﬁlms formed on a
range of surfaces, including polystyrene (i.e., 24- and 96-well microtiter plates), glass
(i.e., chamber slides), and PVC (i.e., catheter tubing). The sensitivity of catheter bioﬁlms
was particularly notable, with surface removal of all bioﬁlm bacteria and matrix
elements within 15 to 60 min and the complete sterilization of the intralumenal
environment by 6 h (Fig. 4 and S2). The efﬁcient removal and killing of bioﬁlm bacteria
by CF-301 are particularly ideal features for catheter lock solutions. Catheter lock
solutions are often composed of heparin and high concentrations of antibiotics (in LR
solution) for instillation into the catheter lumen to sterilize, treat catheter-related
bacteremia, minimize complications, and avoid catheter removal (55). In support of
such a use, we demonstrated potent CF-301 activity in LR solution, with and without
heparin, over a 3-week period at 37°C (Table S7).
To extend our understanding of CF-301 as an antibioﬁlm agent and its potential as
a therapeutic tool, a larger-scale study of the breadth and potency of CF-301 activity
was also undertaken. Toward this end, the MBEC assay was used to show the effectiveness of very low (submicrogram) concentrations of CF-301 in disrupting bioﬁlms
formed by a range of 95 clinical and laboratory S. aureus strains (with MBEC90 values of
0.125 and 0.25 g/ml against MSSA and MRSA, respectively) (Table 1). In addition to the
MBEC assay, we further demonstrated potent (and rapid) antibioﬁlm activity for CF-301
at concentrations as low as 0.32 and 0.032 g/ml against bioﬁlms formed on 24-well
plates (Fig. 1), catheters (Fig. 4), and silicone elastomer mesh surfaces (Fig. 6). These
ﬁndings suggest that the 32 g/ml concentration of CF-301 used in initial activity
studies was in vast excess of that needed to effectively remove bioﬁlms. The potency
of CF-301 may reﬂect an antibioﬁlm mechanism involving both bacteriolysis within the
bioﬁlm and cleavage of peptidoglycan in the structural framework.
The effectiveness of CF-301 was further evaluated against S. aureus bioﬁlms formed
in association with S. epidermidis. Multiple studies describe both cooperative and
antagonistic behaviors for S. aureus and other pathogens, including S. epidermidis, in
the formation of monospecies and mixed-species bioﬁlms (56). While S. epidermidis
deploys strategies to inhibit bioﬁlm formation by S. aureus, mixed bioﬁlms do occur
clinically, with serious consequences (55, 57). In the current report, we examined the
sensitivities of mixed bioﬁlms containing S. aureus and S. epidermidis on polystyrene,
PVC catheters, and surgical mesh. Both the mixed-species bioﬁlms and S. aureus
monospecies bioﬁlms were highly sensitive to removal with CF-301 at concentrations
down to 0.032 g/ml (Fig. 6). These ﬁndings show that single- and mixed-species
bioﬁlms formed by the two most common pathogens that cause medical device
colonizations (and subsequent bacteremia) (58) can be disrupted by CF-301.
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A hallmark of S. aureus pathogenesis is chronic persistence despite intense antibiotic
therapy (59). This is attributed not only to bioﬁlms but also to SCVs and persister cells
that exist as subpopulations of non- or slow-growing staphylococci, composed of
phenotypic and genotypic variants that are tolerant of antibiotics (11, 59, 60). An
increased understanding of such antibiotic-tolerant variants in chronic disease has, in
turn, led to an understanding of the need for new bactericidal agents to target them
(3). In the current study, CF-301 activity was examined against both SCVs and persister
cells. First, bioﬁlms were grown in either the presence of daptomycin (DAP), vancomycin (VAN), or oxacillin (OXA) (to enrich for SCVs) or the absence of antibiotics and
demonstrated to be equivalently sensitive to CF-301 down to 0.32 g/ml (Fig. 7).
Second, persister subpopulations of both stationary- and exponential-phase cultures
(selected for by exposure to high concentrations of DAP and ciproﬂoxacin [CIP],
respectively) were completely eliminated by CF-301. Under every condition tested,
persister-enriched populations were killed by CF-301. Importantly, CF-301 alone did not
select for persistent subpopulations or SCVs, nor did it select for bioﬁlms resistant to the
antibioﬁlm activity of CF-301 (Table S5 and Fig. S4).
