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 24	  
ABSTRACT 25	  

Biofilms that develop on indwelling devices are a major concern in clinical settings. While removal of 26	  

colonized devices remains the most frequent strategy for avoiding device-related complications, 27	  

antibiotic lock therapy constitutes an adjunct therapy for catheter-related infection. However, currently 28	  

used antibiotic lock solutions are not fully effective against biofilms, thus warranting a search for new 29	  

antibiotic locks. Metal binding chelators have emerged as potential adjuvants due to their dual 30	  

anticoagulant/antibiofilm activities but studies investigating their efficiency were mainly in vitro or else 31	  

focused on their effects in prevention of infection. To assess the ability of such chelators to eradicate 32	  

mature biofilms, we used an in vivo model of totally implantable venous access port inserted in rats 33	  

and colonized either by Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli or 34	  

Pseudomonas aeruginosa. We demonstrate that use of tetrasodium EDTA (30 mg/mL) as a 35	  

supplement to the gentamicin (5 mg/mL) antibiotic lock solution associated with systemic antibiotics 36	  

completely eradicated Gram-positive and Gram-negative bacterial biofilms developed in totally 37	  

implantable venous access ports. Gentamicin-EDTA lock was able to eliminate biofilms with a single 38	  

instillation, thus reducing length of treatment. Moreover, we show that this combination was effective 39	  

for immuno-suppressed rats. Lastly, we demonstrate that gentamicin-EDTA lock is able to eradicate 40	  

the biofilm formed by a gentamicin-resistant strain of methicillin-resistant S. aureus. This in vivo study 41	  

demonstrates the potential of EDTA as an efficient antibiotic adjuvant to eradicate catheter-associated 42	  

biofilms of major bacterial pathogens and thus provides a promising new lock solution.  43	  

 44	  

 45	  

 46	  

47	  
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INTRODUCTION 48	  

Central venous catheters are routinely used to administer medication or fluids to patients admitted to 49	  

oncology, nephrology and intensive care units (2, 46, 51). Although these devices greatly improve 50	  

patient health, their use is often associated with medical complications due to colonization by 51	  

pathogenic microorganisms (37). This leads to development of complex bacterial or fungal biofilm 52	  

communities that display strong tolerance towards antimicrobials (14, 36, 44). Biofilms are difficult to 53	  

eradicate; moreover, they constitute a potential source of bloodstream infections, a leading cause of 54	  

healthcare-associated infections in critically ill patients (28). Currently, there is no fully efficient method 55	  

for treating catheter-related biofilms aside from traumatic and costly removal of colonized devices (5, 56	  

10, 41, 49). However, recent clinical practice guidelines recommended the use of antibiotic lock 57	  

therapy (ALT) for treatment of uncomplicated long-term catheter-related infections (30). ALT relies on 58	  

the instillation of highly concentrated antibiotic solutions (up to 1,000 times the minimal inhibitory 59	  

concentration (MIC)), left to dwell in the catheter for 12 to 24 h in order to prevent or eradicate biofilm 60	  

formation. Although ALT shows a high success rate for coagulase-negative staphylococci and Gram-61	  

negative bacterial catheter-related infections (13, 17, 20), catheter removal is still recommended for 62	  

pathogens such as Staphylococcus aureus and Pseudomonas aeruginosa due to lack of efficient 63	  

antibiotic lock or frequent hematogenous complications (19, 30). 64	  

 Growing concern over drug-resistant pathogens (31), combined with increasing use of central venous 65	  

catheters, has led to evaluation of novel lock solutions. While some studies showed that combinations 66	  

of different antibiotics are more efficient than single-antibiotic lock solutions (1, 9, 33), the efficacy of 67	  

non-antibiotic compounds is currently being investigated to improve lock solutions and reduce use of 68	  

antibiotics. 69	  

The anticoagulant heparin is the most widely used ALT adjuvant for reducing catheter colonization and 70	  

related infection (7, 29). However, heparin activity is also reported to be impaired in gentamicin 71	  

solutions (15, 47). Other compounds having both anticoagulant and chelating properties, such as 72	  

sodium citrate and ethylenediamine-tetraacetic acid (EDTA) have been proposed as anti-biofilm ALT 73	  

adjuvants (35, 43, 50). For instance, association of EDTA and gentamicin demonstrated a potent 74	  

activity against in vitro biofilms formed by S. aureus, Staphylococcus epidermidis and P. aeruginosa 75	  

