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Annually, medical device infections are associated with >250,000 catheter-associated bloodstream infections (CLABSI),
with up to 25% mortality. Staphylococcus aureus, a primary pathogen in these infections, is capable of biofilm production, al-
lowing organism persistence in harsh environments, offering antimicrobial protection. With increases in S. aureus isolates with
reduced susceptibility to current agents, ceftaroline (CPT) offers a therapeutic alternative. Therefore, we evaluated whether CPT
would have a role against biofilm-producing methicillin-resistant S. aureus (MRSA), including those with decreased susceptibil-
ities to alternative agents. In this study, we investigated CPT activity alone or combined with daptomycin (DAP) or rifampin
(RIF) against 3 clinical biofilm-producing MRSA strains in an in vitro biofilm pharmacokinetic/pharmacodynamic (PK/PD)
model. Simulated antimicrobial regimens were as follows: 600 mg of CPT every 8 h (q8h) (free maximum concentration of drug
[fCmax], 17.04 mg/liter; elimination half-life [t1/2], 2.66 h), 12 mg/kg of body weight/day of DAP (fCmax, 14.7 mg/liter; t1/2, 8 h),
and 450 mg of RIF q12h (fCmax, 3.5 mg/liter; t1/2, 3.4 h), CPT plus DAP, and CPT plus RIF. Samples were obtained and plated to
determine colony counts. Differences in log10 CFU/cm2 were evaluated by analysis of variance with Tukey’s post hoc test. The
strains were CPT and vancomycin susceptible and DAP nonsusceptible (DNS). CPT displayed activity throughout the
experiment. DAP demonstrated initial activity with regrowth at 24 h in all strains. RIF was comparable to the drug-free control,
and little benefit was observed when combined with CPT. CPT plus DAP displayed potent activity, with an average log10 CFU/
cm2 reduction of 3.33 � 1.01 from baseline. CPT demonstrated activity against biofilm-producing DNS MRSA. CPT plus DAP
displayed therapeutic enhancement over monotherapy, providing a potential option for difficult-to-treat medical
device infections.

The Infectious Diseases Society of America has recognized sev-
eral pathogens for which novel therapies are needed, including

Staphylococcus aureus (1). Not only are rates of S. aureus infections
increasing, but the frequency of methicillin resistance is as well,
ultimately promoting vancomycin as a first-line therapy to com-
bat these infections (2). This increased usage is a driving force of
resistance, as S. aureus isolates are now demonstrating decreased
susceptibility to vancomycin (3–5).

In addition to increasing resistance rates and prevalence, S. aureus
also has the propensity to produce bacterial biofilm, a serious
concern in patients with prosthetic material, including intrave-
nous catheters (6). Essentially, biofilm encapsulates the microor-
ganism, creating an outer layer of glycocalyx, a layer of actively
dividing cells, and a layer of stationary cells. Antimicrobials are
often rendered ineffective, not only due to lack of penetration into
the cellular component, but also because several agents, most no-
tably �-lactams, are dependent upon active cellular division for
activity. As such, stationary cells are inherently resistant to cell
wall-active agents (7, 8). Therefore, combination therapy is often
employed (9).

Combination therapy against MRSA-infected prostheses typi-
cally employs rifampin as the synergistic agent. However, potent
in vitro synergy has been identified with the combination of �-lac-
tam antibiotics plus either daptomycin or vancomycin (10, 11).
Data evaluating either cefazolin or ceftaroline plus daptomycin,

vancomycin, or rifampin against biofilm-producing MRSA have
been described in time-kill methodologies, and these combina-
tions may be effective, although pharmacokinetic/pharmacody-
namic (PK/PD) modeling has not yet been performed (12).
Therefore, our objective was to evaluate ceftaroline alone and in
combination against biofilm-producing MRSA strains in an in
vitro PK/PD model of bacterial biofilms.

