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Abstract

Background: Antimicrobial lock therapy is recommended for preventing and treating
catheter-related bloodstream infections, but different solutions have uncertain
efficacy.

Methods: Two locks, 1.35% taurolidine and 4% ethylenediaminetetraacetic acid
(EDTA), were tested on Staphylococcus epidermidis, Staphylococcus aureus, methicillin-
resistant S. aureus, Pseudomonas aeruginosa, multidrug-resistant P. aeruginosa,
vancomycin-resistant Enterococcus faecium, Klebsiella oxytoca (carbapenemase pro-
ducing), K. pneumoniae (extended-spectrum B-lactamase producing), Candida albicans,
and Candida glabrata. Broviac catheter segments were incubated with these organisms
and then exposed to various lock solutions. Colony-forming units (CFUs) were
counted after 2, 4, and 24 h of incubation.

Results: Taurolidine showed a significant decrease in CFUs after 2h in S. aureus,
S. epidermidis, methicillin-resistant S. aureus, vancomycin-resistant E. faecium, P. aeru-
ginosa (both sensitive and multidrug-resistant strains), K. oxytoca, C. albicans, and
C. glabrata. After 4 h, significant reductions were noted in S. aureus, S. epidermidis,
methicillin-resistant S. aureus, P. aeruginosa, multidrug-resistant P. aeruginosa, K. pneu-
moniae, K. oxytoca, and C. albicans. Taurolidine was also effective after 24 h, especially
against methicillin-resistant S. aureus and multidrug-resistant P. aeruginosa. Four percent
EDTA acid showed a significant reduction in CFUs after 2 h in S. aureus, vancomycin-
resistant E. faecium, P. aeruginosa, K. oxytoca, C. albicans, and C. glabrata. After 4 h,
reductions occurred in P. aeruginosa, multidrug-resistant P. aeruginosa, K. oxytoca, and
C. albicans and after 24 h in methicillin-resistant S. aureus, P. aeruginosa, and K. oxytoca.
Conclusion: Taurolidine is more effective than 4% EDTA acid in eradicating Gram-

positive and Gram-negative microorganisms and fungi.
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CLINICAL RELEVANCY STATEMENT

Antimicrobial lock therapy is a critical strategy in preventing and
treating catheter-related bloodstream infections. This study demon-
strates that 1.35% taurolidine is significantly more effective than 4%
ethylenediaminetetraacetic acid in eradicating a broad spectrum of
Gram-positive and Gram-negative pathogens, including multidrug-
resistant organisms and fungi, within clinically relevant timeframes.
These findings support the superior efficacy of taurolidine lock
solutions, emphasizing their potential for improving infection

management in catheterized patients.

BACKGROUND

Central venous catheters, essential for long-term vascular access,
are crucial for patients who need dialysis, chemotherapy, or par-
enteral nutrition. The most serious and common complications
linked to these catheters are infections, particularly catheter-related
bloodstream infections. Regrettably, catheter-related bloodstream
infections frequently lead to a notable rise in mortality and signifi-
cantly higher financial costs.! Consequently, enhancing catheter
care and reducing catheter-related infections should decrease
mortality rates, cut treatment costs, and shorten hospital stays.?
These infections often occur when microbial organisms within the
catheter's intraluminal biofilm migrate, leading to catheter-related
bloodstream infections. Most guidelines suggest removing the
catheter and administering systemic antimicrobial treatment on
suspicion or confirmation of a catheter-related bloodstream infec-
tion.® However, clinical conditions, such as the absence of alterna-
tive venous access, bleeding disorders, or comorbidities, often
prevent the removal of the device. Alternative approaches, like the
use of antimicrobial lock therapy, to manage these biofilm-related
infections of intravenous catheters have gained significant interest
recently.* Antimicrobial lock solutions have been variably successful
in filling the lumen of the catheter to eradicate biofilms. This
method delivers very high concentrations of antimicrobial agents
directly at the infection site. Nonetheless, concerns about the
selection of resistant organisms, toxicity, and treatment failures
have limited their widespread use in treating catheter-related
bloodstream infections.