Our proof-of-concept studies suggest the importance of testing CF-301 in animal
models of bioﬁlm-based disease (i.e., infective endocarditis and osteomyelitis). We do
expect in vivo bioﬁlms to pose a signiﬁcant challenge, however, as bioﬁlms formed in
host tissues will include matrix proteins, like ﬁbrinogen and ﬁbronectin, that may block
CF-301 (61, 62). Physical access to in vivo bioﬁlms may also be limited, in particular for
heart valves, deep-seated bone or joint infections, and dense ﬁbrin-platelet thrombi in
subcutaneous tissue, fascia, or muscle.
A series of ex vivo studies were performed to examine the potential for CF-301
against in vivo bioﬁlms. In the ﬁrst study, MRSA bioﬁlms were formed in either 1%
human serum, 50% heat-inactivated plasma, or 50% whole human blood before
treatment with CF-301 in 100% serum, 100% plasma, or 100% blood, respectively. In
each case, CF-301 effectively disrupted the bioﬁlm biomass and killed all bioﬁlm and
planktonic CFU at concentrations down to 0.32 g/ml (Fig. S5). Neither the electrolytes
and proteins found in serum nor the host matrix proteins found in heat-inactivated
plasma or heparinized whole blood (and possibly incorporated into bioﬁlms) could
inhibit CF-301 activity. The structural framework of S. aureus bioﬁlms formed in vitro in
the presence of heat-inactivated plasma has, in particular, been shown to incorporate
high levels of host ﬁbrin (63). These ﬁndings suggest that bioﬁlm-based infections
exposed to the bloodstream, like infective endocarditis, may be susceptible to CF-301.
In a second set of ex vivo studies, the antibioﬁlm effect of CF-301 was tested in
human synovial ﬂuid to understand the potential for treating joint infections (i.e., septic
arthritis). Upon introduction into synovial ﬂuid, S. aureus is known to rapidly form
bioﬁlms composed of large adherent aggregates enriched with ﬁbrin and resistant to
antibiotics (50, 61). In our study, staphylococcal bioﬁlms formed readily in synovial ﬂuid
and were highly susceptible to killing by CF-301 (Fig. S7). After CF-301 treatment, large
structural frameworks devoid of bacterial cells were still observed. It is likely that the
remaining frameworks were predominantly composed of host-derived matrix proteins,
since similar treatments of bioﬁlms formed in tryptic soy broth with glucose (TSBg)
yielded no remaining matrix after treatment with CF-301 (Fig. 5). Together, these
ﬁndings show CF-301 is potent in synovial ﬂuid against bioﬁlms containing hostderived matrix molecules.
In addition to demonstrating the potent antibioﬁlm activity of CF-301 alone, we also
showed the potential for synergy with a second cell wall hydrolase, lysostaphin, to
further enhance activity. This ﬁnding has important practical implications, as we can
envision combinations of lysins providing enhanced treatment options. Additional
studies to assess synergistic antibioﬁlm activities between CF-301 and antibiotics are
planned.
In conclusion, we provide evidence that CF-301 is a potent antistaphylococcal
bioﬁlm agent. Our ﬁndings support a potential role for CF-301 in treating both
catheter-based and joint infections and strongly suggest the importance of examining
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efﬁcacy in animal models for bioﬁlm-based infections, like infective endocarditis,
osteomyelitis, and pneumonia (64). We currently envision the antibioﬁlm activity of
CF-301 as a complement to antibiotic therapy in treating bioﬁlm-based infections.
With CF-301 acting to degrade and disperse staphylococcal bioﬁlms and antibiotics
(and CF-301) to kill the released planktonic forms and prevent metastasis, this novel
treatment paradigm could provide the ﬁrst efﬁcacious antibioﬁlm therapy.
