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Abstract

Aims: To assess the in vitro microbicidal efficacy of the endogenous antiseptic N-Chlorotaurine (NCT) on human musculoskeletal
graft tissues contaminated with clinically relevant pathogens in comparison to the antibiotic vancomycin.

Methods and Results: Human-derived bone fragments from femoral head and carpal bones, as well as anterior cruciate ligament
tissue, were artificially contaminated by immersion for 10 seconds in suspensions of Staphylococcus aureus, Escherichia coli, or
Candida albicans. Samples were then incubated in various antiseptic solutions. 1% NCT required 15 minutes at 37 °C to achieve
significant microbial reduction, while 5% NCT was microbicidal within 5 minutes with mean log10 reductions of 0.9 CFU/mL
for S. aureus, 1.6 CFU/mL for C. albicans, and >2.5 CFU/mL for E. coli (p < 0.01). Complete eradication (>2.5 logl0 CFU/mL
reduction) was observed with 5% NCT after 15 minutes at 37 °C, and with 5% NCT plus 0.1% ammonium chloride already after
5 minutes at both 20 °C and 37 °C. No differences in antimicrobial efficacy were observed between bone and ligament grafts.
Vancomycin (1%) eliminated S. aureus, but exhibited no relevant activity against E. coli or C. albicans, consistent with its known
antibacterial spectrum.

Conclusion: N-Chlorotaurine (NCT), particularly in combination with ammonium chloride, is highly effective as a rapid and
broad-spectrum antiseptic for human graft decontamination. Compared to vancomycin, NCT offers a broader antimicrobial
spectrum.
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Impact Statement:The findings of this study support the potential
of NCT as an effective, endogenous, and well-tolerated antiseptic
for the rapid decontamination of biologically sensitive graft tissues.
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Introduction

Postoperative Septic Arthritis (PSA) is one of the most serious and
feared complications following orthopaedic and trauma surgical
procedures. Although relatively rare, PSA carries significant
consequences, both in terms of patient morbidity and healthcare
system burden. The condition often necessitates multiple revision
surgeries, prolonged hospital stays, and extended courses of
intravenous antibiotic therapy, contributing to substantially
elevated treatment costs and reduced quality of life for affected
patients [1]. The predominant causative organisms in PSA are
staphylococci, particularly Staphylococcus epidermidis and
Staphylococcus aureus [2]. Among the most frequently performed
procedures in orthopaedic surgery are anterior cruciate ligament
reconstruction (ACLR) and primary Total Knee Arthroplasty
(TKA). Although the reported incidence rates of PSA following
ACLR (0.14-1.8%) [3-5] and TKA (0.5-4%) [2] are comparatively
low, the sheer volume of procedures performed annually
translates into a substantial number of infections with devastating
consequences [6,7]. As such, prevention of PSA remains a central
goal in orthopaedic practice. A variety of preoperative and
intraoperative measures are routinely implemented to minimize
the risk of infection. Previous investigations have explored various
antiseptic and antibiotic agents for decontaminating contaminated
grafts. Studies have shown that chlorhexidine and povidone-
iodine are effective in reducing bacterial load [8], although
complete eradication of pathogens is not consistently achieved [9].
Povidone-iodine has demonstrated efficacy in decontaminating
bone fragments inadvertently dropped onto the operating room
floor [10], and its utility has been reinforced in systematic reviews
[11]. Gentamicin and rifampicin have also shown success in
eliminating susceptible bacteria following prolonged incubation
[9]. In the context of ACLR, soaking of autografts in vancomycin
is nowadays standard of care, showing a significant reduction of
PSA [12,13]. While antiseptics are generally superior in terms of
rapid and broad-spectrum microbicidal activity, their effectiveness
can be compromised by organic material due to consumption of
active compounds, and cytotoxicity may limit their use at higher
concentrations.

