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Minocycline-EDTA (M-EDTA) flush solution has been shown to prevent catheter-related infection and
colonization in a rabbit model and in hemodialysis patients. We undertook this study in order to determine the
activities of M-EDTA against organisms embedded in fresh biofilm (in vitro) and mature biofilm (ex vivo). For
the experiment with the in vitro model, a modified Robbin’s device (MRD) was used whereby 25 catheter
segments were flushed for 18 h with 106 CFU of biofilm-producing Staphylococcus epidermidis, Staphyloccocus
aureus, and Candida albicans per ml. Subsequently, each of the catheter segments was incubated in one of the
following solutions: (i) streptokinase, (ii) heparin, (iii) broth alone, (iv) vancomycin, (v) vancomycin-heparin,
(vi) EDTA, (vii) minocycline (high-dose alternating with low-dose), or (viii) M-EDTA (low-dose minocycline
alternating with high-dose minocycline were used to study the additive and synergistic activities of M-EDTA).
All segments were cultured quantitatively by scrape sonication. For the experiment with the ex vivo model, 54
catheter tip segments removed from patients and colonized with bacterial organisms by roll plate were
longitudinally cut into two equal segments and exposed to either saline, heparin, EDTA, or M-EDTA (with
high-dose minocycline). Subsequently, all segments were examined by confocal laser electron microscopy. In
the in vitro MRD model, M-EDTA (with a low concentration of minocycline) was significantly more effective
than any other agent in reducing colonization of S. epidermidis, S. aureus, and C. albicans (P < 0.01). M-EDTA
(with a high concentration of minocycline) eradicated all staphylococcal and C. albicans organisms embedded
in the biofilm. In the ex vivo model, M-EDTA (with a high concentration of minocycline) reduced bacterial
colonization more frequently than EDTA or heparin (P < 0.01). We concluded that M-EDTA is highly active
in eradicating microorganisms embedded in fresh and mature biofilm adhering to catheter surfaces.

Infections are the most serious complications associated
with indwelling central venous catheters (CVCs) (14). It is
estimated that more than 200,000 catheter-related blood-
stream infections (CRBSI) occur annually in the United States
(D. M. Kluger and D. G. Maki, Abstr. 39th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 514, 1999). Staphylo-
coccus epidermidis, Staphylococcus aureus, and Candida species
are the leading organisms causing CRBSI (14, 22, 27).

Because intraluminal colonization is the major source for
the migration of organisms leading to bloodstream infections
in long-term silicone catheters (19), recent guidelines have
proposed the use of intraluminal antimicrobial lock solutions
for the prevention and treatment of CRBSI (15, 17). Most
long-term CVCs are flushed with heparin. An antimicrobial-
anticoagulant combination consisting of vancomycin and hep-
arin with and without ciprofloxacin was used in several studies
and was demonstrated to reduce the risk of catheter-related
bacteremia caused by gram-positive organisms (2, 10, 26).
However, with vancomycin-resistant gram-positive bacteria in-
creasing, concerns have been raised over the use of vancomy-
cin flush solutions and their potential for increasing the risk of
vancomycin resistance (30).

EDTA is a metal chelator with established anticoagulant
activity and inhibitory activity against staphylococci and Can-
dida spp. (9, 24, 25). Recently, we demonstrated that a flush
solution consisting of minocycline and EDTA (M-EDTA) is
highly efficacious in preventing catheter-related colonization,
bacteremia, and endocarditis in rabbits (21). Compared to a
heparin flush solution, M-EDTA was found to decrease the
risk of catheter-related colonization and infection in hemodi-
alysis and pediatric cancer patients (1, 3).

The present study was conducted to determine the activity of
an M-EDTA flush solution against Candida and staphylococcal
organisms embedded in biofilm by using in vitro and ex vivo
models of catheter colonization.

(Part of this research was presented at the 42nd Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Diego, California, 27-30 September 2002).