MATERIALS AND METHODS
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Bacterial strains, media, antibiotics, and growth conditions. Bacterial strains were stored
at ⫺80°C. The strains used in this study include S. aureus ATCC BAA-42 (American Type Culture Collection
[ATCC], Manassas, VA), S. aureus Newman (65), S. aureus MW2 (NRS 123; BEI Resources), S. aureus
CFS-1246 (Newman/GFP plasmid pCN57 [66] derived from NRS 623 [BEI Resources]), S. aureus VRS3a
(NR-46412; BEI Resources), and S. epidermidis NRS 7 (BEI Resources). Other strains and isolates are
described in Tables S2 and S3. The BAA-42 strain was chosen as a model strain in this study based on
its strong propensity to form bioﬁlms (43); it is a pediatric MRSA clone isolated in 1996 from a
pneumology ward in Lisbon, Portugal (67).
Bacteria were cultivated on BBL Trypticase soy agar (TSA) with 5% sheep blood (Becton, Dickinson &
Company [BD]), Mueller-Hinton broth (MHB; BD), MHB with 25 g/ml CaCl2 (CA-MHB), lysogeny broth (LB;
Sigma-Aldrich), and tryptic soy broth (TSB; BD) with 0.2% glucose (TSBg). The following antibiotics
(Sigma-Aldrich) were used: vancomycin hydrochloride, daptomycin, linezolid, oxacillin sodium salt,
ampicillin sodium salt, carbenicillin disodium salt, ciproﬂoxacin, and erythromycin. Lysostaphin from
Staphylococcus simulans was obtained from Sigma-Aldrich.
Bioﬁlm survey. Bioﬁlms were examined using a quantitative spectrophotometric microtiter plate
assay (68). Colonies from TSA plates were suspended in phosphate-buffered saline (PBS; Sigma-Aldrich)
to 0.5 McFarland units (⬃1 ⫻ 108 CFU/ml) and diluted 1:150 in TSBg. Next, 0.15-ml aliquots were added
to 96-well ﬂat-bottom polystyrene microplates (BD Falcon; Corning Life Sciences) and incubated for 24
h at 37°C. Plates were washed with PBS, and the bioﬁlm biomass was stained for 15 min with 0.05%
crystal violet (Harleco; EMD Millipore Chemicals). For quantitation, crystal violet was solubilized in 0.2 ml
of 33% (vol/vol) acetic acid, and the optical density of 600 nm (OD600) was determined using a
SpectraMax M3 multimode microplate reader (Molecular Devices, Inc.). Samples were examined in
triplicate, and TSBg alone was used as the negative control. The OD600 values of TSBg alone were
subtracted from the average OD600 of each strain. Bioﬁlms were classiﬁed as strong, moderate, or weak
according to the guidelines of Stepanović et al. (68).
MBEC assay. The MBEC of CF-301 was determined using a broth microdilution (BMD) method,
described by the Clinical and Laboratory Standards Institute (69), with modiﬁcations. For S. aureus, 95
strong, moderate, and weak bioﬁlm-forming strains were chosen from those shown in Table S2. Bacteria
were suspended in PBS (0.5 McFarland units), diluted 1:100 in TSBg, added as 0.15-ml aliquots to 96-well
ﬂat-bottom polystyrene microplates, and incubated for 24 h at 37°C. Bioﬁlms were washed and treated
with a 2-fold dilution series of CF-301 or daptomycin in TSBg (containing calcium for daptomycin) at 37°C
for 24 h. All samples were examined in triplicate. After treatment, wells were washed, air-dried at 37°C,
and stained with 0.05% crystal violet for 10 min. The loss of bioﬁlm biomass was assessed visually, and
crystal violet was quantitated as described above. The MBEC of each sample was the minimum drug
concentration required to remove ⬎95% of the bioﬁlm biomass assessed by crystal violet quantitation.
MIC assay. CF-301 MICs were determined in MHB, as described previously (43), with the exception
that DL-dithiothreitol was not used. Daptomycin MICs were determined in CA-MHB, as described
previously (69).
Bioﬁlm disruption in 24-well plates. The disruption assay was performed as described previously
(70). Wells of a 24-well ﬂat-bottom polystyrene tissue culture plate (Corning Life Sciences) were
inoculated with ⬃1 ⫻ 106 CFU of S. aureus strain BAA-42 in 2 ml of TSBg and incubated at 37°C for either
24 h or 2 weeks with agitation at 50 rpm. For the 2-week growth, medium was aspirated every 3 days
and replaced with fresh TSBg. Bioﬁlms were washed with PBS and treated with CF-301 or antibiotic for
up to 24 h. CF-301, vancomycin, and linezolid were used in MHB, while daptomycin was used in CA-MHB.