Taurolidine, chemically known as bis-(1,1-dioxoperhydro-1,2,4-
thiadiazinyl-4)-methane, is a derivative of the amino acid taurine.
Since its introduction in the 1970s, initially for treating bacterial
peritonitis, taurolidine has been recognized for its safety and non-
toxicity at utilized dosages, with no bacterial resistance reported so
far.® It exhibits broad-spectrum antimicrobial and antifungal proper-
ties, effective against both Gram-positive and Gram-negative bacte-
ria, including strains resistant to methicillin and vancomycin, as well
as mycobacteria and some significant fungi. Taurolidine is quickly
metabolized in the human body into taurultam and methylol taur-
inamide, breaking down into taurine, carbon dioxide, and water. Its

mechanism involves binding its hydroxymethyl group to bacterial cell

walls, causing irreversible damage and hindering the bacteria's ability
to adhere to human epithelial cells.® This action helps prevent biofilm
formation inside catheters. Given these properties, taurolidine locks
are especially recommended for patients experiencing recurrent
catheter infections.”

Despite the positive and proven effects of taurolidine, there have
been recent opinions suggesting that taurolidine has a limited effect
against already-formed biofilm and may potentially cause liver
toxicity.® Although these opinions are rare, there is ongoing effort to
develop other antimicrobial locks.

Four percent ethylenediaminetetraacetic acid (EDTA) solution is
used as an anticoagulant and antimicrobial agent in the prevention
and treatment of catheter-related infections, particularly in central
venous catheters. This solution helps maintain catheter patency and
reduces the risk of central line-associated bloodstream infections by
preventing the formation of biofilm and blood clots. EDTA is effective
against a wide range of microorganisms, including Gram-positive and
Gram-negative bacteria, fungi, and yeasts. The effect of EDTA lies in
its ability to chelate and potentiate bacterial cell walls and destabilize
the biofilm by sequestering calcium and magnesium, making them

more susceptible to damage.”

OBJECTIVES

The aim of our work was to compare the efficacy of antimicrobial
locks with EDTA and taurolidine in vitro. This comparison was made
by evaluating the efficacy of individual locks through the monitoring
of the decrease in colony-forming units (CFUs) over time compared
with the control. It can be assumed that the faster the number of
CFUs decreases over time the more effective the solution is. The
results of this in vitro study hold potential for practical application in
the treatment and prevention of catheter-related infections in

everyday clinical practice.

METHODS

To assess the antimicrobial effectiveness of various substances, we
adopted a modified version of the Andris method.*° This method aims
to simulate biofilm formation on the catheter as it likely occurs in the
human body, particularly in patients with long-term central venous
access, such as those receiving home parenteral nutrition. We have
successfully used this method in the past.!* Our modifications included
altering the evaluation times and using various types of antibiotics at
different concentrations. We tested the antimicrobial activity against
several bacterial strains, including Staphylococcus epidermidis, Staphy-
lococcus aureus, methicillin-resistant S. aureus (MRSA), vancomycin-
resistant Enterococcus faecium (VRE), and Klebsiella oxytoca-producing
carbapenemase (KLOX KPC), Klebsiella pneumoniae-producing
extended-spectrum B-lactamase (KLPN ESBL), Pseudomonas aeruginosa
and multidrug-resistant P. aeruginosa (defined as resistance to all

agents in at least three of four classes: fluoroquionolones,
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aminoglycosides, carbapenems, and antipseudomonal penicillins/
cephalosporins), Candida albicans, and Candida glabrata.