Antibiotics, in contrast, exhibit lower cytotoxicity and more
favorable tissue tolerability, but their limited antimicrobial
spectrum and the emergence of resistance remain significant
limitations. Most of these agents are synthetic, carrying a risk of
allergic reactions. Given these constraints, the exploration of novel,
well-tolerated, and effective antimicrobial agents is warranted.
N-chlorotaurine (NCT; CI-HN-CH:-CH:-SO:H), an endogenous
long-lived oxidant produced by activated human granulocytes and

monocytes, presents a promising alternative [14-16]. Chemically
stable as a sodium salt (CI-HN-CH2-CH2-SOs Na*) [14,17], NCT
exhibits broad-spectrum antimicrobial activity against bacteria,
viruses, fungi, and protozoa [14,16]. Its tolerability profile is
favorable, even at high concentrations (typically 1%, equivalent to
55 mM), allowing application to sensitive tissues such as the eye,
skin ulcers, ear, and bladder [14]. Systemic administration at lower
concentrations has also proven safe in animal models [18,19].
Topical application of high concentrations overcomes chlorine
consumption and maintains activity even in the presence of high
organic load [20]. Moreover, this allows a significant amount of
transhalogenation reactions (chlorine transfer to other amino
compounds in equilibrium). Some of these, particularly with small
amino molecules like ammonium, lead to formation of stronger
active chloramines so that as a net effect, NCT is enhanced but
not decreased in the presence of organic load such as exudates and
several body fluids (e.g. [21,22]). This may even lead to a higher
antimicrobial activity of NCT compared to highly reactive active
halogen compounds in such environments [21]. Considering its
unique combination of broad-spectrum efficacy, endogenous origin,
low toxicity, resistance evasion, and potential anti-inflammatory
properties, NCT emerges as a compelling candidate for graft
decontamination. The aim of the present study was to assess the in
vitro antimicrobial efficacy of NCT, with and without ammonium
chloride as a potentiator, on human musculoskeletal graft tissues
artificially contaminated with clinically relevant pathogens. Its
performance was compared to vancomycin, a standard antibiotic
frequently used in current decontamination protocols, with the aim
of identifying an effective and biologically compatible alternative
for clinical application in orthopaedic surgery.

Materials and Methods
Bacterial and Fungal Strains

Staphylococcus aureus ATCC 6538, Escherichia coli ATCC 11229,
and Candida albicans CBS 5982 were used as representatives for
Gram-positive and Gram-negative bacteria and fungi. Bacteria and
yeast, deep frozen at minus 80°C for storage, were thawed and
grown on Mueller—Hinton agar plates (Oxoid Ltd., Oxoid, UK)
for use. Overnight cultures from the plates were grown at 37 °C
in tryptic soy broth (Merck, Darmstadt, Germany) to 3-5 x 10°
Colony Forming Units (CFU)/mL for bacteria and to 1 x 107 CFU/
mL for yeasts, respectively, assessed by quantitative cultures.

N-Chlorotaurine and other Chemicals

Pure NCT, lot 2021-04-27, was prepared as crystalline sodium
salt (CI-HN-CH,~CH,-SO,Na; molecular weight, 181.57 [14])
in pharmaceutical quality and dissolved in distilled water to the
desired concentration of 0.1% - 5% (5.5 — 275 mM). Distilled water
was used as a solvent in this study since aqueous solutions of NCT
possess the highest stability, which is important for practical use.
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Ammonium chloride (reagent grade) was from Merck (Darmstadt,
Germany). Vancomycin hydrochloride (Vancocin 1g vials, Ch.-B:
216047, Astro Pharma, Vienna, Austria) was dissolved in distilled
water to 1%.

Bone- and Anterior Cruciate Ligaments Samples

Human musculoskeletal graft tissues were obtained from surgical
explants following written informed consent, in accordance with
the Declaration of Helsinki and with approval from the Ethics
Committee of the Medical University of Innsbruck (approval
number 1065/2021, dated 26 May 2021). Cancellous bone samples
were harvested from femoral heads and carpal bones, while ACL
grafts were collected from ligament reconstruction procedures. All
specimens were processed under sterile conditions. Bone samples
and ACL grafts were sectioned into standardized fragments
measuring approximately 5 X 5 mm using sterile surgical
instruments. Following preparation, all tissue samples were stored
at —20°C until the time of experimental use to preserve structural
and biological integrity.