Medium-alone controls were included. After treatment, wells were washed, stained for 10 min with 0.05%
crystal violet, washed again, and photographed. The spectrophotometric measure of crystal violet
staining (see above) was used to compare CF-301 treatments with buffer treatments according to the
following equation: (absorbance value for CF-301 treatment/absorbance value for buffer control) ⫻ 100.
Confocal microscopy. An overnight culture of S. aureus strain Newman/pCN57(GFP⫹) was diluted
1:1,000 into 3 ml of TSBg with 10 g/ml erythromycin, in a 35-mm-diameter glass-bottom microwell dish
(MatTek, Ashland, MA). Dishes were incubated without agitation for 24 h at 37°C, washed, and treated
with CF-301 (32 g/ml) or PBS for 1 h at 37°C. After treatment, samples were ﬁxed in 2.6% paraformaldehyde, washed, and visualized using an inverted TCS SP8 laser scanning confocal microscope (Leica)
using a HC PL APO CS2 40⫻/1.1 water immersion objective. A white light laser (WLL) was used at a
wavelength of 489 nm, and an HyD detector was used at a range of 500 to 600 nm. Images were captured
using the LAS AF 3.3 software (Leica) and analyzed using Imaris x64 7.7.2 (Bitplane).
Bioﬁlm disruption on glass chamber slides. Colonies of S. aureus strain BAA-42 from TSA plates
were suspended in PBS (0.5 McFarland units), diluted 1:100 in TSBg, and added as 1.0-ml aliquots to
4-chambered Nunc Lab-Tek II CC2 chamber slides (Thermo Scientiﬁc). The chambers were incubated for
24 h at 37°C without agitation and washed and suspended in 1 ml of TSBg with or without CF-301 (32
g/ml) for 1 h at 37°C. Bioﬁlms were washed, suspended in PBS, and photographed. For microscopy,
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bioﬁlms were stained with FilmTracer bioﬁlm stain (Life Technologies Corporation), washed, mounted in
ProLong Gold antifade reagent (Life Technologies Corporation), and examined by differential interference contrast (DIC) imaging and ﬂuorescence microscopy (magniﬁcation, ⫻400) using a Nikon Eclipse 80i
microscope. Images were captured using a QImaging QIClick digital charge-coupled-device (CCD)
camera (QImaging, Inc.) and processed using the NIS-Elements imaging software (version 4.0). The
excitation and emission maxima were 494 and 514 nm, respectively. For enumeration, bioﬁlm bacteria
and planktonic cells were recovered, diluted in an equivalent volume of 25 mg/ml activated charcoal
(Sigma-Aldrich), and plated in quadrants of TSA plates. Activated charcoal is often used for in vitro studies
to bind and inactivate residual antibiotic and prevent a “carryover” effect (71). All samples for CFU
determinations in the current study were ﬁrst diluted in charcoal. The removal of bioﬁlm bacteria (prior
to plating) was performed by sonication for 1 min using a Branson 3510 ultrasonic cleaner at 40 kHz (72),
followed by gentle pipetting. Bioﬁlm removal was conﬁrmed by crystal violet staining, as described
above. The disruption of bioﬁlm particles in suspension, to enable accurate CFU measurements, was
conﬁrmed by bright-ﬁeld microscopy using a Nikon Eclipse 80i microscope (magniﬁcation, ⫻2,000).
Bioﬁlm disruption in catheters. Bioﬁlms were formed in sterile 5-cm segments of SmartSite infusion
set tubing (Alaris SE Pump Signature Edition infusion system; CareFusion Corporation) with a 1-mm
internal diameter. The tubing is polyvinyl chloride (PVC) with diethyl hexyl phthalate (DEHP) as a
softening agent. Segments were inoculated with 0.2 ml of TSBg containing 1 ⫻ 106 CFU/ml S. aureus
BAA-42, the ends were sealed, and the tubes was incubated for 3 days at 37°C without agitation. The
resulting bioﬁlms were washed and treated for 4 h at 37°C with CF-301 (32 g/ml) or daptomycin (1
g/ml or 1 mg/ml) in 0.225 ml of lactated Ringer’s (LR) solution (VWR International). The LR was the
buffer control, and experiments were performed in triplicate. Under each condition, one set of catheters
was drained, washed, air-dried, stained with methylene blue (0.05% [wt]; Sigma-Aldrich) for 15 min,
washed, air-dried, and photographed. A second set of catheters was used to quantitate bioﬁlm bacteria
using the BacTiter-Glo assay described below. A third set of catheters was used for microscopy.