(6). In addition, preventive EDTA-minocycline locks were shown to reduce the incidence of long term 76	  

catheter-related infections in clinical studies (4, 6, 34, 38). 77	  
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However, despite encouraging results in preventive approaches, only limited in vivo data have 78	  

validated the use of these non-antibiotic ALT adjuvants. In this study, we evaluated the curative 79	  

efficacy of a tetrasodium EDTA-gentamicin ALT solution against bacterial biofilms formed in an in vivo 80	  

model of totally implantable venous access ports (TIVAP) (9). While gentamicin, EDTA alone and a 81	  

70% ethanol lock solution were not completely effective against TIVAP-associated biofilms, we 82	  

showed that single-dose treatment with a gentamicin-EDTA lock solution fully eradicated both Gram-83	  

positive and Gram-negative bacterial catheter biofilms. Novel anti-biofilm strategies are urgently 84	  

needed to improve treatment of catheter-related infections and patient outcome with reduced length of 85	  

antibiotic exposure. Gentamicin-EDTA may lead to salvaging colonized catheters over a short duration, 86	  

thus directly impacting length of hospital stay, morbidity and health-care costs. 87	  

 88	  

 89	  

 90	  

91	  
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MATERIALS AND METHODS 92	  
 93	  

Bacterial strains. Luminescent variants of four clinically relevant pathogens, i.e. S. aureus, S. 94	  

epidermidis, P. aeruginosa and Escherichia coli, were either purchased (S. aureus MSSA Xen36, 95	  

MRSA Xen31 and S. epidermidis Xen43 from Caliper) or donated (P. aeruginosa Lm1, a 96	  

bioluminescent derivative of the PAK clinical strain (39)) and E. coli EAEC 55989 transformed with 97	  

stable plasmid pAT881 (18). S. epidermidis Xen43 is derived from S. epidermidis 1457 (52), a 98	  

methicillin-susceptible strain (27). S. aureus Xen36 and Xen31 and S. epidermidis Xen43 were 99	  

cultured in tryptic soy broth (TSB) supplemented with 0.25% glucose, while E. coli and P. aeruginosa 100	  

strains were grown in lysogeny broth (LB) at 37°C. 101	  

 102	  

Determination of in vitro minimal inhibitory concentrations (MICs). MICs were determined by 103	  

broth microdilution as per CLSI (Methods for dilution of antimicrobial susceptibility tests for bacteria 104	  

that grow aerobically; Approved Standard, Eighth Edition. CLSI Document M07-A8. Wayne, PA: 105	  

Clinical and Laboratory Standards Institute; 2009). Briefly, exponentially growing bacteria were diluted 106	  

to a final inoculum of 5x105 bacteria/mL. Results were read after 16 to 18 h of culture. MIC was 107	  

defined as the first well without visible growth. MIC was performed in TSB glucose at 0.25% for S. 108	  

aureus and S. epidermidis and in LB for E. coli and P. aeruginosa (Table 1). 109	  

 110	  

Antibacterial agents. Gentamicin sulfate, vancomycin hydrochloride, EDTA-tetrasodium salt and 111	  

ethanol (70%) were purchased from Sigma-Aldrich, Inc. Distilled water was purchased from Gibco for 112	  

preparing antibacterial solutions.  113	  

 114	  

Animal model. Male CD/SD (IGS:Crl) rats purchased from Charles River weighed 275-300 g and 115	  

were allowed to acclimatize using 12 h day/night cycles for one week before use at the Institut Pasteur 116	  

animal facilities accredited by the French Ministry of Agriculture to perform experiments on live rodents 117	  

(accreditation #A75-15 27, issued on November 12, 2004 and #A75-15 04, issued on May 22, 2008), 118	  

in compliance with French and European regulations on care and protection of laboratory animals (EC 119	  

Directive 86/609, French Law 2001-486 issued on June 6, 2001). Protocols were approved by the 120	  

veterinary staff of the Institut Pasteur animal facility and were performed in compliance with NIH 121	  

Animal Welfare Insurance #A5476-01 issued on July 2, 2007. 122	  
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Catheter placement. TIVAP implantation was performed as described previously (9). Briefly, surgical 123	  

placement of TIVAP in anesthetized rats was carried out as follows: the port was implanted at the 124	  

dorsal midline toward the lower end of the thoracic vertebrae by creating a subcutaneous pocket. The 125	  

catheter was tunneled subcutaneously into the ventral side in the clavicle region, inserted into the 126	  

jugular vein by a micro-incision and progressively inserted into the superior vena cava up to the right 127	  

atrium. Patency of TIVAP was maintained by flushing 1X sterile PBS followed by heparin lock (500 128	  

IU/mL) every day. Prior to inoculation of clinical strains, all rats were checked for the absence of 129	  

infection by plating 100 µL blood, as well as monitoring for the absence of any luminescence signals. 130	  