MATERIALS AND METHODS

In vitro model of colonization. The in vitro model utilized a modified Robbin’s
device (MRD) to study the colonization of catheter segments by organisms
embedded in biofilm. The MRD has been described previously (6, 12, 20) and is
constructed from an acrylic block 42 cm long with a lumen of 2 by 10 mm. It
consists of 25 evenly spaced specimen plugs, each connected to a silicone cath-
eter segment (Allegiance Healthcare Corp., McGaw Park, Ill.) whose anterior
surface (0.3 cm2) comes in contact with the flushed infusate. After the catheter
segments were placed in the specimen plug of the MRD, the entire apparatus
was gas-sterilized by using ethylene oxide. A 500-ml bag of 5% dextrose in water
was connected to the MRD through an intravenous tubing administration set and
was subsequently infected with an inoculum of 108 CFU of methicillin-resistant
Staphylococcus epidermidis (MRSE) or methicillin-resistant Staphylococcus au-
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reus (MRSA) per ml to produce an infected infusate at the concentration of 2 �
105 CFU/ml. The biofilm-producing S. epidermidis isolates and the S. aureus
isolates were obtained from patients with CRBSI. In another series of experi-
ments, a 500-ml bag of 5% dextrose in water was infected with biofilm-producing
Candida albicans obtained from a patient with catheter-related candidemia by
using an inoculum of 106 CFU/ml to produce an infected infusate at the con-
centration of 2 � 103 CFU/ml. The whole system was incubated at 37°C, and the
infected infusate was flushed through the MRD by using a peristaltic pump,
permitting the infusate to flow at the rate of 60 ml/h for 8 h. The MRD was left
to incubate for a total of 18 h (another 10 h). Subsequently, the infected bag was
removed, and a bag of 250-ml sterile saline was infused through the MRD at 125
ml/h for 2 h in order to remove all free-floating organisms. To ensure biofilm
formation, at least three catheter segments were randomly removed from the 25
evenly spaced catheter segments in the MRD and studied by scanning electron
microscopy. This process was repeated for every organism tested.

Exposure to anticoagulants and antimicrobials. The remaining catheter seg-
ments were removed, and each segment was placed in a tube containing 2 ml of
one of the following broth solutions: (i) streptokinase (5,000 units/ml; Hoechst
Marion Roussel Deutschland Gmbh, Marburg/Lahn, Germany), (ii) heparin
(100 units/ml; Elkins-Sinn, Inc., Cherry Hill, N.J.), (iii) Mueller-Hinton broth
(Becton Dickinson and Co., Cockeysville, Md.), (iv) vancomycin (3 mg/ml; Eli
Lilly & Co., Indianapolis, Ind.), (v) a vancomycin-heparin combination with a
final concentration of 3 mg of vancomycin and 100 units of heparin per ml, (vi)
EDTA (30 mg/ml; Abbott Laboratories, North Chicago, Ill.), (vii) a high con-
centration of minocycline (3 mg/ml; Wyeth-Ayerst Laboratories, Collegeville,
Pa.), (viii) a low concentration of minocycline (0.1 mg/ml; since M-EDTA syn-
ergy by time-kill kinetics was previously demonstrated only through the use of a
low concentration of minocycline, we opted to perform several [five] twofold
dilutions of a high concentration of minocycline to arrive at the 0.1-mg of
minocycline/ml concentration), (ix) a combination of high-concentration mino-
cycline (3 mg/ml) and EDTA (MH-EDTA), or (x) a combination of low-concen-
tration minocycline (0.1 mg/ml) and EDTA (ML-EDTA). For every organism,
the experiments were repeated in triplicate or quadruplicate, and during each
experiment, two to five catheter segments were exposed to the same solution for
at least 24 h at 37°C. Subsequently, the catheter segments were removed and
cultured by scrape sonication. The surface of each catheter segment that was
exposed to the infected infusate was scraped with a sterile wooden applicator
stick and placed, along with the stick, in a tube containing 0.5 ml of Trypticase
soy broth. The tubes were sonicated for 5 min; 0.1 ml of the sonicated broth
solution in the tube was pipetted and plated over a blood agar plate, which was
incubated at 37°C for 24 h (27). The agar plates were checked for any contam-
inants, and the isolated organisms had to be of the same species and colonial
morphology as the original organism used to infect the infusate. The number of
colonies quantitated from the agar plate was multiplied by five to correct for the
dilution factor and to determine the total number of colonies isolated from a
particular catheter segment. A confluent growth of 100 or greater was calculated
as �500 colonies, which was considered the detection limit of the in vitro model.