Bioﬁlms of strain BAA-42 were also formed on the surface of prebisected 1.25-cm catheter segments
suspended in 2 ml of TSBg with either 1% human serum (pooled normal human type AB serum;
Sigma-Aldrich), 50% human heat-inactivated plasma (Sigma-Aldrich), or 50% heparinized human whole
blood (BioreclamationIVT). Higher concentrations of blood, serum, or plasma did not support bioﬁlm
formation. After 3 days at 37°C without agitation, catheter segments were then washed and treated for
4 h with a dilution series of CF-301 suspended in 2 ml of either 100% serum, 100% plasma, or 100%
whole blood (depending on the condition under which the bioﬁlms were formed). Treatments lacking
CF-301 were used as controls. Under each condition, one set of catheters was stained with methylene
blue (as described above) and photographed, while a second set was used to quantitate biomass and a
third set was used to quantitate bacteria.
Indirect quantitation of catheter bioﬁlm bacteria. Bacterial CFU were estimated using the
BacTiter-Glo microbial cell viability assay kit (Promega). The BacTiter-Glo assay provides a reliable and
reproducible method for determining total cell numbers in S. aureus bioﬁlms (73). Brieﬂy, treated
catheters were washed and loaded with lysis solution (lactated Ringer’s solution with 100 g/ml
lysostaphin) for 8 min at 24°C. The intralumenal contents were then recovered, vortexed, and mixed with
an equal volume of BacTiter-Glo in solution. The resulting glow-type luminescent signal is proportional
to the amount of ATP present, which is directly proportional to the number of cells in culture (based on
a standard curve generated as described above using the BacTiter-Glo kit). The samples were examined
in triplicate.
Microscopic analysis of catheter bioﬁlms. Methylene blue-stained segments were bisected longitudinally using surgical scalpels and visualized using a Nikon Eclipse Ti-S inverted microscope (magniﬁcation, ⫻400). Images were captured using a QImaging QIClick digital CCD camera (QImaging, Inc.) and
processed using the NIS-Elements imaging software (version 4.0). For scanning electron microscopy
(SEM), bisected segments were ﬁxed in 2.5% glutaraldehyde and 0.075 M sodium cacodylate (pH 7.4)
overnight at 4°C, rinsed with Milli-Q water, plunged into liquid nitrogen [N2(l)], transferred into a Leica
EM AFS2 chamber ﬁlled with nitrogen gas [N2(g)], adjusted to room temperature over ⬃20 h before
being sputter coated with gold/palladium using a Denton Vacuum Desk IV, and analyzed with a Zeiss Leo
1550 scanning electron microscope.
Construction and analysis of GFP-CF-301BD. A 1,116-bp DNA fragment was synthesized at Genewiz
(South Plainﬁeld, NJ), encoding an N-terminal poly-histidine tag, a central GFP domain (GFPmut2;
GenBank accession no. AAG39983.1), and a C-terminal 126-amino-acid fragment of CF-301 encoding the
SH3b cell wall binding domain (positions 287 to 665 in the sequence with GenBank accession no.
KC348602.1). The GFP-CF-301BD construct was cloned into the EcoRI-HindIII sites of vector pBAD24 (74);
expression was induced with arabinose, and protein was prepared as previously described (75). For
binding studies, catheters were bisected and suspended in PBS containing 10 g/ml GFP-CF-301BD for
30 min at 24°C. Segments were washed, air-dried, and visualized by bright-ﬁeld and ﬂuorescence
microscopy using a Nikon Eclipse Ti-S inverted microscope (magniﬁcation, ⫻400).
Quantitation of planktonic bacteria in treated catheters. Catheters were drained at the indicated
time points, and the contents were diluted in activated charcoal, vortexed, serially diluted, and plated for
viability on TSA plates for 16 h at 37°C.