 131	  

Inoculation of TIVAP in immunocompetent rats. A previously optimized (9) inoculum dose of 106 132	  

cells of S. aureus MSSA Xen36, 108 cells of S. aureus MRSA Xen31 or S. epidermidis Xen43, 104 133	  

cells of E. coli pAT881 and 106 cells of P. aeruginosa in 100 µL 1X PBS, was injected through a 134	  

silicone septum into the port using a Huber needle. Overnight cultures were diluted in 1X PBS to the 135	  

optimized inoculum dose. The inoculum size was also confirmed by plating it for CFU/mL on 136	  

respective antibiotic plates. Control rats received 1X PBS. Colonization of the TIVAP was monitored 137	  

using the IVIS-100 imaging system (Xenogen Corporation, Alameda, CA, USA). 138	  

 139	  

Immune suppression and infection in catheterized rats. The immune system of the rats was 140	  

suppressed using cyclophosphamide (Sigma Aldrich cat# C0768-5G). The optimized dose and 141	  

regimen of cyclophosphamide delivery, determined by estimating total blood leukocyte count using the 142	  

animal blood cell counter Vet ABC (SCIL, Germany), was used as described previously (9). The 143	  

hundred mg/kg body weight of cyclophosphamide was finally selected for giving intraperitoneal 144	  

injections to rats on day -4 of inoculation. The inoculum dose of 102 MSSA Xen36 cells/100 µL 1X PBS 145	  

was used for TIVAP inoculation and confirmed by plating for CFU/mL. Control catheterized and 146	  

immunosuppressed rats received 100 µL 1X PBS only. Prior to inoculation of clinical strains, all rats 147	  

were checked for the absence of infection, as for immunocompetent rats.  148	  

 149	  

Extraction and quantification of viable bacteria from the biofilm. TIVAP were carefully wiped with 150	  

70% ethanol before extracting intraluminal biofilm bacteria to avoid contaminants. The catheter was 151	  

cut into small pieces and a slit was made horizontally to expose the lumen; it was next transferred to a 152	  
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tube containing 0.5 mL sterile 1X phosphate-buffered saline (PBS). The septum was removed from 153	  

the port using a sterile scalpel and forceps, cut into small pieces and transferred to a separate tube 154	  

containing 0.5 mL sterile 1X PBS. Cells attached to the titanium body of the port were scratched in 155	  

100 µL 1X PBS and transferred to the same tube as the septum. Biofilm that formed on the septum 156	  

and in the lumen of the catheter was extracted by vigorously vortexing the tubes for 1 min, followed by 157	  

transfer to an ultrasonic water bath (NEYtech Ultrasonik, 44-48 Khz) for 5 min. Bacterial suspensions 158	  

from the tubes were then mixed to analyze total CFU/mL/TIVAP. The bacterial suspension was then 159	  

serially diluted, plated on agar plates and incubated at 37°C for colony counts. 160	  

 161	  

In vivo ALT. We had previously shown that treatment of TIVAP colonized by biofilm with ALT alone 162	  

can lead to systemic infection, therefore causing death of the animals (9). Thus, in this study, ALT was 163	  

always used in conjunction with systemic vancomycin (50 mg/kg, for MSSA, MRSA and S. 164	  

epidermidis) or gentamicin (30 mg/kg, for Gram-negative bacteria) subcutaneous injections (48, 54). 165	  

The efficacy of gentamicin (5 mg/mL), EDTA (30 mg/mL), ethanol (70%) and gentamicin-EDTA (5 166	  

mg/mL-30 mg/mL) lock therapy was evaluated. All lock solutions were prepared in sterile distilled 167	  

water. The 3-day-old biofilm formed inside the implanted TIVAP was locked with 200 µL of the above-168	  

mentioned antibiotics following 2 types of regimen. First, a 5-day ALT regimen during which the old 169	  

lock was replaced by a new one every 24 h for 5 days in conjunction with systemic treatment for 5 170	  

days. We also assessed a 1-day ALT regimen with a single instillation of ALT dwelling for 7 days in 171	  

conjunction with 1 day of systemic treatment. We monitored biofilm clearance by luminescence 172	  

imaging and rats were sacrificed after day 7 of the last ALT instillation for estimating viable cell counts 173	  

and electron microscopy analyses. Immunosuppressed rats were sacrificed on day 3 post-ALT 174	  

instillation. Rats with a colonized TIVAP but receiving PBS ALT were used as controls. 175	  

