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Abstract

Objectives To compare the cytotoxicity of octenidine dihydrochloride and chlorhexidine gluconate at different concentra-
tions on primary human articular chondrocytes and cartilage.

Materials and methods Primary cultures of human normal adult articular chondrocytes were exposed to octenidine dihy-
drochloride (0.001562%, 0.003125%, 0.00625%, 0.0125%, 0.025%, 0.05%, and 0.1%), chlorhexidine gluconate (0.003125%,
0.00625%, 0.0125%, 0.025%, 0.05%, 0.1%, and 0.2%), and control (Dulbecco’s modified Eagle medium or phosphate-buffered
saline) for 30 s. Normal human articular cartilage explants were exposed to octenidine dihydrochloride (0.1% versus control)
and chlorhexidine gluconate (0.1% versus control) for 30 s. The viability of human articular chondrocytes was measured by
Trypan blue staining, Cell Proliferation Reagent WST-1, and Live/Dead staining. The proliferation of human chondrocytes
was measured using the Cell Proliferation Reagent WST-1. The viability of human articular cartilage explants was measured
by using Live/Dead staining.

Results Octenidine dihydrochloride and chlorhexidine gluconate exposure decreased cell viability and proliferation in a
dose-dependent manner in primary human articular chondrocytes. Octenidine dihydrochloride and chlorhexidine gluconate
exposure decreased cell viability in human articular cartilage explant cultures.

Conclusion The degree of toxicity varied between octenidine dihydrochloride and chlorhexidine gluconate, with chlorhex-
idine gluconate being less toxic than octenidine dihydrochloride at the same concentration. Additionally, both octenidine
dihydrochloride and chlorhexidine gluconate evaluation had cytotoxic effects on human articular cartilage. Therefore, dosing
for the antimicrobial mouthwash ingredients administration would ideally be determined to remain below IC50.

Clinical relevance These data support the in vitro safety of antimicrobial mouthwashes on primary adult human articular
chondrocytes.

Keywords Articular chondrocyte - Articular cartilage - Human - Mouthwash - Octenidine dihydrochloride - Chlorhexidine
gluconate - Toxicity

Introduction

Antimicrobial mouthwashes are powerful mouthrinse for-
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henning. madry @uks.cu their use also as a preventive measure against Coronavirus
Disease 2019 (COVID-19), a respiratory disease induced by
the severe acute respiratory syndrome coronavirus (SARS-
CoV-2) [1] that has posed critical challenges for the pub-
lic health, research, and medical communities [2—6]. This
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This feature is particularly interesting as recent research
indicates the relevance of aerosols in the spread of SARS-
CoV-2 [8]. For example, Steinhauer et al. reported that an
octenidine dihydrochloride-based mouthwash formulation
was effective against SARS-CoV-2 within a contact time
of only 15 s [6]. Moreover, several research groups have
presented scientific evidence of a transient effect of antimi-
crobial mouthwashes in reducing SARS-CoV-2 viral load in
saliva [9—-11]. However, antimicrobial mouthwashes must
be toxicologically harmless even for long-term therapy and
should not affect nasal or oral mucous tissues or membranes,
among which the nasal cartilage.

Chlorhexidine gluconate 0.2% is the gold standard anti-
microbial mouthwash [12]. Nevertheless, in terms of safety,
chlorhexidine gluconate displays cytotoxic effects on various
cells including epithelial cells, fibroblasts, and stem cells
[13—15]. Octenidine dihydrochloride shows ten times higher
microbiostatic and microbiocidal effectiveness than chlo-
rhexidine gluconate with better biocompatibility [16, 17]
and may be considered a potent alternative to chlorhexidine
gluconate [18]. Several lines of evidence suggest that the use
of chlorhexidine gluconate and of octenidine dihydrochlo-
ride as mouthwash have cytotoxic effects on the cells of the
oral cavity (e.g., gingival fibroblasts, periodontal ligament
fibroblasts, and gingival epithelial cells) [14, 19, 20]. It is
however crucial to evaluate the possible cytotoxic effects
of antimicrobial mouthwashes on nasal chondrocytes to
identify possible undesirable effects on the cartilage of the
nasal septum that may be caused by contact, diffusion, active
transport, or local blood flow. Yet, related studies on the
effects of chlorhexidine gluconate- and octenidine dihydro-
chloride-based mouthwashes on nasal cartilaginous tissues
are rare. Since articular chondrocytes have a comparable
composition and structure to the nasal chondrocytes [21, 22],
and nasal chondrocytes are also currently being evaluated
as substitutes for knee articular chondrocytes in autologous
cell-based therapies [23], they constitute a valuable alterna-
tive for such investigations.