Ex vivo model of colonization. All 54 of the CVC tips colonized with �100
colonies of a bacterial organism were obtained from the clinical microbiology
laboratory of the M. D. Anderson Cancer Center over a 3-month period. All of
the CVCs obtained were previously indwelling in patients and were subsequently
removed and cultured because of a suspected infection. The 54 CVC tips were
grouped into three test groups, with each group consisting of 18 tips. Each CVC
tip was cut longitudinally into two equal segments with a sterile scalpel, exposing
the lumen of the CVC tip. One longitudinal segment of each of the 18 CVC tips
from the first group was immersed in an MH-EDTA solution consisting of
minocycline (3 mg/ml) and EDTA (30 mg/ml) for 24 h at 37°C, while the mirror
image longitudinal segments were immersed in saline. Similarly, one longitudinal
segment of each CVC tip from the second group of 18 tips was immersed in an
EDTA (30 mg/ml) solution for 24 h at 37°C while the mirror image segments
were placed in saline. Finally, the longitudinal segment of each CVC tip from the
third group of 18 tips was immersed in heparin (100 units/ml) for 24 h at 37°C,
while the mirror image segments were placed in saline. After 24 h of incubation,
all segments were removed, dried, and sent for staining and study by confocal
scanning laser microscopy (CSLM). CSLM was used as previously described (4)
to visualize and count live bacterial cells adhering to catheter surfaces after
exposure to the solutions described above. The MH-EDTA concentration was
used in this model (rather than ML-EDTA) because the same MH-EDTA con-
centration was previously proven in animal and clinical studies to be efficacious
in preventing catheter infections (9, 24, 25).

Bacterial staining. The tested catheter segments were stained with a Live/
Dead BacLight Bacterial Viability kit as previously described (4) (part no.
L-7012; Molecular Probes, Eugene, Oreg.). The viability kit consists of two

nucleic acid stains: (i) SYTO 9 (excitation maximum, 508 nm; emission maxi-
mum, 527 nm), a lipophilic membrane-permeable cationic stain that labels live
bacteria with green fluorescence (13), and (ii) propidium iodide (excitation
maximum, 536 nm; emission maximum, 620 nm), a membrane-impermeable
anionic stain that labels membrane-compromised bacteria with red fluorescence
(4, 31). The stains were prepared by using autoclaved double-filtered nanopure
water at a concentration of 0.1% (vol/vol). The tested material was directly
stained with 0.4 ml of propidium iodide and 0.4 ml of SYTO 9 and allowed to
react for 5 min. The sample was then gently washed with autoclaved nanopure
water to remove excess stain and minimize background fluorescence. The spec-
imens were then directly imaged by CSLM.

CSLM. An Olympus BH-2 microscope with a 50� ultralong working distance
objective was used for epifluorescence microscopy. Images were collected with
an Optronics charge-coupled device (Optronics Engineering, Goleta, Calif.) and
the imaging program Image Pro-Plus 3.0 for Windows 95 (Media Cybernetics,
Silver Spring, Md.). CSLM was performed with a Leica TCS-NT confocal mi-
croscope (Leica, Heidelberg, Germany). The objectives used for CSLM imaging
were 100 X1.4 N.A. Oil Plan Apo and 63X0-0.7 N.A. Plan Fluotar. The confocal
microscope was optimally configured for SYTO 9-propidium iodide analysis by
using the 488-nm excitation laser with a 488-, 568-, 633-nm dichroic mirror and
relatively short-pass filter of 580 nm in the first beam splitter position. A band
filter allowing wavelengths of 525 to 550 nm to pass to the first photo-multiplier
tube was used for imaging the SYTO 9 stain. A long-pass filter of 645 nm was
used for imaging the propidium iodide. The number of bacteria on each catheter
segment and the relative surface (internal or external) area covered with bacteria
were compared between catheter segment surfaces exposed to anticoagulant
solution (M-EDTA, EDTA, or heparin) and saline as previously described (4).
The detection limit is 107 bacteria per microscopic field. Catheter segments were
submerged in 50 ml of buffered saline, put on ice, and sonicated at power setting
5 for 1 min to determine if adhering bacteria and the biofilm in which they reside
could be removed. Consistent with standards traceable to the National Institute
of Standards and Technology, 20 fields were examined. The sensitivity of the
BacLight Bacterial Viability kit was consistent with results from a previous study
demonstrating the positive correlation of staining with the BacLight viability
stain and plate counts (31). An anticoagulant and antimicrobial solution such as
M-EDTA, EDTA, or heparin was considered to have decreased colonization on
a particular catheter surface (internal or external surface of a CVC tip segment)
if the colony count by CSLM was 10-fold lower than the colony count calculated
on a similar surface (internal or external) of the counterpart mirror image
segment exposed to saline. The microscopists assessing growth on the catheter
surfaces by CSLM were blinded as to which agent the catheter had been exposed
to.