Contamination and Decontamination of Bone Samples with
NCT

Bacterial suspensions were prepared by cultivating strains in
Tryptic Soy Broth (TSB) overnight. They were subsequently
diluted 1:100 in sterile 0.9% sodium chloride solution (10 pL
of bacteria plus 990 pL saline), followed by a further 1:10
dilution (0.3 mL plus 2.7 mL to achieve a final concentration of
approximately 3—5 x 10° Colony-Forming Units (CFU)/mL. Bone
samples were submerged in 3 mL of the bacterial suspension for
10 seconds to simulate intraoperative contamination. Immediately
thereafter, samples were transferred into 5 mL of the NCT test
solution or sterile distilled water (control group). Incubation
was performed for either 5 or 15 minutes at temperatures of
20 °C, 37 °C, or 45 °C using a calibrated thermostatted water bath
(E 100 Ecoline, Staredition; Lauda, Kdonigshofen, Germany).
Following incubation, antimicrobial activity of NCT was stopped
by immersing each sample in 2 mL of an inactivation buffer
containing 1% methionine and 1% histidine in a sterile 15 mL
Falcon® tube. To facilitate microbial detachment, samples were
vortexed three times for 3 seconds each, followed by ultrasonic
treatment for 1 minute in a water bath sonicator (Bandelin Sonorex
RK 102H, 35 kHz, 120/480 W; Bandelin electronic, Berlin,
Germany), and then vortexed again under the same conditions.
The resulting supernatants were collected, and 50 pL aliquots were
plated in duplicate onto Mueller-Hinton agar using an automated
spiral plater (WASP 2; Don Whitley Scientific, Shipley, United
Kingdom). Plates were incubated at 37 °C for 24 hours, with a
detection threshold of 10 CFU/mL based on cumulative plating
volume of both plates. In cases where no bacterial growth or very
low CFU counts were observed, plates were incubated for up to
five days to assess for the presence of bacteria bacteria attenuated

but not killed by the treatment.
Contamination and Decontamination of ACL grafts with NCT

Bacterial suspensions for ACL graft contamination were prepared as
described for the bone samples. C. albicans was cultured overnight
and diluted 1:100 in sterile 0.9% sodium chloride solution to
achieve a final concentration of 1 x 10° CFU/mL. The ACL pieces
were immersed for 10 seconds in 3 mL of the respective microbial
suspension (bacterial or fungal) to simulate clinical contamination.
Immediately following exposure, samples were transferred into 5
mL of either NCT test solution, 1% vancomycin (10 mg/mL), or
sterile distilled water (control group). Incubation was performed
for 5 or 15 minutes at either 20 “C or 37 °C. To inactivate residual
antiseptic activity, samples were then immersed in 2 mL of an
inactivation solution containing 1% methionine and 1% histidine,
placed in 15 mL Falcon® sterile polypropylene tubes. Subsequent
processing—including vortexing, ultrasonic treatment, and
quantitative microbiological cultures were preformed as described
above.

Statistics

All results are presented as mean values with standard deviations.
Student’s unpaired t test for comparison of two groups and one-
way analysis of variance (ANOVA) and Dunnett’s multiple
comparisons tests for more than two groups were done for
comparison of test samples and controls. P values < 0.05 were
considered significant. Values of log , reduction in CFU/mL were
calculated by subtracting the values of the test samples from the
values of controls. Standard deviations of these reduction values
were calculated by the square root of (SD1?/nl + SD2%/n2), where
SD1 and n1 are the standard deviation and number of experiments
of the test sample and SD2 and n2 are the standard deviation and
number of experiments of the control sample.

Results

Decontamination of Bone Samples: In preliminary tests using S.
aureus ATCC 6538, immersion of bone fragments for 10 seconds
in suspensions containing 3—5 x 10° CFU/mL yielded reproducible
contamination levels of approximately 3-4 log, CFU/mL
following recovery via vortexing and ultrasonication in 0.9%
saline. This protocol was subsequently applied to all experiments.