The primary objective of this study was to determine
the relative cytotoxicity of the antimicrobial mouthwashes
octenidine dihydrochloride and chlorhexidine gluconate on
human articular chondrocytes and human articular cartilage
as an in vitro investigation of safety as possible candidates
for preventive measures against Covid-19. Specifically, the
objectives were to determine the half-maximal inhibitory
concentration (IC50) which reflects the concentration of
mouthwash ingredients at which 50% of the cells are viable
and to compare IC50s between mouthwash ingredients as a
preliminary screen to determine which mouthwash ingre-
dients may be the safest. We employed primary cultures of
isolated human adult articular chondrocytes and adult human
articular cartilage explants to maximize clinical relevance.
We hypothesized that the mouthwash ingredients evaluated
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would be cytotoxic to human chondrocytes and human carti-
lage in a dose-dependent manner. We also hypothesized that
the degree of toxicity would vary between chlorhexidine glu-
conate and octenidine dihydrochloride, with chlorhexidine
gluconate being less toxic than octenidine dihydrochloride
at a similar concentration.

Materials and methods
Reagents

All reagents were purchased at Sigma (Munich, Germany)
unless otherwise indicated. The Cell proliferation Reagent
WST-1 was from Roche Applied Science (Mannheim, Ger-
many). Trypan blue staining solution and the Live/Dead
assay staining solution were obtained from Abcam (Cam-
bridge, MA, USA). Chlorhexidine gluconate (ready-to-use
solution 0.2%) and octenidine dihydrochloride (ready-to-
use solution 0.1%) were from the Pharmacy of the Saarland
University Hospital (Homburg, Germany). Plasticware was
obtained from Falcon (Becton-Dickinson, Pont de Claix,
France).

Human articular cartilage explant culture

Human normal articular cartilage was retrieved from the
unaffected parts of the knee subjected to total knee arthro-
plasty in osteoarthritis (OA) patients (n=4, age 63-80,
Mankin score 7-9) with previously informed consent [24].
This study has been approved by the Ethics Committee of
the Saarland Physicians Council (Arztekammer des Saar-
landes, Approval Ha67/12). All protocols were in agreement
with the Helsinki Declaration. By use of an aseptic tech-
nique, full-thickness cylindrical cartilage fragments were
removed from the lateral and medial trochlear ridges of the
distal aspect of the femur using a biopsy punch (diameter
6 mm, thickness 1 mm; Kai Europe, Solingen, Germany) in
a standardized fashion. The articular cartilage explants were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 100 U/ml penicillin G, containing 10% fetal bovine
serum (FBS) (growth medium) in a humidified atmosphere
with 5% CO, at 37 °C for 24 h prior to the addition of octe-
nidine dihydrochloride and chlorhexidine gluconate.

Primary human normal articular chondrocyte
culture

Primary human normal articular chondrocytes (passage 1-2)
were isolated from ~ 1 mm? cartilage fragments retrieved
from a 25-year-old patient undergoing unrelated cartilage
surgery of the distal femur with previously informed consent
following standard protocols [25, 26] and cultured in growth
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medium in 24-well plates at 20,000 cells/well for 24 h at
37 °C under 5% CO, prior to the addition of octenidine dihy-
drochloride and chlorhexidine gluconate.

Assessment of cell viability in cartilage explant
cultures

Following the initial culture in a growth medium for 24 h,
explants were washed with phosphate-buffered saline (PBS)
and exposed to octenidine dihydrochloride (0.1% versus con-
trol) and chlorhexidine gluconate (0.1% versus control) for
30 s in 24-well plates (test volumes: always 200 pul). In order
to maximize the clinical relevance, 1 ml growth medium was
added directly to the cartilage explants in the presence of the
antimicrobial mouthwashes without increasing the washing
step after 30 s of exposure. The viability of human articu-
lar cartilage explants was measured 24 h after treatment by
Live/Dead staining. According to the manufacturer’s instruc-
tions and visualization of fluorescence, staining was done
using an Olympus CKX41 microscope using Olympus cellS-
ens software (Olympus cellSens software; Olympus Life Sci-
ences). Image J was used to count the live/dead pixels of
each separated image [27].

Assessment of cell proliferation and viability
in monolayer culture

The effect of octenidine dihydrochloride with different con-
centrations (0.001562%, 0.003125%, 0.00625%, 0.0125%,
0.025%, 0.05%, and 0.1% versus control) and chlorhex-
idine gluconate with different concentrations (0.003125%,
0.00625%, 0.0125%, 0.025%, 0.05%, 0.1%, and 0.2% versus
control) on primary adult human normal articular chondro-
cytes viability was assessed with a constant contact time of
30 s in 24-well plates (test volumes: always 200 ul). Control
conditions included cell monolayers cultured in a growth
medium with similar exposure to PBS instead of the anti-
microbial mouthwashes. To maximize clinical relevance,
no washing step was added after the 30 s of exposure and
1 ml growth medium was directly added to the cells in the
presence of the antimicrobial mouthwashes. The prolifera-
tion of primary adult human normal articular chondrocyte
monolayers was measured 24 h after treatment by using the
Cell Proliferation Reagent WST-1 [25, 28]. Optical densities
(ODs) at 450 nm were measured with a GENios spectropho-
tometer/fluorometer (Tecan, Mainz, Germany). The viabil-
ity of primary adult human normal articular chondrocytes
monolayers was measured 24 h after treatment by using the
Trypan blue staining, Cell Proliferation Reagent WST-1, and
Live/Dead staining, respectively. Percents of cell viabilities
were determined as previously described [29].