Statistical analysis. The significance of differences in colony counts related to
the in vitro model with continuous variables was tested by the nonparametric
Mann-Whitney U test, while the significance of proportional differences pertain-
ing to the decrease in colonization in the ex vivo model were tested by Fisher’s
exact test. Differences were considered significant at a P value of �0.05.

RESULTS

In vitro model with S. epidermidis. By using the MRD in vitro
model of colonization, it was found that S. epidermidis highly
colonized catheter segments and embedded itself in biofilm, as
determined by scanning electron microscopy of these randomly
selected catheter segments prior to exposure to any agent. In
addition, confluent growth was noted on catheter segments
incubated in Mueller-Hinton broth. Similarly, incubating cath-
eter segments in heparin and streptokinase broth solution had
no impact on reducing catheter colonization and, as shown in
Fig. 1A, confluent growth was shown in all of the catheter
segments exposed to these two agents. Neither a concentration
of 3 mg of vancomycin/ml nor a vancomycin-heparin combina-
tion had significant impact on reducing colonization of cathe-
ter segments, with colony counts of 492.5 � 7.5 and 422 � 58
CFU of S. epidermidis organisms per catheter segment (means
� standard errors [SE]), respectively, for each of these two
agents. A low concentration of minocycline (0.1 mg/ml) alone
or EDTA (30 mg/ml) alone reduced S. epidermidis catheter
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colonization by almost threefold to means (� SE) of 148 � 49
and 116 � 55 CFU/catheter segment, respectively (P � 0.01).
However, the combination of 0.1 mg of minocycline/ml and
EDTA was highly efficacious in reducing the colonization of S.
epidermidis to a low level of 13.1 � 5.5 CFU/catheter segment
(P � 0.001). This reduction represented a significant decrease
in colonization compared to that for either minocycline alone
or EDTA alone (P � 0.02) as well as a significant reduction
compared to heparin, streptokinase, vancomycin, and vanco-
mycin in heparin (P � 0.001). A higher concentration of mi-
nocycline (3 mg/ml) alone or a combination of a high concen-
tration of minocycline and EDTA consisting of 3 mg of
minocycline/ml and 30 mg of EDTA/ml resulted in complete

eradication of S. epidermidis organisms from catheter seg-
ments.

In vitro model with S. aureus. Similar to results for the S.
epidermidis model, exposure of catheter segments to MRSA
resulted in the formation of a mature biofilm on three catheter
segments. In addition, confluent colonization with this organ-
ism after exposure to heparin and streptokinase in broth was
equivalent to incubation in broth alone for 24 h (Fig. 1B). A
high concentration of vancomycin (3 mg/ml) and 3 mg of van-
comycin/ml plus heparin in broth did have the significant im-
pact of decreasing colonization compared to that for broth,
heparin, or streptokinase, resulting in a mean colonization (�
SE) of 284.5 � 64.7 and 237.5 � 84.3 CFU/catheter segment
for vancomycin and vancomycin-heparin, respectively (P �
0.01). Minocycline (0.1 mg/ml broth) alone or EDTA (30 mg/
ml) alone reduced colonization to a level of 92.5 � 16.3 and
143 � 39.4/catheter segment, respectively (P � 0. 01). The
ML-EDTA combination in broth reduced MRSA colonization
by more than 100-fold compared to that for heparin and strep-
tokinase (P � 0.001), to a low level of 5 � 2.5 CFU of S. aureus
organisms per catheter segment (P � 0.001). In addition, the
ML-EDTA combination was significantly more effective in re-
ducing MRSA colonization than either a low concentration of
minocycline or EDTA alone (P � 0.04) (Fig. 1B). Higher
concentrations of minocycline (3 mg/ml), as well as MH-
EDTA, resulted in complete eradication of MRSA from cath-
eter surfaces in a similar fashion to that for the S. epidermidis
in vitro model.