Before each assay, the strains were grown aerobically for
18-24h at 36°C in brain-heart bouillon broth (BioMerieux). An ali-
quot of these cultures (100 ul) was aseptically transferred to fresh
brain-heart bouillon broth and grown at 36°C to reach the middle of
the logarithmic phase (optical density =0.6) corresponding to
108 CFUs/ml. C. albicans and C. glabrata were grown in Sabouraud
broth (BioMerieux) under the same conditions to reach 10’ CFUs/ml.
The turbidimetric method was used for the measurement of optical
density. Tested locks were: saline (control), 1.35% taurolidine
(TauroLock; Tauropharm GmbH) and 4% tetrasodium EDTA (Kite-
Lock; Sterile Care). Centimeter-length segments of Broviac catheter
were immersed into the human plasma at a temperature of 37°C
during the night. Afterwards, the catheter was incubated in tryptose-
soy broth (Bio-Rad), which was inoculated by a strain, at 37°C for
18-24 h. Then, segments were rinsed thrice in phosphate-buffered
saline and incubated in the testing solution for 2, 4, and 24 h at 37°C.
After incubation, segments were washed 10 times in phosphate-
buffered saline and placed into the tryptose-soy broth and sonicated
for 3 min. Then, the tryptose-soy broth was serially diluted (series of
6- to 10-fold dilution in phosphate-buffered saline for each tested
concentration and strain). One hundred milliliters of each dilution in
duplicate was streaked on agar plates (Mueller Hinton 2 agar, Sa-
bouraud agar; BioMerieux). After a 24-h incubation of bacteria and a
48-h incubation of yeasts at 37°C, the number of colonies was
counted and recorded for analysis. The antimicrobial effect of indi-
vidual substances was evaluated by comparing the number of CFUs
after the tested culture was exposed to the lock solution with the
number of CFUs in the control samples (without the lock solution). All
experiments were conducted in triplicate to ensure the reliability of

the results.

Statistics

Results were tested for normality, and nonparametric tests were
used. We compared the statistical significance (reduction in CFUs)
over time after using each solution against the control. The signifi-
cance of differences was determined with two-way analysis of vari-
ance and the Dunn's post hoc test. P <0.05 was considered signifi-
cant. Statistically significant differences when compared other
solutions to the control solution are marked with asterisks in
Tables 1-3.

RESULTS

Summary results are shown in Tables 1-3. Decrease of CFUs after
the administration of individual locks in different microorganisms is
stated. On the completion of cultivation, a natural decrease in the
number of CFUs occurs, regardless of the use of the antimicrobial
lock, because of the removal of the culture medium. The efficacy of

The table shows the average values of colony-forming units of Gram-positive microorganisms as a comparison of the effectiveness of tested locks in reduction of colony-forming

units in time compared with the control solution (saline).

TABLE 1

VRE
24h

VRE
4h

VRE
2h

MRSA
24h

MRSA
4h

MRSA
2h

STEP

STEP
4h

STEP
2h

STAU
24h

STAU
4h

STAU
2h

24h

446,667 5,450,000 3,353,333 143,250 8,283,333 5,250,000 4,466,667 778,333 158,633 118,500

3,383,333

6,733,333

Control

2

84,533

45,500**

112*

2,085,000 259,000 435 5,416,667 4,066,667

18

1,030,000

2,426,667

4% EDTA

(0]

14,117

9683**

*

34,333***

202,500***

0

28,522***

227,833*

3

475,667*

341,667***

1.35% taurolidine

Note: The significance of differences was determined with two-way analysis of variance and Dunn's post hoc test. Statistically significant differences when compared with the control solution are marked with

asterisks.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; MRSA, methicillin-resistant Staphylococcus aureus; STAU, Staphylococcus aureus; STEP, Staphylococcus epidermidis; VRE, vancomycin-resistant

Enterococcus faecium.

*P<0.05; **P <0.01; ***P<0.001.
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TABLE 2 The table shows average values of colony-forming units of Gram-negative microorganisms as a comparison of effectivity of tested locks in reduction of colony-forming units in time

compared with control solution (saline).

KLOX KPC
24h

KLPN ESBL+  KLPN ESBL+  KLPN ESBL+ KLOX KPC  KLOX KPC
4h 24h 2h 4h

2h

PSAE MR-
24h

PSAE MR-

4h

PSAE MR-

PSAE
2h

24h

PSAE
4h

PSAE
2h

4,133,333 4,233,333 5,516,667 4,900,000 3,933,333 2,916,667 4,633,333 1,766,667 2,166,667 1,508,333 1,491,667

2,916,667

Control

0*

2,491,667 2,215,000 2180 79,000** 96,500*

o*

55,167

1,935,667

O***

20,450***

201,000*

4% EDTA

1900* 0*

6067**

o*** 303** 42** 0* 9583 9313*

OF**

13*%*

1.35% taurolidine

Note: The significance of differences was determined with two-way analysis of variance and Dunn's post hoc test. Statistically significant differences when compared with the control solution are marked with

asterisks.