Statistical analysis

Data are expressed as mean + standard deviation. Each test
was performed 6 times. For monolayer cultures, IC50 was
determined by normalizing dose-response for each concen-
tration to control, transforming data to normalized dose-
response versus log10 (concentration), and estimating IC50
by nonlinear regression in GraphPad Prism v8.4.1 (Graph-
Pad Software Inc., San Diego, CA, USA) by fitting the data
to a three-parameter sigmoid function (implemented as
“log(inhibitor) versus dose-response.” In instances where the
IC50 was outside the range of concentrations evaluated, or
the data were not distributed in a sigmoid fashion following
log transformation, the IC50 data were reported as a range
of values as the exact value could not be determined based
on the concentrations assessed. The t-test and the Mann-
Whitney rank sum test were used where appropriate. P val-
ues less than 0.05 were considered statistically significant.

Results

Octenidine dihydrochloride exposure decreased
cell viability and proliferation in a dose-dependent
manner in primary adult human normal articular
chondrocytes

Exposure to octenidine dihydrochloride for 30 s resulted in
macroscopic morphological changes, decreased viability,
and proliferation of primary adult human normal articular
chondrocytes in a dose-dependent manner when octenidine
dihydrochloride concentration was titrated from 0.003125
to 0.1% (Figs. 1, 2, and 3). Primary adult human normal
articular chondrocytes did not differ morphologically from
control cells when treated with octenidine dihydrochloride
at 0.001562% and 0.003125%. Cells acquired a rounded,
ruffled cell morphology at the higher doses of 0.00625%,
0.0125%, 0.025%, 0.05%, and 0.1% octenidine dihydrochlo-
ride (Fig. 1).

The cell viability monitored by trypan blue assay stain-
ing after treatment with octenidine dihydrochloride at
0.001562%, 0.003125%, 0.00625%, 0.0125%, 0.025%,
0.05%, and 0.1% showed the results as 87.5+1.8%,
65.2+19%, 50.8+1.3%, 43.7+4%, 39.8 +1.2%,
36.5+2.7%, and 27.1 £ 1.9%, respectively. The cell viabil-
ity of octenidine dihydrochloride treatment groups was
significantly lower than the control groups to all concen-
trations starting from 0.001562% (P <0.001, respectively)
(Fig. 2). Cell viability as monitored by the WST-1 assay
after identical treatment with graded concentrations of
octenidine dihydrochloride was 87.1+0.4%, 61.5 +2.3%,
48.0+1.2%, 40.33 +1.6%, 38.4+1.4%, 36.0+0.4%, and
29.2 +1.0%, respectively. The cell viability of octenidine
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Fig. 1 Effects of octenidine dihydrochloride on the morphology of
primary adult human normal articular chondrocytes. Images of cul-
tures left untreated (A) or treated with octenidine dihydrochloride at
0.001562% (B), 0.003125% (C), 0.00625% (D), 0.0125% (E), 0.025%
(F), 0.05% (G), and 0.1% (H). Cells were viewed under a light micro-
scope (scale bars: 100 pm). Untreated cells presented a characteristic

dihydrochloride treatment groups was significantly lower
than the control groups to all concentrations starting from
0.001562% (P <0.001, respectively) (Fig. 2).

Analysis of cell proliferation revealed decreased prolifera-
tive indices upon treatment with octenidine dihydrochloride
at 0.001562%, 0.003125%, 0.00625%, 0.0125%, 0.025%,
0.05%, and 0.1% (up to 3.4-fold decrease; P <0.001 at all
concentrations compared with the control group) (Fig. 2).
The half-maximal inhibitory concentration (IC50), reflecting
the dose of octenidine dihydrochloride at which approxi-
mately 50% of the cells were alive, was 0.01047% (Table 1).