MATERIALS AND METHODS
Bacterial strains and culture media. Three methicillin-resistant and
daptomycin-nonsusceptible S. aureus strains were evaluated in this
study. These strains included a vancomycin-susceptible strain and an iso-
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genic strain pair consisting of a heterogeneous vancomycin-intermediate
S. aureus (hVISA) parent strain and a VISA mutant (isolates R6911 and
R6913, respectively). Tryptic soy agar (TSA) (Difco, Detroit, MI) plates
were used to grow isolates and perform bacterial quantification. Tryptic
soy broth supplemented with 10% and 1% glucose (gSTSB) was used for
the 24-h and 16-h portions of the conditioning phases, respectively (13).
Mueller-Hinton broth supplemented with 50 mg/liter calcium and 12.5
mg/liter magnesium was used for all in vitro PK/PD experiments and
susceptibility testing due to the calcium-dependent mechanism of dapto-
mycin.

Antimicrobial agents. Ceftaroline analytical powder was provided by
Actavis Pharmaceuticals (New York, NY). Daptomycin (Cubist Pharma-
ceuticals, Lexington, MA), rifampin, and vancomycin (Sigma Chemical
Co., St. Louis, MO) were purchased commercially.

Susceptibility testing. Susceptibility testing of all antimicrobials was
performed in duplicate by broth microdilution, according to CLSI guide-
lines (14). Biofilm MIC testing was carried out utilizing the modified
Calgary Biofilm Device method, as previously described (15).

In vitro PK/PD model. A CDC biofilm reactor model (BioSurface
Technologies, Bozeman, MT) was set up with polyurethane coupons in-
serted into eight rods, as previously described (13). A 40-h conditioning
phase was performed prior to antimicrobial exposure to stimulate biofilm
production. The conditioning phase consisted of 24 h of incubation at
37°C of inoculated 1% gSTSB, followed by a 16-h continuous flow with
10% supplied via peristaltic pumps (Masterflex; Cole-Parmer Instrument
Co., Chicago, IL) set at a rate of 13.3 ml/min to achieve a 30-min residence
time. Post-continuous flow, inflow medium with Mueller-Hinton broth
(MHB) was used for antibiotic simulations, and antibiotic bolus doses
were injected into the reactor. The regimens evaluated included 600 mg of
ceftaroline every 8 h (free drug peak concentration [fCmax], 17.04 mg/
liter; elimination half-life [t1/2], 2.66 h; protein binding, 20%) (16), 12
mg/kg of body weight of daptomycin every 24 h (fCmax, 14.7 mg/liter; t1/2,
8 h; protein binding, 92%) (17), 450 mg of rifampin every 12 h (fCmax, 3.5
mg/liter; t1/2, 3.4 h; protein binding, 90%) (18–20), ceftaroline plus dap-
tomycin, and ceftaroline plus rifampin. Peristaltic pumps were set up to
simulate the half-lives of the antibiotics. For combination models, the
daptomycin and rifampin doses were supplemented to account for the
shorter half-life of ceftaroline (21). All model experiments were com-
pleted in duplicate to ensure reproducibility.

PD analysis. One coupon from each model was aseptically removed at
0, 4, 8, 24, 32, 48, 56, and 72 h. Each coupon was washed twice in sterile
normal saline to remove excess planktonic cells. Each coupon was then
placed in a sterile tube containing 10 ml of normal saline. Biofilm-embed-
ded cells were recovered via three alternating 60-s cycles of vortexing and
sonication at 20 Hz (Bransonic 12; Branson Ultrasonics Corporation).
Both biofilm-embedded cells and planktonic samples derived from the
model were serially diluted in sterile normal saline and spiral plated onto
TSA utilizing an automated spiral plater (Don Whitley Scientific Ltd.,
West Yorkshire, England). TSA plates were then incubated at 37°C for 24
h, and colony counts were determined using a laser colony counter
(ProtoCOL; Symbiosis, Cambridge, England). Enhancement of activity
by the addition of a drug was defined as a �2-log10 CFU/cm2 increase in
kill compared to that with the most active single agent of the combination.
Combinations that resulted in a �1-log10 CFU/cm2 increase in bacterial
growth in comparison to the least-active single agent were considered to
represent antagonism (22).