Abbreviations: EDTA, ethylenediaminetetraacetic acid; KLPN ESBL+, Klebsiella pneumoniae-producing extended-spectrum B-lactamase; KLOX KPC, Klebsiella oxytoca-producing carbapenemase; PSAE,

Pseudomonas aeruginosa; PSAE MR-, multidrug-resistant Pseudomonas aeruginosa.

*P<0.05; **P<0.01; ***P<0.001.

individual locks was compared against the control to account for and
eliminate this natural factor.

A statistically significant decrease in CFUs was observed after 2 h
of taurolidine exposure in S. aureus, S. epidermidis, MRSA, VRE,
P. aeruginosa, multidrug-resistant P. aeruginosa, KLOX KPC, C. albi-
cans, and C. glabrata; after 4h in S. aureus, S. epidermidis, MRSA,
P. aeruginosa, multidrug-resistant P. aeruginosa, KLPN ESBL, KLOX
KPC, and C. albicans; and after 24h in MRSA, P. aeruginosa,
multidrug-resistant P. aeruginosa, and KLOX KPC. A statistically sig-
nificant decrease in CFUs was observed after 2 h of 4% EDTA ex-
posure in S. aureus, VRE, P. aeruginosa, KLOX KPC, C. albicans, and
C. glabrata; after 4 h in P. aeruginosa, multidrug-resistant P. aerugi-
nosa, KLOX KPC, and C. albicans; and after 24 h in MRSA, P. aerugi-
nosa, multidrug-resistant P. aeruginosa, and KLOX KPC.

These results indicate that in the case of 4% EDTA with Gram-
positive bacteria, a statistically significant difference compared with
the control was observed after 2 h in two of the four tested bacteria,
unlike taurolidine, in which an effect was observed in all four tested
bacteria with higher statistical significance. After 4 h of exposure to
the solutions, a difference compared with the control was observed
only with taurolidine. After 24 h, no statistically significant difference
compared with the control was observed with either solution.

For Gram-negative bacteria, when using 4% EDTA, a statistically
significant difference compared with the control was observed after
2h in two of four tested bacteria, unlike taurolidine, in which an
effect was observed in three tested bacteria with higher statistical
significance. After 4 h of exposure to the solutions, a difference was
observed in three bacteria in the case of 4% EDTA and in all four
bacteria with taurolidine. After 24 h, a significant difference com-
pared with the control was observed in three of four bacteria. In the

case of yeasts, the results did not differ.

DISCUSSION

The mechanisms of the antimicrobial action of taurolidine and 4%
EDTA solution are different, and thus it is not surprising that their
efficacy can also vary. In our in vitro experiment, we demonstrated
better efficacy of antimicrobial locks with taurolidine. Currently, there
are not enough controlled studies or meta-analyses available com-
paring the effectiveness of antimicrobial locks with taurolidine and 4%
EDTA solution. Only studies that compare their efficacy indirectly can
be found.!? This paper compared the efficacy of taurolidine and 4%
EDTA solution. However, this study did not conduct its own mea-
surements but instead drew from theoretical models and the results of
selected previously published studies. For example, the incidence of
catheter-related bloodstream infections with taurolidine is reported as
1.23/1000 catheter days. According to the Czech Registry of Patients
on Home Parenteral Nutrition, the incidence of catheter-related
bloodstream infections in the Czech Republic for patients receiving
home parenteral nutrition is significantly lower. In 2013, the incidence
of catheter-related sepsis was reported as 0.81 per year per 1000
catheter days compared with 0.1 catheter-related sepsis incidents per
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TABLE 3 The table shows average values of colony-forming units of the yeast as a comparison of the effectiveness of the tested locks in
reduction of colony-forming units in time compared with control solution (saline).

CDAL CDAL

2h 4h
Control 168,333 291,667
4% EDTA 4717* 2072**
1.35% taurolidine 2433* 1807**

CDAL CDGL CDGL CDGL
24h 2h 4h 24h
19,333 381,667 55,667 15,333
68 23,500%** 3833 2702
0 19,000*** 1983 0

Note: The significance of differences was determined with two-way analysis of variance and Dunn's post hoc test. Statistically significant differences when

compared with the control solution are marked with asterisks.