Chlorhexidine gluconate exposure decreased cell
viability and proliferation in a dose-dependent
manner in primary adult human normal articular
chondrocytes

Identical exposure to chlorhexidine gluconate for 30 s
resulted in macroscopic morphological changes, decreased
viability and proliferation of primary adult human normal
articular chondrocytes in a dose-dependent manner when
chlorhexidine gluconate concentration was titrated from
0.003125 to 0.1% (Figs. 4, 5, and 6). Primary adult human
normal articular chondrocytes did not differ morphologically
from control cells when treated with chlorhexidine gluco-
nate at 0.003125%, 0.00625%, and 0.0125%. However, cells
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spindle-like, fibroblastic morphology (A). Cells treated with octe-
nidine dihydrochloride at 0.001562% and 0.003125% did not dif-
fer morphologically from the control cells (B, C). Cells treated with
octenidine dihydrochloride at 0.00625%, 0.0125%, 0.025%, 0.05%,
and 0.1% acquired a rounded, ruffled cell morphology (D-H)

acquired a rounded, ruffled cell morphology at the higher
doses of 0.025%, 0.05%, 0.1%, and 0.2% chlorhexidine glu-
conate (Fig. 4).

The cell viability monitored by trypan blue assay
staining after treatment with chlorhexidine gluconate at
0.003125%, 0.00625%, 0.0125%, 0.025%, 0.05%, 0.1%,
and 0.2% showed the results as 95.1+1.1%, 90.3 +1.8%,
87.5+2.1%, 62.9+1.5%, 43.2+3.4%, 39.7+1.9%, and
34.5+0.8%, respectively. The cell viability of chlorhex-
idine gluconate treatment groups was significantly lower
than the control groups to all concentrations starting from
0.00625% (P <0.001, respectively) (Fig. 5). There was no
significant difference between the chlorhexidine gluco-
nate treatment group at 0.003125% and the control group
(P>0.09) (Fig. 5). Cell viability as monitored by WST-1
assay after identical treatment with graded concentrations
of chlorhexidine gluconate was 93.64 +1.3%, 90.8 +0.5%,
852+1.1%, 64.7+2.3%, 44.7+3.0%, 38.9+1.3%, and
34.5+1.7%, respectively. The cell viability of chlorhexidine
gluconate treatment groups was significantly lower than the
control groups to all concentrations starting from 0.003125%
(P <0.001, respectively) (Fig. 5).

Analysis of cell proliferation revealed decreased
proliferative indices upon treatment with chlorhex-
idine gluconate at 0.00625%, 0.0125%, 0.025%, 0.05%,
0.1%, and 0.2% (up to 2.9-fold decrease; P <0.001 at all
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Fig. 2 Effects of octenidine dihydrochloride on the viability and pro-
liferation of primary adult human normal articular chondrocytes. Cell
viability was monitored by trypan blue staining (A: % cell viability)
and using the WST-1 assay (B: % cell viability; C: OD*®° ") after
treatment with octenidine dihydrochloride at 0.001562%, 0.003125%,
0.00625%, 0.0125%, 0.025%, 0.05%, and 0.1%. OCT, octenidine
dihydrochloride. *Statistically significant versus control group

concentrations compared with the control group) (Fig. 5).
There was no significant difference between the chlo-
rhexidine gluconate treatment group at 0.003125% and
the control group (P> 0.06) (Fig. 5). The half-maximal

inhibitory concentration (IC50) of chlorhexidine gluconate
was 0.06014% (Table 1).

Octenidine dihydrochloride and chlorhexidine
gluconate exposure decreased cell viability
in human articular cartilage explant cultures

Exposure of human articular cartilage explants to 0.1% octe-
nidine dihydrochloride for 30 s resulted in a considerably
decreased viability of adult human articular chondrocytes
within the human cartilage cultures compared with control
explant cultures (Fig. 7). Likewise, exposure to 0.1% chlo-
rhexidine gluconate for 30 s resulted in decreased viability
of adult human articular chondrocytes within human articu-
lar cartilage explant cultures compared with control explant
cultures (Fig. 7).

Discussion

The present data provide important comparative in vitro
information on the safety of two major antimicrobial mouth-
washes, octenidine dihydrochloride and chlorhexidine glu-
conate on primary human normal articular chondrocytes
and human normal articular cartilage. The major finding is
that chlorhexidine gluconate is less toxic than octenidine
dihydrochloride at the same concentrations in primary
monolayer cultures of adult human normal articular chon-
drocytes. Octenidine dihydrochloride and chlorhexidine
gluconate evaluation showed cytotoxicity to primary adult
human normal articular chondrocytes in a dose-dependent
manner. Moreover, chlorhexidine gluconate at 0.1% is less
toxic than octenidine dihydrochloride at 0.1% in explant cul-
tures of human articular cartilage. Additionally, the IC50 of
octenidine dihydrochloride is lower than that of octenidine
dihydrochloride. This study provides a platform for fur-
ther investigations on the in vivo efficacy of antimicrobial
mouthwashes.