In vitro model with C. albicans. Candida embedded in bio-
film was also demonstrated to be present on three randomly
selected catheter segments from the C. albicans in vitro model.
As expected, streptokinase, heparin, vancomycin, and vanco-
mycin in heparin had no impact in reducing catheter coloni-
zation compared to that for broth (Fig. 1C). Similarly, low-
dose minocycline (0.1 mg/ml) did not reduce catheter
colonization with C. albicans while EDTA alone resulted in
partial reduction to a mean colony count of 263 � 65.4. The
combination of a low concentration of minocycline (0.1 mg/ml)
with EDTA resulted in a significant decrease in catheter col-
onization, to a low level of 3.8 � 3.8 CFU of C. albicans
organisms per catheter segment, compared with that for all of
the other agents, including heparin, vancomycin, a low concen-
tration of minocycline (0.1 mg/ml) alone, and EDTA alone (P
� 0.01). Higher concentrations of minocycline and MH-EDTA
resulted in the complete eradication of C. albicans in a fashion
similar to that for the S. epidermidis and S. aureus in vitro
models.

Ex vivo model. As determined by CSLM, all of the 54 colo-
nization catheter segments that were exposed to saline were
found to have bacterial colony counts greater than or equal to
102. MH-EDTA (with a concentration of 3 mg of minocycline
and 30 mg of EDTA/ml) decreased the density of colonization
by at least 10-fold or greater compared to that for saline in
67% (12/18) of the catheter segments. As shown in Table 1, a
reduction of at least 105-fold was noted in 50% (9/18) of
catheter segments exposed to MH-EDTA. EDTA alone or
heparin alone reduced colonization by 10-fold in only 11%
(2/18) of the catheter segments exposed to either one of these
two anticoagulant solutions, a result which was significantly
lower than that for MH-EDTA (P � 0.01). The types of or-

FIG. 1. MRD in vitro model of the colonization of methicillin-
resistant S. epidermidis (MRSE) (A) and MRSA (B) and of C. albicans
(C) in the presence of various drugs, including 0.1 mg of minocycline/
ml, 30 mg of EDTA/ml, and ML-EDTA. Vanc/Hep, vancomycin-hep-
arin.
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ganisms cultured from the catheter segments that were ex-
posed to MH-EDTA and studied by CSLM are shown in Table
1.

DISCUSSION

When embedded in biofilm, microorganisms become resis-
tant to agents that are active against the free-floating form of
the same organisms in suspension (5–7, 12). This finding was
demonstrated in several models, including the MRD in vitro
model of colonization (6, 12). By using the MRD in vitro
model of colonization, in this study M-EDTA was found to be
highly effective in reducing the colonization of S. epidermidis,
S. aureus, and C. albicans organisms embedded in biofilm.
ML-EDTA was significantly more effective than various other
agents such as streptokinase, heparin, vancomycin (at a high
concentration of 3 mg/ml), vancomycin and heparin, a low
concentration of minocycline (0.1 mg/ml) alone, or EDTA
alone in reducing the colonization of staphylococcal and Can-
dida organisms on the surfaces of silicone catheters. In the
same in vitro model, MH-EDTA (at a concentration of 3 mg of
minocycline/ml) eradicated all staphylococcal and C. albicans
organisms embedded in the biofilm.

As determined by CSLM, the ex vivo model for the colo-
nized CVC tips showed that MH-EDTA reduced the coloniza-
tion of bacterial cells more frequently than EDTA or heparin
alone (P � 0.01). Due to the fact that the MH-EDTA concen-
tration was used successfully in the prevention and treatment
of catheter infections in previous animal and clinical studies (1,
3, 18, 21), this same concentration was used in the ex vivo
model. Furthermore, although ML-EDTA resulted in a signif-
icant reduction of microbial growth, it failed to completely
eradicate all growth in the in vitro model. Therefore, ML-
EDTA was used to demonstrate a possible synergistic or ad-
ditive effect of minocycline and EDTA in vitro but was con-
sidered suboptimal to MH-EDTA, since failure to eradicate
microbial growth in vitro may select for resistant organisms.
However, both the in vitro and the ex vivo models of coloni-

zation used showed that MH-EDTA is highly effective in re-
ducing colonization of organisms embedded in biofilm on cath-
eter surfaces.