Activity Against Staphylococcus aureus: Incubation of
contaminated hip samples in 1% NCT (55 mM) for 15 minutes at
20 °C resulted only in minimal bacterial reduction (<1 log, ). At
37 °C, a significant decrease in S. aureus CFU/mL was observed
compared to 0.9% NaCl controls (NCT: 1.38 +0.11 log, ;, Control:
3.06 +0.03 log,,, p = 0.002) corresponding to a mean reduction of
1.68 = 0.08 log . In two pilot experiments with carpus samples, the
reduction in CFU/mL at 37 °C in 1% NCT was lower with 0.40+0.05
(p = 0.015). To increase the bactericidal activity, the concentration
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of NCT was elevated to 5% (275 mM) and the incubation
temperature kept at 37 “C. Actually, there was no more difference
between hip and carpus samples, and after 15 min incubation, a
reduction of viable counts of S. aureus below the detection limit
of 1 log,, could be reached (Figure 1). Killing was significant, too,
already after 5 min incubation (Figure 1). The addition of 0.1%
NH,Cl markedly enhanced the microbicidal efficacy of NCT. Even
low concentrations of NCT (0.1%) in combination with 0.1%
NH,Cl significantly reduced S. aureus viability (Figure 2). Higher
concentrations of both agents correlated with increased bacterial
killing. Near-complete eradication was achieved with 1% NCT
+0.1% NH,Cl after 15 minutes at 37 ‘C, while further elevation
to 2% NCT enabled similar effects within 5 minutes. Complete
eradication of S. aureus was consistently achieved using 5% NCT
+0.1% NH,CI within 5 minutes at 37 “C (Figure 3).

Figure 1: Viable counts of S. aureus ATCC 6538 in artificially
contaminated bone samples after treatment with distilled water
(controls) or 5% NCT for 5 and 15 min at 37 "C. Values of log
reduction in CFU/mL compared to the controls are indicated. Mean
values and SD of 4 independent experiments for 5 min (1 femoral
head sample each, 3 carpus samples each) and of 6 independent
experiments for 15 min (3 hip and carpus samples each). **** p <
0.0001 versus controls. Detection limit 1 log, , CFU/mL.

Figure 2: Viable counts of S. aureus ATCC 6538 in artificially
contaminated bone samples after treatment with distilled water
(controls) or different concentrations of NCT plus ammonium
chloride (NH4CI) for 15 min at 37 °C. Values of log,, reduction in
CFU/mL compared to the controls are indicated. Mean values and
SD of 3 independent experiments (12 summarized for controls).
*p <0.05; ** p <0.01, *** p <0.001, **** p < 0.0001 versus
controls. n.s. not significant. Detection limit 1 log | CFU/mL.

Figure 3: Viable counts of S. aureus ATCC 6538 in artificially
contaminated bone samples after treatment with distilled water
(controls) or 2% and 5% NCT each plus 0.1% ammonium chloride
(NH,CI) for 5 min at 37 °C. Values of log, reduction in CFU/mL
compared to the controls are indicated. Mean values and SD of 3
independent experiments (6 summarized for controls). **** p <
0.0001 versus controls. Detection limit 1 log, , CFU/mL.
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Activity Against Escherichia coli: Testing with E. coli ATCC
11229 revealed an even higher susceptibility to NCT. Near-
complete eradication was achieved with 1% NCT after 15 minutes
at 37 °C. Full reduction to below the detection limit occurred with
2% NCT + 0.1% NH,Cl after 5 minutes under the same conditions
(Figure 4).

Figure 4: Viable counts of E. coli ATCC 11229 in artificially
contaminated bone samples after treatment with distilled water
(controls) or 1% NCT for 15 min or 2% NCT plus 0.1% ammonium
chloride (NH,Cl) for 5 min at 37 "C. Values of log,, reduction in
CFU/mL compared to the controls are indicated. Mean values
and SD of 3 independent experiments. **** p < 0.0001 versus
controls. Detection limit 1 log , CFU/mL.

Impact of Temperature and Ultrasonication: To assess
potential enhancement of NCT efficacy by thermal augmentation
or mechanical disruption, additional experiments were conducted
with S. aureus as the test organism. Treatment with 1% NCT at
45 °C for 5 minutes resulted in a non-significant reduction of 0.47
+ 0.17 log,, CFU/mL (p = 0.054), while 15 minutes of exposure
yielded a significant reduction of 1.73 £ 0.36 log,, (p = 0.009).
However, this was not statistically different from the results
obtained at 37 °C. Ultrasonication (Bandelin Sonorex RK 102H, 35
kHz) applied during the 5-minute NCT incubation at 20 °C did not
enhance antimicrobial activity (reduction: 0.06 + 0.12 log,, CFU/
mL; p = 0.66), indicating no added benefit under these conditions.

Decontamination of Anterior Cruciate Ligament samples

Experiments using contaminated cruciate ligament fragments
demonstrated a pattern of antimicrobial efficacy comparable to
that observed in bone samples.