Cytotoxic effects of octenidine dihydrochloride and chlo-
rhexidine gluconate on human cells (e.g., gingival fibro-
blasts, nasal epithelial cells, myoblasts, osteoblasts, and
stem cells) have been investigated in many other studies to
compare the toxicity of these compounds [13-15, 30, 31].
Garbrecht et al. exposed individual human osteochondral
explant plugs to chlorhexidine (0.01% and 0.5%); 0.5%
chlorhexidine showed significant cytotoxicity, with viabil-
ity reduced to less than 40% by day 6 [32]. Chondrocytes
exposed to 0.01% chlorhexidine maintained viability. Camp-
bell et al. showed in the context of a strategy of salvaging
contaminated osteochondral allografts that a pulse lavage
with 0.002% chlorhexidine gluconate does not cause sig-
nificant cell death within 7 days after exposure, while chlo-
rhexidine gluconate at concentrations > 0.002% significantly
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«Fig.3 Effects of octenidine dihydrochloride on the viability of pri-
mary adult human normal articular chondrocytes, as analyzed by
Live/Dead fluorescence staining. A, (A—C) Normal control. (D-F)
Negative control. (A, D, G, J, M) Images of live cells (green fluores-
cence). (B, E, H, K, N) Images of dead cells (red fluorescence). (C,
F, I, L, O) Images of cells under a light microscope. B, (A, D, G, J)
Images of live cells. (B, E, H, K) Images of dead cells. (C, F, I, L)
Images of cells under a light microscope. Scale bars: 100 pm

decreases human articular chondrocyte viability within 1 to
2 days after exposure [33]. Schmidt and colleagues reported
that octenidine dihydrochloride could be recommended as
an alternative to chlorhexidine gluconate because of its
lower cytotoxic potential [30]. However, the concentration
of chlorhexidine gluconate in this study was 0.2% [30], and
no data were provided about the concentration of octenidine
dihydrochloride. Eick et al. demonstrated that commercially
available chlorhexidine gluconate mouthwash has a very
strong cytotoxic effect on the gingival fibroblasts in the MTT
assay at different concentrations (0.01%, 0.06%, 1%, and
2%) with a contact time of 1 min [14]. Here, the concentra-
tions of both octenidine dihydrochloride and chlorhexidine
gluconate were titrated from 0.003125 to 0.1%, and the con-
tact time was 30 s. Our results indicated that chlorhexidine
gluconate is less toxic than octenidine dihydrochloride in
the same concentration as 0.003125%, 0.00625%, 0.0125%,
0.025%, 0.05%, and 0.1% on primary adult human normal
articular chondrocytes. The data presented the cell viabil-
ity tested by trypan blue assay was in good agreement with
WST-1 assay.

The cytotoxicity observed following octenidine dihydro-
chloride and chlorhexidine gluconate exposure in monolayer
cell culture and explant tissues was consistent. Our results
indicate that chlorhexidine gluconate is less toxic than octe-
nidine dihydrochloride in the same concentration as 0.1%
on human cartilage explant tissues. Cell death was evident
within the cartilage explant at both 0.1% octenidine dihy-
drochloride and 0.1% chlorhexidine gluconate compared to
the controls. Because 0.1% of octenidine dihydrochloride
is the most commonly used mouthwash ingredient [34], the
concentration of 0.1% was chosen here. An investigation
of the effects of octenidine dihydrochloride and chlorhex-
idine gluconate on chondrocytes and cartilage explant tissue
viability in vivo is warranted to extend these data.

Human gingival fibroblasts [14], human gingival cells
[35], human periodontal ligament fibroblasts [19], human
gingival epithelial cells [20], and odontoblast-like cells [36]
have been tested in vitro to elucidate the cytotoxic activity
of chlorhexidine gluconate. For octenidine dihydrochloride,
human gingival fibroblasts and nasal epithelial cells [30]
have been tested in vitro to assess their cytotoxic activity.

Our study used primary human normal articular chondro-
cytes because nasal chondrocytes have a comparable compo-
sition and structure as articular chondrocytes [21, 22]. Nasal
chondrocytes are currently being evaluated as substitutes for
knee articular chondrocytes in autologous cell-based thera-
pies [23].

The IC50 is a measure of the effectiveness of a compound
in inhibiting biological or biochemical function. This quan-
titative measure indicates how much of a particular drug
or other substance is needed to inhibit a given biological
process by half. According to the Food and Drug Adminis-
tration, IC50 represents the concentration of a drug that is
required for 50% inhibition in vitro. As shown in Table 1,
the IC50 of octenidine dihydrochloride was 0.01047%, and
the value of IC50 of chlorhexidine gluconate was 0.06014%.
Thus, the results are in good agreement with that of the
WST-1 assay. Furthermore, the IC50 values have implica-
tions for further research on the cytotoxic effects of octeni-
dine dihydrochloride and chlorhexidine gluconate in vivo.