 176	  

Statistical analysis. Results for CFU are mean +/- standard deviation. Statistical differences were 177	  

evaluated using one-way ANOVA (Tukey multiple comparison test) included in Graphpad Prism 178	  

Version 5.0c. The treatment groups were considered statistically different if p-values were lower than 179	  

0.05.  180	  

181	  
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RESULTS  182	  
 183	  
Gentamicin-EDTA efficacy against S. aureus in vivo catheter-associated biofilms. 184	  

To evaluate the in vivo efficacy of tetrasodium EDTA as a potential adjuvant in ALT, we tested 185	  

different gentamicin-based lock solutions against bioluminescent methicillin-susceptible S. aureus 186	  

(MSSA) biofilms growing in TIVAP implanted in rats (n=5 rats for each treatment). In addition to 187	  

solutions containing gentamicin alone, EDTA alone or combined gentamicin-EDTA, we evaluated 70% 188	  

ethanol, which was shown to be an effective antibacterial lock agent both in vitro and in vivo (11, 23). 189	  

We first used ALT instillations renewed every 24 h for 5 days in conjunction with systemic vancomycin 190	  

injections (see Materials and methods) and we monitored in vivo bacterial clearance as a function of 191	  

luminescence. While luminescence could still be detected in rats with PBS ALT, ethanol, gentamicin or 192	  

EDTA alone, no signal was captured from rats treated with the gentamicin-EDTA lock (Figure 1A-F). 193	  

These results were confirmed by the bacterial count. While a high load of MSSA (8.6-log CFU/mL) 194	  

was recovered from TIVAP of rats with PBS ALT (Figure 1G), gentamicin or EDTA ALT alone reduced 195	  

MSSA CFU recovered from TIVAP biofilms to 4.3 to 5.3-log CFU/mL and 4.2 to 6.1-log CFU/mL, 196	  

respectively (Figure 1G). Similarly, 70% ethanol ALT could only clear biofilm in one out of 5 rats; in the 197	  

remaining four rats, 4.2 to 5.9-logs CFU/mL were still recovered from TIVAP 7 days post-ALT 198	  

treatment (Figure 1G). Although gentamicin or EDTA alone could not completely eradicate MSSA 199	  

biofilm, the absence of viable cell counts from TIVAP 7 days post-gentamicin-EDTA ALT confirmed its 200	  

antibiofilm efficacy (Figure 1G).  201	  

While our results demonstrated the in vivo efficacy of a 5-day regimen of gentamicin-EDTA ALT 202	  

treatment against MSSA biofilms, we also sought to determine whether gentamicin-EDTA ALT would 203	  

reduce the length and frequency of ALT treatment. For this, we applied a single instillation of 204	  

gentamicin-EDTA lock solution in conjunction with systemic vancomycin injections on 3-day-old in vivo 205	  

MSSA biofilm (1-day regimen). After 1 day, we already observed an absence of luminescence and a 206	  

∼4.2-log reduction in bacterial CFU/mL compared to rats with PBS ALT (day 1 in Figure 2A, 2C and 207	  

2E). Moreover, analysis of TIVAP 7 days after single gentamicin-EDTA ALT left to dwell for 7 days 208	  

(day 8) showed complete removal of bacteria from the catheters (day 8 in Figure 2A, 2C, 2D, and 209	  

Figure 2E). Although a decrease in bioluminescence was observed, rats with PBS ALT displayed a 2-210	  

log-increase in bacterial colonization (Figure 2B and 2E). Indeed, bioluminescence will not detect 211	  

bacteria that are viable but are either dormant or growing anaerobically in TIVAP (9). Furthermore, the 212	  
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absence of bacteria in gentamicin-EDTA-treated TIVAP was confirmed by scanning electron 213	  

microscopy. While TIVAP extracted from rats treated with either gentamicin or EDTA alone showed 214	  

the presence of biofilms with a dense bacterial population (Figure 2F-G), TIVAP from rats treated with 215	  

gentamicin-EDTA ALT displayed only a meshwork of host-derived fibrin-like material and the absence 216	  

of bacteria (Figure 2H).  217	  

These results demonstrated that use of a single instillation of gentamicin-EDTA antibiotic lock solution 218	  

successfully eradicated catheter-associated biofilms formed in vivo by MSSA. 219	  

 220	  

One-shot gentamicin-EDTA ALT is effective in immunosuppressed animals. 221	  

Immunosuppressed patients are highly susceptible to bloodstream infections associated with central 222	  

venous catheter colonization (45). In order to evaluate whether gentamicin-EDTA ALT might also be 223	  

useful in immunosuppressed hosts, TIVAP-implanted rats were treated with cyclophosphamide prior to 224	  

inoculating them with 102 CFU/100 µL of MSSA in the TIVAP (number of rats, n=3). TIVAP-associated 225	  

biofilms that developed after 3 days were treated with a single instillation of PBS, gentamicin or 226	  

gentamicin-EDTA lock in conjunction with systemic treatment. We showed that rats with PBS ALT 227	  

displayed luminescent signals corresponding to ∼7.9-log CFU/mL and died by day 3 despite 228	  

concomitant systemic treatment with vancomycin (Figure 3A-B and G). Moreover, rats (n=3) that 229	  

received only gentamicin ALT survived, but continued to display ∼5.1-log CFU/mL in the lumen of 230	  