Activity Against Staphylococcus aureus: For S. aureus ATCC
6538, significant CFU/mL reductions were achieved with either 1%
NCT for 15 minutes or 5% NCT for 5 minutes at 37 °C. Complete
eradication to the detection limit was observed following exposure
to 5% NCT for 15 minutes or with the addition of 0.1% ammonium
chloride to NCT for 5 minutes at 37 ‘C (Figure 5A).

Activity Against Escherichia coli: For E. coli, susceptibility
appeared slightly higher. A statistically significant reduction in
CFU/mL was already observed with 1% NCT after 5 minutes, and
complete eradication was achieved with 5% NCT after 5 minutes
at 37 °C (Figure 5B).

Activity Against Candida albicans: In assays using C. albicans
CBS 5982, 5% NCT in combination with 0.1% NH,CI resulted
in complete fungal eradication within 5 minutes at 37°C. A
significant but incomplete reduction in CFU was observed with
5% NCT alone, whereas 1% NCT had no measurable effect under
identical conditions (Figure 5C).
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Figure 5: Viable counts of S. aureus ATCC 6538 (A), E. coli ATCC 11229 (B), and C. albicans CBS 5982 (C) in artificially contaminated
anterior cruciate ligament samples after treatment with distilled water (controls) or 1% - 5% NCT or 1% - 5% NCT plus 0.1% ammonium
chloride (NH4CI) for 5 min or 15 min at 37 °C. Values of log, , reduction in CFU/mL compared to the controls are indicated. Mean values
and SD of 3 independent experiments (9-18 summarized for controls). * p < 0.05, ** p <0.01, *** p < 0.001, **** p <0.0001 versus
controls. Detection limit 1 log, , CFU/mL.

Impact of Temperature and Ultrasonication: Subsequent experiments were conducted at room temperature (20 “C) to simulate less
favorable antimicrobial conditions. In this setting, 1% NCT combined with 0.1% NH,Cl achieved complete eradication of E. coli (=2.44
+0.16 log,, reduction, p < 0.0001), but only a partial reduction in S. aureus (1.45 + 0.10 log,,, p < 0.001) after 5 minutes of incubation.
However, treatment with 5% NCT plus 0.1% NH,Cl at 20 °C resulted in complete eradication of both S. aureus and C. albicans within
5 minutes.
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Activity of Vancomycin

Vancomycin, used at a concentration of 1%, (10 mg/mL),
completely eliminated S. aureus from ligament samples (>3.00
+ 0.07 log,, reduction, p < 0.0001), as expected based on its
antimicrobial spectrum. However, it had negligible effects on E.
coli (0.30 + 0.08 log,, reduction, p = 0.028) and C. albicans (0.16
+ 0.07 log,, reduction, p = 0.070), although the reduction for E.
coli reached statistical significance (Student’s unpaired t-test, n =
3 for all comparisons). It is important to note that vancomycin is
not inactivated by methionine/histidine neutralization. As a result,
residual activity persisted after plating, effectively extending the
exposure time to the complete eradication of S. aureus, even with
only 5 minutes of nominal incubation.

Discussion

The most significant finding of this study is that NCT, particularly
in combination with ammonium chloride, demonstrates
high efficacy as a rapid, broad-spectrum antiseptic for the
decontamination of human musculoskeletal grafts contaminated
with pathogens relevant to Postoperative Septic Arthritis (PSA).
In direct comparison to vancomycin, NCT exhibited a broader
antimicrobial spectrum, effectively eliminating not only S. aureus
butalso E. coli and C. albicans. Current strategies for chemical graft
decontamination typically rely on either antibiotics or antiseptics
[11]. Antibiotics such as vancomycin are generally well tolerated
and provide prolonged activity on graft surfaces but are limited by
their narrow antimicrobial spectrum and potential for resistance
development. In contrast, antiseptics offer rapid, broad-spectrum
activity, encompassing bacteria, fungi, and viruses, with minimal
risk of resistance. However, their use can be restricted by concerns
over cytotoxicity and shorter residual activity.Vancomycin has
gained popularity for intraoperative use in ACL reconstruction,
where wrapping autografts in vancomycin-soaked sterile gauze
has led to significant reductions in PSA [23,24]. Vancomycin
exhibits limited cytotoxicity toward chondrocytes, with adverse
effects only reported at supratherapeutic concentrations >5
mg/mL [25-26]. Antiseptics from the classes of tensides (e.g.,
chlorhexidine) and active halogen compounds (e.g., povidone-
iodine) have demonstrated reliable efficacy in decontaminating
grafts contaminated intraoperatively or dropped in the operating
theatre environment [8-11,27-30]. However, concerns regarding
their cytotoxicity persist, particularly with regard to their effects on
cells and tissues essential for graft viability and integration. While
in vitro cytotoxicity data commonly derived from monolayer cell
cultures can overestimate clinical toxicity, especially in structured
tissues, which often tolerate higher concentrations [31-32], the
need for better-tolerated and equally effective alternatives remains
justified. In this context, NCT emerges as a promising candidate
for orthopaedic use, not only for graft decontamination but also
for intraoperative field irrigation and wound management. As