Abbreviations: CDAL, Candida albicans; CDGL, Candida glabrata; EDTA, ethylenediaminetetraacetic acid.

*P <0.05; **P<0.01; ***P < 0.001.

year per 1000 catheter days in 2021. This decrease is mainly attributed
to the preventive introduction of taurolidine locks.3

The price may also vary regionally; therefore, data comparing
cost-effectiveness may not be valid worldwide. Specifically, in the
Czech Republic, the cost of a 4% EDTA solution is double that of
taurolidine locks; therefore, the published conclusions of this work
likely do not correspond to our conditions. Based on our results and
specific to our country, we assess taurolidine locks as a more effec-
tive and currently cheaper solution compared with 4% EDTA solution
locks. However, results may vary across different countries.

Our results confirm the difference in the efficacy of the various
solutions on different microorganisms. This difference can be at-
tributed to the distinct mechanisms of action. EDTA is primarily
effective against Gram-negative bacteria and, in some cases, Gram-
positive bacteria probably for several reasons related to its chemical
properties and mechanism of action. EDTA is a chelating agent, which
means it can bind metal ions, such as calcium, magnesium, and iron.
These ions are essential for the stability of bacterial cell walls and
membranes. Gram-negative bacteria have an outer membrane con-
taining lipopolysaccharides stabilized by divalent cations (eg, Ca®*
and Mg?*).1* When EDTA chelates these cations, it destabilizes the
outer membrane, leading to increased permeability and subsequent
damage to the bacterial cell wall. Gram-negative bacteria have a
more complex cell wall with an outer membrane that is more sensi-
tive to destabilization on loss of divalent cations. This increases
the permeability of the cell wall, which can lead to leakage of intra-
cellular contents and cell death. In contrast, Gram-positive bacteria
have a thick peptidoglycan layer that is less dependent on divalent
cations for stability than the outer membrane of Gram-negative
bacteria.

This means that EDTA may not be as effective against all Gram-
positive bacteria, as our data also show. However, in the longer term,
EDTA disrupts the cell wall sufficiently to inhibit their growth or kill
them. This is also evident from our data, as the differences between
the solutions diminish over time. EDTA can also act synergistically
with other antimicrobial agents. By destabilizing the cell wall and
increasing permeability, it can allow better penetration of antibiotics
or other antimicrobial agents into the bacterial cell, thereby enhan-

cing their effectiveness.

Taurolidine has direct bactericidal effect, which means it actively
kills bacteria. It acts quickly by disrupting bacterial cell walls and mem-
branes, leading to their death. In contrast, EDTA primarily acts as a
chelating agent that inhibits bacterial growth. Additionally, EDTA can
disrupt biofilm, which is a structure formed by bacteria to protect
against adverse conditions. By chelating metal ions that stabilize ex-
tracellular polymeric substances in the biofilm, EDTA can help prevent
formation and facilitate the breakdown of existing biofilm.

On the other hand, taurolidine's effectiveness against biofilm
lies in several of its properties and mechanisms of action.
Taurolidine disrupts the biofilm structure by interfering with the
bacteria's adhesion processes, preventing them from attaching to
surfaces and forming biofilm.*®> Without the ability to create a solid
structure, it is harder for bacteria to survive and protect themselves
from the immune system, antibiotics, or other antimicrobial agents.
Taurolidine can also inhibit the synthesis of the polymeric sub-
stances forming the biofilm, which weakens the overall structure
and facilitates its breakdown.'® Therefore, a combination of these
solutions might be interesting and useful in both prevention and

treatment in clinical practice.'”

CONCLUSIONS

The antimicrobial application of locks is effective in prevention and
treatment against Gram-positive bacteria, Gram-negative bacteria,
and yeast. From our results, it is evident that, compared with a 4%
EDTA solution, taurolidine has a faster and stronger onset of action.
However, both types of locks are effective and can be used in the

prevention and treatment of catheter-related infections.
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