Limitations of this study include the use of human articu-
lar cartilage and the lack of in vivo evaluation on the poten-
tial protective effect of the complex supra-molecular salivary
film of the mucosal pellicle, together with the nasal epithe-
lium, and the fact that just a small aerosolized part of mouth-
wash reaches the nose [37]. Although the findings have to
be interpreted with caution, the strengths of this study are
the comprehensive examination of a wide range of dose-
dependent effects including IC50 values, the short (30 s)
contact time matching the clinical mouthwash’s utilization
instructions, and the use of human primary chondrocyte and
explant cultures where the cells remained in their natural
three-dimensional environment.

Conclusions

Octenidine dihydrochloride and chlorhexidine gluconate
decrease the viability and proliferation of primary adult
human normal articular chondrocytes in a dose-dependent
manner. The degree of toxicity varied between octenidine
dihydrochloride and chlorhexidine gluconate, with chlorhex-
idine gluconate being less toxic than octenidine dihydrochlo-
ride at the same concentration. Additionally, both octenidine
dihydrochloride and chlorhexidine gluconate were cytotoxic
to human normal articular cartilage. Dosing antimicrobial
mouthwash ingredients administration would ideally be
determined to remain below IC50.
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Table 1 Half-maximal inhibitory concentration (IC50) values of
octenidine dihydrochloride and chlorhexidine gluconate

Octenidine dihydrochloride Chlorhexidine gluconate

1C50 0.01047% 0.06014%

Fig.4 Effects of chlorhexidine gluconate on the morphology of pri-
mary adult human normal articular chondrocytes. Images of cul-
tures left untreated (A) or treated with chlorhexidine gluconate at
0.003125% (B), 0.00625% (C), 0.0125% (D), 0.025% (E), 0.05%
F), 0.1% (G), and 0.2% (H). Cells were viewed under a light micro-
scope (scale bars: 100 pm). Untreated cells presented a characteristic
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spindle-like fibroblastic morphology (A). Cells treated with chlorhex-
idine gluconate at 0.003125%, 0.00625%, and 0.0125% did not dif-
fer morphologically from the control cells (B-D). Cells treated with
chlorhexidine gluconate at 0.025%, 0.05%, 0.1%, and 0.2% acquired a
rounded, ruffled cell morphology (E-H)
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Fig.5 Effects of chlorhexidine gluconate on the viability and prolif-
eration of primary adult human normal articular chondrocytes. Cell
viability was monitored by trypan blue staining (A: % cell viability)
and using the WST-1 assay (B: % cell viability; C: OD*° ") after
treatment with chlorhexidine gluconate at 0.003125%, 0.00625%,
0.0125%, 0.025%, 0.05%, 0.1%, and 0.2%. CHX, chlorhexidine glu-
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«Fig.6 Effects of chlorhexidine gluconate on the viability of pri-
mary adult human normal articular chondrocytes, as analyzed by
Live/Dead fluorescence staining. A, (A—C) Normal control. (D-F)
Negative control. (A, D, G, J, M) Images of live cells (green fluores-
cence). (B, E, H, K, N) Images of dead cells (red fluorescence). (C,
F, I, L, O) Images of cells under a light microscope. B, (A, D, G, J)
Images of live cells. (B, E, H, K) Images of dead cells. (C, F, I, L)
Images of cells under a light microscope. Scale bars: 100 pm
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Fig. 7 Effects of octenidine dihydrochloride and chlorhexidine gluco-
nate on the viability of adult human articular cartilage explant tissues,
as analyzed by Live/Dead fluorescence staining. (A—C) Normal con-
trol. (D-F) Negative control. (A, D, G, J) Images of live cells (green

Author contribution Henning Madry conceptualized and supervised
the study, analyzed data, and wrote the paper. Xiaoyu Cai, Gertrud
Schmitt, Bashar Reda, and Matthias Hannig acquired and analyzed
data. Jagadeesh K Venkatesan and Magali Cucchiarini acquired and
analyzed data, performed statistical analysis, and wrote the paper. All
authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. We acknowledge support by Saarland University within the
funding program Open Access Publishing.

Data availability All the data obtained and/or analyzed associated with

the current study were available from the corresponding authors upon
reasonable request.

@ Springer

iv
CHX
0.1%

fluorescence). (B, E, H, K) Images of dead cells (red fluorescence).
(C, F, I, L) Images of cells under a light microscope. Scale bars:
100 pm

Declarations

Ethics approval Written informed consent for individual patients was
gained from all participants, and this study was approved by the Ethics
Committee of the Saarland Physicians Council.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will



Clinical Oral Investigations

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

13.

14.

15.