an endogenous compound with mild oxidative potential, NCT is
well tolerated even at high concentrations (1%, 55 mM) in vivo,
including on mucosal surfaces and in the respiratory tract [14,16].

Inhalation studies have shown that concentrations up to 5% can be
administered with minimalirritationinanimal models, supporting its
safety profile for broader clinical application [33-34]. Nevertheless,
the relatively lower reactivity of NCT compared to more aggressive
antiseptics (e.g., iodine, hypochlorous acid) translates to slower
microbicidal activity [14,35]. The present study specifically
addressed this limitation by identifying optimized concentrations
and synergistic formulations that allow for effective and rapid
graft decontamination, such as NCT combined with ammonium
chloride. No significant difference in the microbicidal efficacy of
NCT was observed between bone and anterior cruciate ligament
samples. This indicates that immersion-based application of NCT
ensures effective penetration into various graft tissues. Consistent
with previous reports, S. aureus and C. albicans exhibited slightly
lower susceptibility to NCT compared to E. coli [14]. Bacteria are
generally more susceptible than fungi to NCT, but killing of the
latter is particularly enhanced in the presence of body fluids due
to transhalogenation reactions (see below). This phenomenon may
account for the similar susceptibility of S. aureus and C. albicans
observed under the conditions of this study. Although 1% NCT (55
mM) is established as a standard concentration for the treatment of
infections at various anatomical sites [16,18], it appears insufficient
for rapid eradication of pathogens from musculoskeletal grafts ex
vivo. Increasing the incubation temperature from 20 °C to 37 °C
and elevating the NCT concentration to 5% (275 mM) resulted in a
significant improvement in antimicrobial activity after 5 minutes;
however, complete eradication was consistently achieved only
after 15 minutes. Whether full bacterial eradication is essential for
the prevention of postoperative septic arthritis remains uncertain.
Beyond direct reduction of colony-forming units (CFU), post-
antiseptic effects, particularly relevant for mild oxidants like NCT,
may contribute to clinical protection by inhibiting regrowth or
reducing bacterial virulence following sublethal exposure [36-
38]. For example, a highly virulent strain of S. aureus treated with
NCT for only one minute without a measurable reduction in viable
cell counts was no longer capable of inducing lethal septicaemia
in mice following intraperitoneal inoculation [38]. Nonetheless,
irreversible inactivation of all contaminating pathogens within
a short incubation period remains the clinical ideal. The present
data show that moderate increases in incubation temperature to
45 °C and the application of mild ultrasonication had no additional
microbicidal benefit. Given the potential risk of thermal or
mechanical damage to graft integrity, further escalation of these
physical measures is not advisable in clinical practice.In contrast,
complete eradication of all tested microorganisms including S.
aureus, E. coli, and C. albicans was consistently achieved through
the addition of ammonium chloride (NH,Cl) to 5% NCT. This
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combination resulted in total microbial kill within 5 minutes, even at
room temperature (20 °C). The enhanced efficacy can be attributed
to the well-characterized chemical reaction of transhalogenation
(or transchlorination), in which NCT transfers its active chlorine
to NH,Cl, forming monochloramine (NH,CI). This chloramine
is more lipophilic and exhibits superior membrane penetration
compared to NCT alone, thereby accelerating intracellular
oxidative damage [14,16,37,39]. Importantly, this reaction mimics
physiological processes occurring during natural inflammation,
where neutrophil-derived NCT interacts with ammonium ions
present in body fluids to generate chloramines in situ. Therefore,
the addition of NH,Cl does not compromise the endogenous nature
of the antiseptic formulation, maintaining its biocompatibility and
physiological relevance [39-41]. While the addition of NH,CI to
NCT potentially increases the cytotoxic potential of the formulation
slightly [34,42], this effect is mitigated by the rapid degradation of
chloramines following graft implantation. Furthermore, clinical
and preclinical data indicate that the combination of 0.1% NCT
with 0.1% NH,CI is well tolerated, even at sensitive anatomical
sites like the human eye [43]. Additionally, recent biomechanical
investigations confirm the safety of this antiseptic combination:
neither 1-5% NCT nor 5% NCT with 0.1% NH,CI affected
maximal tendon load to failure or construct stiffness in treated
ACL grafts during biomechanical testing [44]. From a cytological
perspective, the susceptibility of chondrocytes and synoviocytes
to NCT is comparable to that of other cell types in tissues where
NCT has been safely applied [32,45], including the respiratory
tract [34]. Furthermore, intra-articular administration of NCT
has been evaluated in murine models of septic arthritis, where
it was well tolerated and demonstrated therapeutic efficacy [46-
47]. These findings provide a strong foundation for future clinical
translation, not only for intraoperative graft decontamination
but also for potential therapeutic use in the topical treatment of
infectious arthritis, an area that warrants further investigation. In
considering the clinical application of NCT solutions for graft
decontamination in routine practice, it is important to acknowledge
the limitation of its chemical stability. 1% NCT solutions require
refrigerated storage (2-8 °C) to maintain efficacy over extended
periods of 6-12 months [17]. The addition of ammonium
chloride, while enhancing microbicidal activity, further reduces
solution stability [48]. This constraint is particularly relevant for
higher NCT concentrations, where freshly prepared solutions
from aliquoted and stored portions of the crystalline compound
may be more practical. Therefore, the optimal balance between
concentration, formulation, and shelf-life remains to be defined,
and further work is required to identify the most clinically feasible
and microbiologically effective preparations.