Heparin is the standard anticoagulant used to flush the lu-
mens of short-term and long-term CVCs in order to prevent
thrombotic occlusions. However, as shown in the in vitro
model in this study, heparin has no antimicrobial activity and is
not different from broth alone in promoting the growth of
organisms embedded in biofilm. Furthermore, in both the in
vitro and ex vivo models, M-EDTA was significantly more
effective than heparin. This data supports previously published
animal and clinical data comparing MH-EDTA to heparin (1,
3, 21, 31). In a recent animal study, all of the rabbits whose
catheters were injected intraluminally with a high inoculum of
biofilm-producing S. epidermidis and subsequently maintained
on heparin (100 IU/ml) developed catheter-related bactere-
mia, septic thrombosis, and endocarditis (21). In contrast, none
of the animals that received MH-EDTA (at a concentration
similar to the high-dose MH-EDTA used in the present study)
flush solution through the previously challenged catheters de-
veloped catheter-related bacteremia, septic thrombosis, or en-
docarditis (P � 0.01). In a recent clinical study involving pe-
diatric cancer patients, the MH-EDTA lock solution
significantly decreased the risk of port infections and throm-
botic occlusions compared to that for a heparin flush solution
(P � 0.05) (3). In another prospective randomized study in-
volving long-term catheters in hemodialysis patients, the MH-
EDTA flush solution was significantly more effective than hep-
arin in decreasing the risk of colonization and infection of
catheters, as well as the risk of thrombotic occlusions (P �
0.05) (1).

Since staphylococci are the leading cause of catheter-related
bacteremia, antimicrobial catheter flush solutions consisting of
vancomycin and heparin have been proposed as an alternative
to heparin. Several prospective randomized studies showed the
combination of vancomycin and heparin in an antibiotic lock
solution to be superior to heparin alone in preventing catheter-
related bacteremia (2, 10, 26), while another prospective ran-
domized controlled trial failed to show any benefit in a pedi-
atric patient population (23).

Our data based on an in vitro model of colonization show
that a one-time exposure to vancomycin-heparin or vancomy-
cin alone does not significantly reduce the colonization of S.
epidermidis, S. aureus, or C. albicans compared to that for
heparin. As a glycopeptide antimicrobial, vancomycin was pre-
viously reported to have limited activity against microbial or-
ganisms embedded in a biofilm on a catheter surface (6, 7). In
addition, the extracellular slime consisting of the exopolysac-
charide produced by S. epidermidis and S. aureus has been
shown to inhibit the antimicrobial activity of vancomycin (8).
These findings could explain the limited activity against a high
level of colonization of catheter surfaces with staphylococcal
organisms embedded in biofilm, as described in the in vitro
model of the present study. In a rabbit model of catheter-
related S. epidermidis bacteremia, vancomycin-heparin did not
significantly decrease the risk of catheter-related bacteremia
and septic thrombosis compared to the decreased risk with
heparin alone (21).

As shown in Fig. 1A and B, vancomycin and vancomycin-
heparin had a greater effect in reducing S. aureus colonization

TABLE 1. Results for ex vivo model of bacterial organisms
colonizing 18 catheter segments exposed to MH-EDTA as

determined by CSLM testing

Reduction in no.
of bacterial

colonies (fold)

No. of
catheters

Type of organism
(no. of catheters with a specific organism)

�10 6 Coagulase-negative staphylococci (3)
Staphylococcus aureus (1)
Corynebacterium spp. (1)
Alcaligenes xylosoxidans (1)

10–104 3 Staphylococcus aureus (2)
Coagulase-negative staphylococci (1)

105 4 Coagulase-negative staphylococci (1)
Staphylococcus aureus (1)
Enterococcus spp. (1)
Pseudomonas aeruginosa (1)