TIVAP collected 3 days after ALT (Figure 3C-D and G). In contrast, immunosuppressed rats (n=3) 231	  

treated with a single instillation of a gentamicin-EDTA lock in conjunction with systemic treatment 232	  

showed 100% survival, and complete eradication of MSSA biofilm from TIVAP was noted 3 days after 233	  

treatment (Figure 3E-F and G). These results therefore demonstrated the in vivo efficacy of the 234	  

gentamicin-EDTA lock solution both in immunocompetent and immunosuppressed animals. 235	  

 236	  

Efficacy of gentamicin-EDTA ALT against S. epidermidis and methicillin-resistant S. aureus. 237	  

In addition to MSSA infections, staphylococci-associated biofilm infections may also be due to 238	  

methicillin-resistant (MRSA) strains, while S. epidermidis is the most commonly reported bacterium in 239	  

catheter-related infections (9, 24, 30). To test the efficacy of a single instillation of gentamicin-EDTA 240	  

against S. epidermidis and MRSA, we used two clinical bioluminescent strains of S. epidermidis 241	  

(Xen43) and MRSA (Xen31). These two strains are poorly luminescent in vivo and therefore did not 242	  
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enable us to non-invasively monitor biofilm colonization in implanted TIVAP; however, both of them led 243	  

to formation of in vivo biofilm (Figure 4 and (9)). Although a single instillation of gentamicin-EDTA  (1-244	  

day ALT regimen) eradicated S. epidermidis biofilm, ∼3-log CFU/mL bacteria could still be recovered 245	  

from TIVAP-associated MRSA biofilms (number of animals, n=3) (Figure 4). However, using a 5-day 246	  

ALT regimen, we demonstrated that in vivo TIVAP-associated MRSA biofilms could be successfully 247	  

eradicated with gentamicin-EDTA ALT, compared with gentamicin-treated biofilms where ∼6.2-log 248	  

CFU/mL bacteria were recovered (number of animals, n= 3) (Figure 4).  249	  

 250	  

The gentamicin-EDTA lock solution is efficient against Gram-negative bacteria. 251	  

Although a high treatment success rate has been recently shown in the case of Gram-negative 252	  

bacteria catheter-related bloodstream infections (20), current guidelines suggest removal of catheters 253	  

colonized by Gram-negative pathogens having a propensity for biofilm formation, such as P. 254	  

aeruginosa (30). To test the potential of a combined gentamicin-EDTA lock against frequent catheter-255	  

associated Gram-negative pathogens such as E. coli and P. aeruginosa, we used a single instillation 256	  

of gentamicin-EDTA ALT 3 days after inoculation with E. coli or P. aeruginosa, alongside systemic 257	  

gentamicin treatment. We observed complete eradication of E. coli and P. aeruginosa TIVAP-258	  

associated biofilms using the combined gentamicin-EDTA lock solution, as indicated by the absence 259	  

of luminescent signals within 24 h of treatment (Figure 5A-D and 5E-H). Moreover, no bacteria were 260	  

recovered from the catheters harvested after 7 days post-treatment, while control rats continued to 261	  

display ∼9.5-log CFU/mL for E.coli and ∼8.7-log CFU/mL for P. aeruginosa (Figure 5I). 262	  

 263	  

Taken together, these results demonstrate the potential of a gentamicin-EDTA combination as 264	  

a broad-spectrum anti-biofilm lock solution, not only against Gram-positive but also against Gram-265	  

negative catheter-associated biofilm-forming pathogens. 266	  

267	  
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DISCUSSION 268	  
  269	  
 Significant progress has been made in clinical handling of central venous catheters, but the 270	  

development of pathogenic biofilms remains a major problem with severe clinical implications (30, 37). 271	  