Bioﬁlm disruption on surgical mesh. Under each condition, 4-mm2 segments of sterile surgical
mesh (1-mm-thick silicone elastomer; Goodfellow Cambridge Ltd.) were suspended in 2 ml of TSBg
(containing ⬃1 ⫻ 106 CFU of S. aureus BAA-42) in 24-well polystyrene tissue culture plates (Corning Life
Sciences). After 3 days at 37°C, the medium was aspirated and replaced with fresh TSBg for 3 additional
days. Treatments consisted of PBS alone and PBS with CF-301 (32 g/ml) for 24 h at 37°C. Bioﬁlm bacteria
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were recovered by scraping and vortexing, and CFU were determined by plating serial dilutions on TSA
plates. A spectrophotometric measure of crystal violet staining of mesh bioﬁlms was used as described
above.
Mixed bioﬁlms. Colonies of S. aureus strain BAA-42 and S. epidermidis strain NRS 7 were separately
suspended in PBS (each at 0.5 McFarland units) and then diluted 1:100 and 1:50, respectively, into one
TSBg aliquot. A precise 2:1 ratio of S. aureus to S. epidermidis was previously established, in preliminary
experiments, to be absolutely required for the formation of stable polymicrobial bioﬁlms; other ratios did
not support the formation of polymicrobial bioﬁlms. A ﬁnal mixture of S. aureus to S. epidermidis in a 2:1
ratio served as the inoculum to generate bioﬁlms on different surfaces as indicated: for 24-well plates,
the mixture was aspirated after 2 days and replaced with fresh TSBg for 1 day, and for catheter and
surgical mesh samples, the mixture was aspirated after 3 days and replaced with fresh TSBg for 3 days.
Bioﬁlms were washed and treated with CF-301 at 37°C for 4 or 24 h. Samples were examined in triplicate.
Single-species bioﬁlms were included as controls. To determine the CFU by quantitative plating, bioﬁlm
bacteria on 24-well plates, catheters, and surgical mesh were recovered in PBS, as described above, by
sonication using a Branson 3510 ultrasonic cleaner at 40 kHz, followed by gentle pipetting. Bioﬁlm
removal was conﬁrmed by crystal violet staining, and the disruption of bioﬁlm material in suspension (to
enable proper CFU determinations) was conﬁrmed by microscopy. The distinct colony phenotypes of
BAA-42 (golden yellow, hemolytic, and ⬃2 mm in diameter) and NRS 7 (white, nonhemolytic, and ⬃1
mm in diameter) enabled differential quantitation. A spectrophotometric measure of crystal violet
staining of mesh bioﬁlms was also used as described above.
SCV bioﬁlms. Bioﬁlms enriched for S. aureus SCVs were formed in 24-well polystyrene tissue culture
plates (Corning Life Sciences) by inoculating 1 ⫻ 106 CFU of the bioﬁlm-forming strain BAA-42 into 2 ml
of TSBg with daptomycin (1.0 g/ml), vancomycin (1.0 g/ml), or oxacillin (0.5 g/ml). CF-301 was used
at 0.1 and 0.05 g/ml, as higher concentrations prevented bioﬁlm formation. For daptomycin, the
medium was supplemented with CaCl2 to 50 g/ml. For oxacillin, the medium was supplemented with
4% NaCl. After 3 days at 37°C, bioﬁlms were washed and treated with CF-301 for 24 h at 37°C. A
spectrophotometric measure of crystal violet staining was used as described above.
For examination of the SCV phenotype of bioﬁlm bacteria prior to CF-301 treatment, bioﬁlm biomass
was ﬁrst recovered in the manner described above by sonication using a Branson 3510 ultrasonic cleaner
at 40 kHz, followed by gentle pipetting. As described above, bioﬁlm removal was conﬁrmed by crystal
violet staining of the 24-well plates, and the disruption of bioﬁlm material in suspension (to enable
proper CFU determinations) was conﬁrmed by microscopy. The recovered material was then suspended
in PBS containing 25 mg/ml activated charcoal, and dilutions thereof were plated on TSA for 24 h at 37°C.
Colonies were enumerated and photographed. The SCVs were nonhemolytic, white, and ⬍0.5 mm in
diameter, while the wild-type (or “normal”) colonies were hemolytic, yellow, and ⬃2 mm in diameter. To
examine SCV stability, sets of up to 20 SCV colonies from each treatment were subcultured twice on 5%
sheep blood agar in the absence of antibiotics.