PK analysis. Pharmacokinetic samples were obtained through the injec-
tion port of each model at 0.5, 2, 4, 8, 24, 32, 48, 56, and 72 h in duplicate for
verification of target antimicrobial concentrations. All samples were stored at
�80°C until analysis. Ceftaroline and rifampin concentrations were deter-
mined by a bioassay, as previously described (13, 23). Blank 0.25-in. disks
were placed on preswabbed (Escherichia coli strain ATCC 25922 for ceftaro-
line PK and Kocuria rhizophila [formerly Micrococcus luteus] strain ATCC
9394 for rifampin PK) agar plates and spotted with 10 �l of the standards
(1.88, 3.75, 7.5, 15, and 30 mg/liter for ceftaroline and 0.625, 1.25, 2.5, 5,

and 7.5 mg/liter for rifampin) or experimental samples. Each standard
and sample were tested in duplicate. Plates were incubated for 24 h at
37°C, at which time the zones of inhibition were measured using an au-
tomated plate reader (ProtoCOL; Synoptics Ltd., Frederick, MD). The
t1/2, fCmax, and free minimum drug concentration (fCmin) were deter-
mined from the concentration-versus-time plots using PK Analyst soft-
ware (version 1.10; MicroMath Scientific Software, Salt Lake City, UT).
The time above the MIC for ceftaroline and rifampin Cmax was calculated
using first-order elimination concepts. Daptomycin concentrations were
determined using a validated high-performance liquid chromatography
(HPLC) assay that conforms to the guidelines set forth by the College of
American Pathologists. The area under the concentration-time curve
(AUC) was determined by the trapezoidal method utilizing the PK Ana-
lyst Software (version 1.10; MicroMath Scientific Software).

Confocal laser scanning microscopy analysis. The coupons were
placed in a flow cell chamber, and fluorescent dyes were injected into the
chamber for 20 min and then flushed with sterile water. Syto-9 (1.3 �M
final concentration) was applied to identify viable cells in the biofilm, and
propidium iodide (PI) (4.0 �M final concentration) was added to stain
dead cells. The biofilm was imaged using a Zeiss 510 Meta confocal laser
scanning microscopy (CLSM) with an Achroplan 40 by 0.8 numerical
aperture (NA) water dipping objective. The Syto-9 and PI fluorophores
were excited with an argon laser at 488 nm, and the emission bandpass
filters used for Syto-9 and PI were 515 � 15 nm and 630 � 15 nm,
respectively. Confocal images were processed using the Velocity software
(Improvision, Lexington, MA).

Scanning electron microscopy of biofilms with antibiotic exposure
from a static well plate assay. A modified kill curve method was developed
as a follow-up to the most potent PK/PD model therapy to more rapidly assess
antibiotic synergy against bacterial biofilms. Sterile polyurethane coupons
similar to those used in the CDC reactor were placed in a 24-well plate con-
taining 2 ml of 1% gSTSB medium per well. A 0.5 McFarland standard was
diluted 100-fold into each well and grown for 18 to 24 h in an orbital shaker at
150 rpm to allow for biofilm formation on the coupon. The coupons were
then washed gently with 1� phosphate-buffered saline (PBS) to remove non-
adherent cells and placed into a new plate containing 2 ml of Mueller-Hinton
broth supplemented with 50 mg/liter calcium and 12.5 mg/liter magnesium.
Experimental conditions were no antibiotic, ceftaroline plus daptomycin at
1� the organism MIC (standard initial kill curve assessment concentrations),
and ceftaroline plus daptomycin at fCmax (17 and 14.7 �g/ml, respectively).
The free concentrations were selected to mimic those targeted in the PK/PD
model for comparison. All experiments were performed in triplicate over 24
h. Bacterial quantification was done on two coupons per time point using
methods described earlier.

The third coupon in the experiment was used for scanning electron
microscopy (SEM) imaging. After removal, the coupon was washed in 1�
PBS to remove nonadherent cells and immersion fixed in a solution of
2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium phos-
phate buffer. The coupons were then dehydrated in a graded ethanol series
and carbon coated at 30 Å for 3 min by using a SeeVac Conduct Vac IV
sputter coater. The coupons were imaged using a Hitachi S570 SEM at
2,000� magnification and evaluated for the presence and characteristics
of biofilm and cells.