106 5 Coagulase-negative staphylococci (3)
Enterococcus spp. (1)
Pseudomonas aeruginosa (1)
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in the in vitro model than in the S. epidermidis model. This
finding is consistent with our findings in the animal study (21)
and might raise the question of whether S. epidermidis embed-
ded in biofilm becomes more resistant to vancomycin than
does S. aureus. In addition to its limited activity against staph-
ylococcal organisms embedded in biofilm, vancomycin has a
few other limitations. First, vancomycin has an antimicrobial
spectrum limited to gram-positive organisms but has no activity
against other organisms, such as C. albicans, that could cause
catheter-related bloodstream infections. The second limitation
is that vancomycin is an independent risk factor for the acqui-
sition of vancomycin-resistant enterococci, which led the Cen-
ters for Disease Control and Prevention to recommend against
the use of vancomycin flush solution for the prevention of
catheter-related bloodstream infections (8, 30). With the re-
cent reports describing the emergence of S. aureus organisms
with intermediate susceptibility or resistance to vancomycin,
further concerns have been raised about the use of vancomycin
as a prophylactic agent over a long time period (8, 11, 16, 28,
29).

The M-EDTA combination has previously been shown to be
synergistic against free-floating gram-negative bacilli and C.
albicans in a suspension solution (18, 32, 33). However, the
present study, through its in vitro and ex vivo models of colo-
nization, is the first to demonstrate that the M-EDTA combi-
nation is highly effective in reducing the colonization of staph-
ylococcal organisms embedded in the biofilm on a catheter
surface. In a study of suspended cells, minocycline has been
shown to be active against methicillin-sensitive and -resistant
staphylococcal organisms that cause catheter-related bactere-
mia (5). Similarly, EDTA has been shown to have limited
broad-spectrum activity against methicillin-resistant staphylo-
cocci and even Candida (9, 25). The advantage of EDTA as a
chelator is that it also has an anticoagulant activity, which has
been shown to be at least equivalent to that of heparin (24). In
the present study, the combination has been shown to be at
least 10-fold more efficacious in eradicating biofilm-embedded
staphylococcal and C. albicans organisms than either minocy-
cline or EDTA alone.

The in vitro MRD model of colonization used in this study
is limited by the fact that the biofilms formed are immature
and devoid of host factors such as fibrin and fibronectin after
exposure of catheter segments to the organisms used. Hence,
an ex vivo model of colonization obtained from CVCs that had
been indwelling in cancer patients and had been highly colo-
nized by the semiquantitative roll plate catheter culture
method was also used to compensate for the limitations of the
MRD. The CSLM allows the examination of the fully hy-
drated, mature biofilm in real time and the quantitation of
living, adherent bacterial cells embedded in biofilm (4). The
data from the CSLM support the finding of the in vitro model
that MH-EDTA as used previously (in a concentration compa-
rable to that which was used in the animal and clinical studies)
was significantly more effective in reducing the colonization of
bacterial organisms embedded in mature biofilm than other
anticoagulant solutions consisting of heparin or EDTA.

There are several limitations to the present study. The first
is that catheter segments were exposed only once (for 24 h) to
one of the antimicrobials. However, in situ, various agents
were flushed through the catheter day after day, which explains

why in some studies vancomycin-heparin flushed through on a
daily basis reduced the risk of gram-positive catheter-related
infections (2, 10, 26). However, in the long term, partial inhi-
bition or microbial reduction could select for resistant organ-
isms. The second limitation relates to the presumed eradica-
tion of staphylococci and Candida spp. by MH-EDTA in the in
vitro model. This observation is limited by the detection limits
of our culture methods for the in vitro model and should be
interpreted in the context of the ex vivo model data whereby
the MH-EDTA failed to reduce bacterial colonization in 33%
of the exposed catheter segments. Hence, MH-EDTA might
greatly inhibit microbial growth in biofilm but not necessarily
eradicate it.

In conclusion, in experiments performed in an in vitro model
of catheter colonization, M-EDTA was highly active in reduc-
ing the density of colonization by S. epidermidis, S. aureus, and
C. albicans organisms embedded in biofilm. The in vitro activ-
ity of ML-EDTA against the biofilm-embedded organisms was
significantly greater than that of ML alone, EDTA alone, van-
comycin-heparin, or heparin solution. In addition, through an
ex vivo model of colonization, M-EDTA with a high concen-
tration of minocycline (3 mg/ml) was significantly more effec-
tive than other anticoagulants such as EDTA or heparin. These
in vitro and ex vivo data support previous results of animal and
clinical studies demonstrating the efficacy of this antimicrobial
flush solution in the prevention of catheter-related blood-
stream infections (3, 18, 21).
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