In the case of intermittently used devices, ALT is a widely used strategy recommended for prevention 272	  

or cure of intraluminal catheter-associated biofilms (30, 40). Although current ALT have significant 273	  

effects on catheter handling, use of adjuvant molecules is under investigation at present to potentiate 274	  

existing antibiotic treatment against biofilms for preventing and curing catheter-related bloodstream 275	  

infections (CRBSI) (30, 40). 276	  

Recent in vitro studies demonstrated that metal chelators such as EDTA and citrate, which bind to 277	  

metal cations such as Ca2+, Fe3+ and Mg2+, act both as anticoagulant and antibiofilm agents and 278	  

therefore enhance the antimicrobial effect of antibiotics (3, 6, 35, 53).  279	  

In the present study, using our previously optimized rat model with an implanted TIVAP, we evaluated 280	  

the in vivo efficacy of the anticoagulant chelator tetrasodium EDTA, in combination with gentamicin, as 281	  

a potential curative antibiotic lock solution (9). For initial evaluation of EDTA as an adjuvant to the 282	  

gentamicin lock solution as compared to gentamicin alone, EDTA alone or ethanol, we chose S. 283	  

aureus catheter colonization, for which catheter removal is mandatory (16, 19). We showed that the 284	  

gentamicin-EDTA combination was the most effective lock solution compared to gentamicin alone, 285	  

EDTA alone or ethanol (70%). Since, we previously demonstrated the risk of systemic infection when 286	  

ALT was used alone, we always used systemic antibiotics alongside (9). We chose systemic 287	  

vancomycin, even in case of methicillin-susceptible Staphylococcus spp. in order to compare the 288	  

effect of ALT between these different strains without having a bias related to various systemic 289	  

treatments. We also wanted to reproduce the first 24 or 48 hours of treatment during which antibiotic 290	  

susceptibility pattern is not determined and clinicians have to deal with a Gram-positive healthcare-291	  

associated bloodstream infection. 292	  

Ethanol alone or in combination is reported to be effective against in vitro biofilms as well as 293	  

decreasing CRBSI and the need for catheter replacement in clinical trials (21, 23, 32). However, under 294	  

our experimental conditions, it was able to reduce the biofilm but could not completely eradicate it 295	  

even after 5 consecutive ALT replacements. This suggests that reducing the bacterial load in the 296	  

TIVAP might suffice for weakening bacterial biofilms, thus enabling the host immune system or 297	  

systemic antibiotics to control CRBSI, as shown in clinical studies using ethanol. While treatments that 298	  
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do not completely eradicate biofilms efficiently reduce the incidence of CRBSI, therapy such as 299	  

gentamicin-EDTA might totally eradicate biofilms colonizing the catheters, and would thus have 300	  

greater potential for curing biofilm-related infections.  301	  

Recurrence of biofilm-associated infections due to the presence of highly antibiotic tolerant bacteria 302	  

within biofilms is one of the major challenges for catheter management in the clinical setting (12, 25, 303	  

26). The existence of such highly tolerant biofilm bacteria was demonstrated in our model by the fact 304	  

that they could sustain very high concentrations (up to 1,700X MIC) of gentamicin. Gentamicin-EDTA 305	  

proved to be a potential lock solution able to cure these highly tolerant biofilms and eradicate 306	  

persistent bacteria, thereby preventing recurrence of Gram-positive as well as Gram-negative (see 307	  

below) bacterial biofilms on TIVAP. Moreover, currently proposed ALT regimens are used for up to 14 308	  

days, resulting in reduced access to the device, which could cause distress in patients with limited 309	  

venous access (30). Development of a rapid and efficient ALT would enable earlier access to the long-310	  

term catheter, improving patient outcome. We showed that a single instillation of gentamicin-EDTA 311	  

ALT, left to dwell for 7 days, effectively eradicated biofilms formed by MSSA and S. epidermidis, thus 312	  

probably reducing the possibility of recurrence. It is noteworthy that the MRSA strain used in this study 313	  

is gentamicin-resistant, like 3% of MSSA and 11% of MRSA in hospital-acquired S. aureus infections 314	  

in Texas (22). Nevertheless, use of a 5-day ALT regimen led to total eradication of in vivo TIVAP-315	  

associated MRSA biofilms, suggesting that the gentamicin-EDTA lock solution could still be used in 316	  

this setting. As EDTA was earlier shown to disrupt biofilm through metal chelation, we speculate that 317	  

the bacteria released would be more susceptible to the direct antibacterial effect of EDTA (see Table 318	  

1) (34). Besides, free-swimming bacteria may have been killed by gentamicin that still could have 319	  

some efficacy at such a high concentration. 320	  

A reduction in the catheter-associated bacterial biofilm load may not be sufficient to cure CRBSI in 321	  

patients with impaired immune systems (45). In our in vivo study, a single instillation of the gentamicin-322	  