When comparing NCT to vancomycin, it is essential to consider
their fundamentally different mechanisms and kinetics of action.
Vancomycin exhibits selective activity predominantly against

Gram-positive organisms, while NCT demonstrates a broader
antimicrobial spectrum, including efficacy against Gram-negative
bacteria and fungal species. Unlike vancomycin, which requires
several hours to achieve substantial bactericidal effects [49], NCT
acts rapidly, with antimicrobial activity evident within minutes.
The prolonged activity of vancomycin observed in the present
experimental setup can therefore be attributed to its chemical
stability and resistance to inactivation by neutralizing agents
such as methionine or histidine. Consequently, its antimicrobial
effect extended beyond the nominal 5-minute incubation period
and continued throughout the plating and incubation phases.
This sustained presence may more accurately reflect in vivo
conditions, where tissue and graft exposure to vancomycin often
persists over extended periods. The experimental design was
therefore intentionally selected to simulate such clinical scenarios,
particularly in the context of graft decontamination protocols.
Nevertheless, there is limited evidence regarding the persistence
of vancomycin on ACL grafts following implantation and
subsequent continuous irrigation or joint lavage. In summary, NCT
demonstrated potent bactericidal and fungicidal activity in vitro
against clinically relevant pathogens in artificially contaminated
human bone and cruciate ligament grafts. At a high concentration
of 5%, and particularly when combined with 0.1% ammonium
chloride, complete eradication of S. aureus, E. coli, and C. albicans
was consistently achieved within 5 minutes of exposure. These
findings support the potential of NCT as an effective, endogenous,
and well-tolerated antiseptic for the rapid decontamination of
biologically sensitive graft tissues. Moreover, this data may pave
the way for further exploration of NCT in orthopaedics as a safe,
endogenous-based alternative for broader intraoperative antiseptic
use. Further translational and clinical studies are needed to confirm
its efficacy, safety, and practicality in the orthopaedic surgical
setting.

Conclusion

N-Chlorotaurine (NCT), particularly in combination with
ammonium chloride, is highly effective as a rapid and broad-
spectrum antiseptic for human graft decontamination. Compared
to vancomycin, NCT offers a broader antimicrobial spectrum,
effectively eliminating Gram-positive bacteria, Gram-negative
organisms, and fungal species. These findings support the potential
of NCT as an effective, endogenous, and well-tolerated antiseptic
for the rapid decontamination of biologically sensitive graft tissues.
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