Hu B, Guo H, Zhou P, Shi Z-L (2021) Characteristics of SARS-
CoV-2 and COVID-19. Nat Rev Microbiol 19:141-154

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S,
Miiller MA, Niemeyer D, Jones TC, Vollmar P, Rothe C et al
(2020) Virological assessment of hospitalized patients with
COVID-2019. Nature 581:465-469

Skegg D, Gluckman P, Boulton G, Hackmann H, Karim SSA,
Piot P, Woopen C (2021) Future scenarios for the COVID-19 pan-
demic. The Lancet 397:777-778

Eggers M, Koburger-Janssen T, Eickmann M, Zorn J (2018)
In vitro bactericidal and virucidal efficacy of povidone-iodine
gargle/mouthwash against respiratory and oral tract pathogens.
Infectious Diseases and Therapy 7:249-259

Yoon JG, Yoon J, SongJY, Yoon SY, Lim CS, Seong H, Noh JY,
Cheong HJ, Kim WJ (2020) Clinical significance of a high SARS-
CoV-2 viral load in the saliva. J Korean Med Sci 35:¢195-¢195
Steinhauer K, Meister TL, Todt D, Krawczyk A, PaBvogel L,
Becker B, Paulmann D, Bischoff B, Pfaender S, Brill FHH et al
(2021) Comparison of the in-vitro efficacy of different mouthwash
solutions targeting SARS-CoV-2 based on the European Standard
EN 14476. J Hosp Infect 111:180-183

Marui VC, Souto MLS, Rovai ES, Romito GA, Chambrone L,
Pannuti CM (2019) Efficacy of preprocedural mouthrinses in the
reduction of microorganisms in aerosol: a systematic review. ] Am
Dent Assoc 150:1015-1026.e1011

Fennelly KP (2020) Particle sizes of infectious aerosols: implica-
tions for infection control. Lancet Respir Med 8:914-924
Eduardo FP, Corréa L, Heller D, Daep CA, Benitez C, Malheiros
Z, Stewart B, Ryan M, Machado CM, Hamerschlak N et al (2021)
Salivary SARS-CoV-2 load reduction with mouthwash use: a ran-
domized pilot clinical trial. Heliyon 7(6):e07346

Farmaha JK, James JN, Frazier K, Sahajpal NS, Mondal AK,
Bloomquist DT, Kolhe R, Looney SW, Bloomquist R (2023)
Reduction of SARS-CoV-2 salivary viral load with pre-procedural
mouth rinses: a randomised, controlled, clinical trial. Br Dent J
234:593-600

Pan YA-O, Wang S, Liu G, Wang L, Yang L, Zeng X, Qian C,
Lin J, Pan Z, Li Y (2023) The third inactivated vaccine booster
dramatically enhanced SARS-CoV-2 antibody responses and did
not influence the profile of prothrombotic antibody. J] Med Virol
95(1):¢28356

. Jenkins S, Addy M, Newcombe RG (1994) Dose response of chlo-

rhexidine against plaque and comparison with triclosan. J Clin
Periodontol 21:250-255

Millhouse E, Jose A, Sherry L, Lappin DF, Patel N, Middleton
AM, Pratten J, Culshaw S, Ramage G (2014) Development of an
in vitro periodontal biofilm model for assessing antimicrobial and
host modulatory effects of bioactive molecules. BMC Oral Health
14:80

Eick S, Goltz S, Nietzsche S, Jentsch H, Pfister W (2011) Efficacy
of chlorhexidine digluconate-containing formulations and other
mouthrinses against periodontopathogenic microorganisms. Quin-
tessence Int 42:687-700

Park JB, Lee G, Yun BG, Kim CH, Ko Y (2014) Comparative
effects of chlorhexidine and essential oils containing mouth
rinse on stem cells cultured on a titanium surface. Mol Med Rep
9:1249-1253

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Sedlock DM, Bailey DM (1985) Microbicidal activity of octe-

nidine hydrochloride, a new alkanediylbis[pyridine] germicidal
agent. Antimicrob Agents Chemother 28:786—790

Miiller G, Kramer A (2008) Biocompatibility index of antiseptic
agents by parallel assessment of antimicrobial activity and cellular
cytotoxicity. J Antimicrob Chemother 61:1281-1287

Reda B, Dudek J, Martinez-Hernandez M, Hannig M (2021)
Effects of octenidine on the formation and disruption of dental
biofilms: an exploratory in situ study in healthy subjects. J Dent
Res 100(9):950-959. https://doi.org/10.1177/0022034521999044
Ok E, Adanir N, Hakki S (2015) Comparison of cytotoxicity of
various concentrations origanum extract solution with 2% chlo-
rhexidine gluconate and 5.25% sodium hypochlorite. Eur J Dent
9:6-10

Erdemir EO, Sengiin A, Ulker M (2007) Cytotoxicity of
mouthrinses on epithelial cells by micronucleus test. Eur J Dent
1:80-85

Li T, Chen S, Pei M (2020) Contribution of neural crest-derived
stem cells and nasal chondrocytes to articular cartilage regenera-
tion. Cell Mol Life Sci 77:4847-4859