Emergence of resistance. Development of resistance was evaluated at
72 h. Samples of 100 �l were plated on brain heart infusion agar (BHIA) or
calcium-supplemented Mueller-Hinton agar (MHA) containing 3� the
MIC of the respective antibiotic to assess for increases in MIC. The plates
were examined for growth after 48 h of incubation at 37°C. Broth microdi-
lution MICs, in accordance with CLSI guidelines, were determined for any
isolate observed to grow on the drug-containing agar plates.

Statistical analysis. Changes in log10 CFU/cm2 for biofilm-embed-
ded and planktonic bacteria for the PK/PD model at 72 h were evalu-
ated for each regimen by analysis of variance with Tukey’s post hoc test.
A P value of �0.05 was considered statistically significant. All statisti-

Barber et al.

4498 aac.asm.org August 2015 Volume 59 Number 8Antimicrobial Agents and Chemotherapy

http://aac.asm.org


cal analyses were performed using SPSS software (release 21.0; SPSS,
Inc., Chicago, IL).

RESULTS
Susceptibility testing. The MICs for the DNS strains R6067,
R6911, and R6913 were 2, 2, and 4 mg/liter to vancomycin and 0.5,
1, and 0.5 mg/liter to ceftaroline, respectively. All three isolates
were DNS, with MICs of 4, 2, and 4 mg/liter, respectively, and
rifampin resistant (MIC, �4 mg/liter). The biofilm MICs were 0
to 1 dilutions higher for ceftaroline, 1 to 2 dilutions higher for
daptomycin, and 1 to 2 dilutions higher for vancomycin.

In vitro PK/PD model. The quantitative changes in log10

CFU/cm2 for the evaluated regimens against the 3 strains are
displayed in Fig. 1. Against all strains, the most potent reduc-
tion in bacterial density was observed with the combination of
ceftaroline plus daptomycin, with an average reduction � stan-
dard deviation of 3.33 � 1.01 log10 CFU/cm2 within 72 h. This
combination was ultimately bactericidal in 2 (R6911 and
R6913) of the 3 strains evaluated. Inconsistent results were
demonstrated with the combination of ceftaroline and rifam-
pin. Against strain R6911, the addition of rifampin to ceftaro-
line provided no benefit and resulted in similar kill to that with
ceftaroline monotherapy (P � 0.997). Against R6067, the com-
bination appeared to be antagonistic, with minimal change in
bacterial density compared to that in the starting inoculum.
For monotherapy regimens, ceftaroline alone displayed the
most consistent activity in reducing the initial inoculum
against all 3 strains compared to other monotherapy runs (P �
0.001). While bactericidal activity was only noted against
R6913, reductions of 2.65 � 0.50 and 1.79 � 0.31 log10 CFU/
cm2 were observed for strains R6911 and R6067, respectively.
Despite daptomycin alone achieving initial kill within the first
8 h for all 3 strains, due to daptomycin nonsusceptibility, bac-
terial regrowth was noted at subsequent time points. The re-
sults with rifampin monotherapy and drug-free controls were
comparable in all strains tested.

Pharmacokinetics. The observed PK parameters for ceftaro-
line, daptomycin, and rifampin were nearly equivalent to the tar-
get values. For ceftaroline, the observed fCmax was 17.04 � 0.25
mg/liter (goal, 17.04 mg/liter), and the observed t1/2 was 2.39 �
0.24 h (goal, 2.66 h). The ceftaroline free time above the MIC
(fT�MIC) was maintained for 100% of the 8-h dosing interval for
all 3 strains. The observed fCmax and average free trapezoidal area
under the curve from 0 to 24 h (AUC0–24) values for daptomycin
were 13.56 � 0.43 mg/liter (goal, 14.7 mg/liter) and 142.98 �
11.44 mg · h/ml, respectively. The observed t1/2 for daptomycin
was 7.43 � 0.59 h (goal, 8 h). Rifampin PK was as follows: the
observed fCmax was 3.34 � 0.20 mg/liter (goal, 3.5 mg/liter), and
the observed t1/2 was 3.43 � 0.16 h (goal, 2.66 h).

CLSM. To further assess MRSA biofilm susceptibility to cef-
taroline and the combination of ceftaroline plus daptomycin, bio-
films exposed to these compounds were examined by confocal
microscopy after LIVE/DEAD staining. The untreated control
(Fig. 2) coupons displayed extensive biofilm coverage by live S.
aureus. Concurrent with the MIC data, ceftaroline treatment
alone resulted in reduced S. aureus surface colonization and the
appearance of dead (red) cells. The combination of ceftaroline
plus daptomycin exposure resulted in no large biofilm-like clus-
ters on cells on the coupon, and no viable (green) S. aureus cells
were observed.