EDTA lock was effective at curing immunosuppressed rats with TIVAP-related MSSA infection, in 323	  

conjunction with vancomycin systemic treatment. Rapid clearance of the pathogen is of clinical 324	  

importance, especially in immunocompromised and critically ill patients. Thus, gentamicin-EDTA might, 325	  

in the future, prove to be of great value in clinical settings. 326	  

Furthermore, we demonstrated the efficacy of the gentamicin-EDTA antibiotic lock solution against 327	  

biofilms of E. coli and P. aeruginosa pathogenic strains. Although multiresistance associated with 328	  
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Gram-negative pathogens is of some concern, these bacteria are often overlooked in studies using 329	  

catheter-related infections (8, 20, 42). In the case of P. aeruginosa CRBSI, treatment failures are 330	  

frequent and conservative management is often excluded (30). Gentamicin-EDTA could be an 331	  

excellent candidate lock for such patients, as it extends the possibility of conservative therapy.  332	  

In summary, we conclude that gentamicin-EDTA effectively eradicated the in vivo TIVAP-associated 333	  

biofilms of all tested strains. Gentamicin and ethanol were also effective at reducing MSSA biofilm, but 334	  

were not able to completely eradicate the biofilm from implanted TIVAP. In light of these results, we 335	  

believe that the gentamicin-EDTA lock deserves further exploration for use in clinical practice. 336	  

 337	  
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TABLE: 515	  

 516	  

Table 1. MIC and concentrations used for in vivo ALT. ALT: antibiotic lock therapy; EDTA: ethylenediamine-tetraacetic acid; MIC: minimal inhibitory 517	  

concentration; MSSA: methicillin-susceptible S. aureus; MRSA: methicillin-resistant S. aureus; ND: not done. MIC results are expressed as mean of at 518	  

least 3 experiments. 519	  

 520	  

Microorganism 
MIC   ALT 

Gentamicin 
(µg/mL) 

Vancomycin 
(µg/mL) 

EDTA 
(mg/mL) 

Ethanol 
(%) 

 Gentamicin 
(µg/mL) 

EDTA 
(mg/mL) 

Ethanol 
(%) 

MSSA 8 1.5 0.94 6.25  5,000 30 70 
MRSA >1,024 1.5 0.94 12.5  5,000 30 ND 
S. epidermidis 3 3 0.94 12.5  5,000 30 ND 
E. coli 8 ND 3.75 12.5  5,000 30 ND 
P. aeruginosa 4 ND 3.75 6.25  5,000 30 ND 
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FIGURE LEGENDS 521	  

 522	  

Figure 1. Gentamicin-EDTA ALT completely eradicates MSSA biofilm from the implanted TIVAP. 523	  

ALT was instilled in TIVAP of immunocompetent rats (day 0) and was associated with systemic 524	  

vancomycin to treat MSSA biofilm colonization (number (n) of rats used for each treatment, n=5). ALT 525	  

was renewed every 24 h for 5 days and its efficacy was monitored as photon emissions. Results from 526	  

a representative animal are shown. (A) Control rats with PBS ALT. (B) 70% ethanol ALT. (C) 5 mg/mL 527	  

gentamicin ALT. (D) 30 mg/mL EDTA alone. (E) Combined gentamicin (5 mg/mL) and EDTA (30 528	  

mg/mL) ALT. In (A) to (E) representative experiments are shown. (F) Rats were sacrificed after 7 days 529	  

of treatment, TIVAP was harvested and monitored for photon emissions. (G) Bacterial cells from 530	  

TIVAP were harvested and plated on TSB agar for CFU/mL. Results for CFU are mean +/- standard 531	  

deviation. Statistical analysis was done using one-way analysis of variance (ANOVA) with Graphpad 532	  

Prism version 5.0c. p-value < 0.05 considered significant, ** (p ≤ 0.009). 533	  

 534	  

Figure 2. Gentamicin-EDTA ALT reduces time to eradicate MSSA biofilm in vivo. A gentamicin-535	  

EDTA lock solution was instilled in MSSA-colonized TIVAP of immunocompetent rat (n=3) in 536	  

conjunction with systemic vancomycin treatment. Rats were sacrificed either 1 day or 7 days (day 8) 537	  

after a single instillation and monitored as photon emissions. Results from a representative animal are 538	  

shown. Bacterial cells were harvested from the TIVAP on respective days (day 1 or day 8) and plated 539	  

for CFU/mL. (A) Control rats with PBS ALT. (B) TIVAP harvested from control rats. (C) Gentamicin-540	  