Time-kill studies of persister cells treated with antibiotics and CF-301. The susceptibility of S.
aureus persister cells to CF-301 in both stationary- and exponential-phase cultures was examined in a
manner similar to that described previously (11). As bioﬁlms were not required, the laboratory MRSA
strain MW2 was used. For the analysis of stationary-phase cultures, CaCl2 (50 g/ml) and daptomycin
(100 g/ml, or 100⫻ the MIC) were added to overnight cultures and incubated at 37°C with agitation for
5 h. CF-301 was then added (to 160 g/ml, or 5⫻ the MIC) for an additional 19 h. Prior to adding
daptomycin (T ⫽ 0 h), and at 1, 2, 3, 5, 7, and 24 h thereafter, culture aliquots were removed, washed
in 1% NaCl, resuspended in 1% NaCl containing 25 mg/ml activated charcoal, and quantitatively plated
on TSA. Colonies were enumerated after incubation for up to 48 h at 37°C. Experiments were conducted
in triplicate. For the analysis of exponential-phase bacteria, overnight cultures were diluted 1:100 in MHB
and grown at 37°C with agitation to OD600 of 0.5 before adding ciproﬂoxacin (3 g/ml, or 3⫻ the MIC).
After 4 h of growth with ciproﬂoxacin, CF-301 was added (160 g/ml, or 5⫻ the MIC) for 20 additional
hours. Bacteria were quantitatively plated as described above. For each experiment, control cultures were
included, to which either no drugs were added (i.e., no antibiotic and no CF-301) or CF-301 was added
as the 5-h pretreatment with no antibiotic.
CF-301 stability in LR solution. A method was used similar to that described previously (45). For the
1-, 7-, 14-, and 21-day time points, three 1-ml aliquots of CF-301 (containing either 32, 320, or 3,200
g/ml in LR) were prepared in triplicate with and without heparin sodium salt (100 U/ml; Sigma-Aldrich).
Experiments were performed at 37°C, and at each time point, a fresh inoculum of MRSA strain MW2 (0.5
McFarland standard) was diluted 1:100 into each concentration of CF-301 (with and without heparin, in
triplicate) and incubated for 4 h at 37°C. The CF-301 was inactivated with 50 g/ml proteinase K
(Sigma-Aldrich) for 15 min at 24°C, and serial dilutions were plated on TSA for enumeration. A dilution
series of each bacterial inoculum was plated for viability to determine the percentage of initial activity.
Synergy. Checkerboards were constructed in a manner similar to that described previously (76).
Appropriate dilutions of CF 301 and lysostaphin were combined into 96-well plates containing 1-day-old
S. aureus bioﬁlms prepared as described above. After 4 h at 37°C, wells were washed and stained with
a 0.05% crystal violet solution. The removal of bioﬁlm biomass was assessed visually and by
spectrophotometric analysis at the OD600 of crystal violet destained in 33% acetic acid. The minimum
eradication concentration (MEC) for each drug in combination was determined. The sum of the
fractional eradicating concentrations (FECs, which are the equivalents of fractional inhibitory
concentrations [FICs], with the standard broth microdilution method) was calculated. Synergy exists
if the sum of the two FECs (⌺FEC ⫽ FECCF-301 ⫹ FECLYSOSTAPHIN) is ⱕ0.5 (77).
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Bioﬁlms in HSF. Bioﬁlms were formed over 24 h at 37°C on 0.3-cm segments of SmartSite infusion
PVC tubing suspended in 0.25 ml of HSF (BioreclamationIVT) with 1 ⫻ 106 CFU/ml of S. aureus BAA-42.
The resulting bioﬁlms were transferred to 0.25 ml of HSF containing either CF-301 (32 g/ml), daptomycin (1 g/ml), lysostaphin (1 g/ml), CF-301 and lysostaphin (4 g/ml and 0.125 g/ml, respectively),
or buffer control and incubated at 37°C for 4 or 24 h. Samples were vortexed to dislodge adherent
bacteria and plated to determine CFU. To conﬁrm bioﬁlm removal, the tubing was stained with
methylene blue and examined by phase-contrast microscopy. For SEM analyses, bioﬁlms were formed
and treated in HSF with CF-301, as described above.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02666-16.
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