FIG 1 In vitro PK/PD biofilm model results. (A) Strain R6067 (vancomycin-
susceptible S. aureus [VSSA]). (B) Strain R6911 (hVISA). (C) Strain R6913
(VISA).
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Antibiotic activity and SEM in coupons from the well plate
assay. The results of the PK/PD model were used to validate a
more rapid assessment of antibiofilm activity in a 24-h well plate
assay with polyurethane coupons. Figure 3 displays the result of
bacterial quantification and development of biofilm by SEM anal-
ysis. Bacterial growth in this assay was similar to the PK/PD model
at 24 h (6.85 � 0.50 CFU/cm2). SEM imaging of the control dis-
played strong biofilm development on the coupon (Fig. 3B).
When testing each at 1� the MIC, ceftaroline plus daptomycin
was very synergistic, showing a 3.30 � 0.35-log reduction in bac-
terial burden and biofilm clearance by SEM. An even greater syn-
ergistic effect was noted with the combination at fCmax for ceftaro-
line plus daptomycin. This combination had a 5.40 � 0.64-log
reduction in bacterial burden and scarce biofilm/organism re-
maining on the coupon by SEM visualization.

Changes in susceptibility. No increase in MIC to either cef-
taroline or daptomycin was detected for any strain at any of the
time points. Resistance was detected for rifampin monotherapy
runs in all strains, with MICs of �64 mg/liter within 72 h of ex-
perimentation.

DISCUSSION

Bacteria, including S. aureus, are capable of adhering to foreign
medical material and producing a biofilm matrix as protection from
antimicrobial therapy. From 2009 to 2010, nearly 30,000 central line-
associated bloodstream infections were reported, with Staphylococ-
cus representing the most frequently isolated pathogen (2).
Alarmingly, this number has increased by roughly 10,000 cases
from 2 years before. It has been documented that antibiotics alone
are ineffective at eradicating biofilm-producing organisms, and
recurrence is frequently observed, even in patients who respond
initially (24). Because of this, biofilm-associated infections have a
large impact on patient outcomes, including cost of treatment.

The poor outcomes observed from biofilm-associated infec-
tions are multifactorial. Not only does decreased penetration
into the biofilm matrix protect microorganisms, but the sta-
tionary growth phase of embedded organisms render many of
the antimicrobial agents in our armamentarium useless (25).
Cell wall-active agents, including the �-lactams, are unable to
inhibit peptidoglycan synthesis when the cells are not actively
replicating. However, not all cells embedded in biofilm are in
stationary phase, which might explain the activity observed
with ceftaroline. Additionally, biofilm formation protects
against antimicrobial activity, with up to 1,000-fold decreases
in drug susceptibility observed (20). This is evident when eval-
uating biofilm MICs that are often several dilutions higher than
the MICs obtained by broth microdilution. The 1- to 2-fold
increase in biofilm MIC compared to the standard broth mi-
crodilution MIC observed in our study was comparable to that
in the literature (12, 26).

S. aureus, specifically MRSA, has been recognized by the Infec-
tious Diseases Society of America as a pathogen for which new
therapies are needed (1). Recently, several new Gram-positive
agents have been approved with MRSA coverage, including cef-
taroline (27). Previous studies conducted in our laboratory have
demonstrated potent synergy against MRSA, including strains
with decreased susceptibility to glyco- and lipopeptides, with
combination therapy, particularly with ceftaroline plus daptomy-
cin (10–12). However, these data were limited to one-compart-
ment and simulated endocardial vegetation models, and to date,

FIG 2 Confocal laser scanning microscopy analysis of coupons after 72 h in
the in vitro PK/PD biofilm model for strain R6913. (A) Drug-free control,
showing vast biomass with live cells. (B) Ceftaroline monotherapy, showing
decreased biomass with live cells. (C) Ceftaroline plus daptomycin, showing
minimal biomass with dead cells.

Barber et al.