EDTA-instilled rats. (D) TIVAP harvested from gentamicin-EDTA-treated rats. (E) Bacteria were 541	  

harvested from TIVAP and plated on TSB agar for CFU/mL. Eradication of in vivo TIVAP-associated 542	  

MSSA biofilm was confirmed by scanning electron microscopy (SEM). (F) Gentamicin-ALT-treated 543	  

TIVAP. (G) EDTA-ALT-treated TIVAP. (H) Gentamicin-EDTA-ALT-treated TIVAP. Results for CFU are 544	  

mean +/- standard deviation. Statistical analysis was done using one-way analysis of variance 545	  

(ANOVA) with Graphpad Prism version 5.0c. p-Value < 0.05 considered significant, ** (p ≤ 0.009), * 546	  

(p≤ 0.09). 547	  

 548	  

 549	  
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Figure 3. Gentamicin-EDTA/ALT eradicates MSSA TIVAP-associated biofilm in 550	  

immunosuppressed rats. TIVAP-implanted and immunosuppressed rats (n= 3 for each treatment) 551	  

were contaminated with MSSA and allowed to form biofilm for 3 days prior to ALT instillation and 552	  

vancomycin systemic antibiotic injection. Treatment efficacy was monitored as photon emissions. 553	  

Results from a representative animal are shown. (A) Control rats with PBS ALT. (B) TIVAP harvested 554	  

from control rats. (C) Gentamicin-alone-instilled rats. (D) TIVAP harvested from gentamicin-alone-555	  

instilled rats. (E) Gentamicin-EDTA-instilled rats. (F) TIVAP harvested from gentamicin-EDTA-instilled 556	  

rats. (G) Bacteria were harvested from TIVAP and plated on TSB agar for CFU/mL. Genta: gentamicin. 557	  

Results for CFU are mean +/- standard deviation. Statistical analysis was done using one-way 558	  

analysis of variance (ANOVA) with Graphpad Prism version 5.0c. p-Value < 0.05 considered 559	  

significant, ** (p ≤ 0.003). 560	  

 561	  

Figure 4. Gentamicin-EDTA ALT eradicates S. epidermidis and MRSA biofilms. Three-day-old S. 562	  

epidermidis or MRSA TIVAP-associated biofilm in immunocompetent rat was treated by a 1-day or a 563	  

5-day regimen of gentamicin-EDTA ALT in conjunction with systemic vancomycin (number of animals: 564	  

n=3 for each treatment). Rats were sacrificed 8 days post-ALT, TIVAP was removed aseptically and 565	  

harvested cells were plated on TSB agar plates for CFU/mL. Results for CFU are mean +/- standard 566	  

deviation. Statistical analysis was done using one-way analysis of variance (ANOVA) with Graphpad 567	  

Prism version 5.0c. p-value < 0.05 considered significant, * (p ≤ 0.02). 568	  

 569	  

Figure 5. The gentamicin-EDTA lock solution is also effective against Gram-negative bacteria. 570	  

Three-day-old E. coli or P. aeruginosa TIVAP-associated biofilm in immunocompetent rats was treated 571	  

by a 1-day regimen of gentamicin-EDTA ALT in conjunction with systemic gentamicin (number of 572	  

animals: n=3 for each treatment). Treatment efficacy was monitored as photon emissions. Results 573	  

from a representative animal are shown. (A) TIVAP-implanted control rats (with PBS ALT) with E. coli 574	  

colonization. (B) E. coli-colonized TIVAP-implanted rats with gentamicin-EDTA ALT. (C) TIVAP from 575	  

control rats with E. coli colonization. (D) TIVAP harvested from E. coli-colonized and gentamicin-576	  

EDTA-instilled rats. (E) TIVAP-implanted control rats (with PBS ALT) with P. aeruginosa colonization. 577	  

(F) P. aeruginosa-colonized TIVAP-implanted rats with gentamicin-EDTA ALT. (G) TIVAP from control 578	  

rats with P. aeruginosa colonization. (H) TIVAP harvested from P. aeruginosa-colonized and 579	  
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gentamicin-EDTA-instilled rats. (I) Rats were sacrificed 8 days post-ALT, TIVAP were aseptically 580	  

removed and harvested cells were plated on LB agar (E. coli or P. aeruginosa) plates for CFU/mL. 581	  

Genta: gentamicin. Results for CFU are mean +/- standard deviation. Statistical analysis was done 582	  

using one-way analysis of variance (ANOVA) with Graphpad Prism version 5.0c. p-Value < 0.05 583	  

considered significant, *** (p < 0.0001), ** (p <0.001) and * (p < 0.01). 584	  
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