4500 aac.asm.org August 2015 Volume 59 Number 8Antimicrobial Agents and Chemotherapy

http://aac.asm.org


no studies have been conducted to explore these combinations
against biofilm-embedded isolates using a biofilm PK/PD model.

In the present study, our results not only confirm significant
activity for the combination of ceftaroline plus daptomycin but
also provide evidence of the antibacterial activity within the
biofilm. This combination was highly efficacious against bio-
film-producing MRSA, with an average reduction in starting
inoculum of 3.33 � 1.01 log10 CFU/cm2 within 72 h. We dem-
onstrated that ceftaroline monotherapy was active against bio-
film-producing MRSA as well, with an overall reduction of
2.48 � 0.6 log10 CFU/cm2 by 72 h. This activity is in part likely
due to elevated vancomycin and daptomycin MICs observed in
the biofilm-producing organisms, with ceftaroline previously
demonstrating enhanced activity against isolates with reduced
susceptibility to glycopeptides and lipopeptides (23, 28). De-
spite daptomycin nonsusceptibility, the addition of ceftaroline
provides restoration of daptomycin activity, or potentially, the
additional inhibition of the biofilm matrix provided by dapto-
mycin may allow for the activity of ceftaroline against these
organisms (29, 30). Imaging studies further confirmed the ac-
tivity of the select agents evaluated. A decreased bacterial bur-
den was observed with the combination of ceftaroline plus dap-
tomycin versus either monotherapy or drug-free controls. Our
results are consistent with previous imaging studies, which
demonstrated the potency of daptomycin combinations
against biofilm-producing MRSA (13). Unfortunately, we did
not observe similar results with the other antimicrobial com-
bination tested. In this experiment, the addition of rifampin to
ceftaroline displayed minimal benefit and even antagonism,
depending on the strain. While mechanistically we are uncer-

tain of how this occurred, current literature supports a possible
antagonistic effect between these two agents (31).

While other antimicrobials, including rifampin, gentamicin,
and clarithromycin, have been used in combination with dapto-
mycin against biofilm-producing MRSA, the isolates evaluated in
these studies were susceptible to all agents tested (13, 32). Our
study evaluated strains with decreased susceptibility, which is im-
portant when trying to extrapolate these findings to other strains.
Clinically, biofilm MICs are not routinely assessed, which might
have major impacts on patient outcomes. While a strain may ap-
pear to be susceptible, the concentration of antimicrobial needed
to overcome the infection within the biofilm may not be adequate.
Therefore, evaluating strains with already-elevated MICs would
provide a worst-case scenario.

There are several limitations to our study that should be noted.
We used only one type of material (polyurethane) commonly
found in medical devices. While our results might simulate cath-
eter-related biofilm-embedded organisms, different results may
be obtained with other types of materials used in prostheses, such
as titanium, Teflon, or steel. Additionally, our experiment dura-
tion was limited to 72 h. Ceftaroline alone may have reached bac-
tericidal activity in the other strains, rather than just in R6913,
with a longer experimental period.

In conclusion, we found that combination therapy with cef-
taroline plus daptomycin improved killing of biofilm-producing
staphylococci compared to that with monotherapy, with bacteri-
cidal activity obtained in all strains. Additionally, ceftaroline re-
tained susceptibility despite biofilm formation and displayed ac-
tivity against all strains, including reaching bactericidal activity in
one strain at 72 h. While the results with rifampin combinations

FIG 3 Activity of ceftaroline (CPT) plus daptomycin (DAP) in combination with static concentrations on biofilms growth on polyurethane coupons in a well
plate assay with isolate R6913. (A) Viable remaining bacteria recovered in biofilm after 24 h growth on coupon. (B) SEM images of biofilm/bacteria eradication
on the coupon. Shown are growth (no antibiotic) (left), CPT and DAP at the MIC (0.5 and 4 �g/ml, respectively) (middle), and CPT plus DAP at fCmax (17 �g/ml
and 15 �g/ml, respectively) (right).
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were inconsistent in vitro, clinical data suggest that the addition of
this agent is useful against biofilm-associated medical device in-
fections. Further investigations are warranted to determine the
clinical impact of ceftaroline alone or combined with daptomycin
against biofilm-producing MRSA.
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