Idrus RBHJ, Chua KH, Shaban M, Noruddin NAA, Saim AB
(2005) Tissue engineered cartilage with different human chondro-
cyte sources: articular, auricular and nasal septum. Med J Islam
World Acad Sci 15:5-12

Chen W, Li C, Peng M, Xie B, Zhang L, Tang X (2018) Autol-
ogous nasal chondrocytes delivered by injectable hydrogel
for in vivo articular cartilage regeneration. Cell Tissue Bank
19:35-46

Mankin HJ, Dorfman H, Lippiello L, Zarins A (1971) Biochemi-
cal and metabolic abnormalities in articular cartilage from osteo-
arthritic human hips. II. Correlation of morphology with bio-
chemical and metabolic data. J Bone Joint Surg Am 53:523-537
Rey-Rico A, Venkatesan JK, Schmitt G, Concheiro A, Madry H,
Alvarez-Lorenzo C, Cucchiarini M (2017) rAAV-mediated over-
expression of TGF-p via vector delivery in polymeric micelles
stimulates the biological and reparative activities of human articu-
lar chondrocytes in vitro and in a human osteochondral defect
model. Int J] Nanomedicine 12:6985-6996

Venkatesan JK, Rey-Rico A, Schmitt G, Wezel A, Madry H, Cuc-
chiarini M (2013) rAAV-mediated overexpression of TGF-f sta-
bly restructures human osteoarthritic articular cartilage in situ. J
Transl Med 11:211

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to
Imagel: 25 years of image analysis. Nat Methods 9:671-675
Frisch J, Venkatesan JK, Rey-Rico A, Schmitt G, Madry H, Cuc-
chiarini M (2014) Determination of the chondrogenic differentia-
tion processes in human bone marrow-derived mesenchymal stem
cells genetically modified to overexpress transforming growth
factor-p via recombinant adeno-associated viral vectors. Hum
Gene Ther 25:1050-1060

Rey-Rico A, Venkatesan JK, Schmitt G, Speicher-Mentges S,
Madry H, Cucchiarini M (2018) Effective remodelling of human
osteoarthritic cartilage by sox9 gene transfer and overexpression
upon delivery of rAAV vectors in polymeric micelles. Mol Pharm
15:2816-2826

Schmidt J, Zyba V, Jung K, Rinke S, Haak R, Mausberg RF,
Ziebolz D (2016) Cytotoxic effects of octenidine mouth rinse on
human fibroblasts and epithelial cells - an in vitro study. Drug
Chem Toxicol 39:322-330

Liu JX, Werner J, Kirsch T, Zuckerman JD, Virk MS (2018) Cyto-
toxicity evaluation of chlorhexidine gluconate on human fibro-
blasts, myoblasts, and osteoblasts. J Bone Jt Infect 3:165-172
Garbrecht E, Packard B, Nguyen PAH, Elghazali NA, Salas C,
Hill DA, Canavan HE, Decker M (2022) Ex vivo toxicity of com-
monly used topical antiseptics and antibiotics on human chondro-
cytes. Orthopedics 45(5):e263-e268

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/0022034521999044

Clinical Oral Investigations

33.

34.

35.

Campbell J, Filardo G, Bruce B, Bajaj S, Friel N, Hakimiyan A,
Wood S, Grumet R, Shafikhani S, Chubinskaya S et al (2014)
Salvage of contaminated osteochondral allografts: the effects of
chlorhexidine on human articular chondrocyte viability. Am J
Sports Med 42(4):973-978

Lorenz K, Jockel-Schneider Y, Petersen N, Stolzel P, Petzold M,
Vogel U, Hoffmann T, Schlagenhauf U, Noack B (2018) Impact
of different concentrations of an octenidine dihydrochloride
mouthwash on salivary bacterial counts: a randomized, placebo-
controlled cross-over trial. Clin Oral Investig 22:2917-2925
Babich H, Wurzburger BJ, Rubin YL, Sinensky MC, Blau L
(1995) Anin vitro study on the cytotoxicity of chlorhexidine diglu-
conate to human gingival cells. Cell Biol Toxicol 11:79-88

@ Springer

36.

37.

Lessa FCR, Aranha AMF, Nogueira I, Giro EMA, Hebling J,
Costa CAdS (2010) Toxicity of chlorhexidine on odontoblast-like
cells. J Appl Oral Sci 18:50-58

Hannig C, Hannig M, Kensche A, Carpenter G (2017) The
mucosal pellicle — an underestimated factor in oral physiology.
Arch Oral Biol 80:144-152

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Cytotoxic effects of different mouthwash solutions on primary human articular chondrocytes and normal human articular cartilage – an in vitro study
	Abstract
	Objectives 
	Materials and methods 
	Results 
	Conclusion 
	Clinical relevance 

	Introduction
	Materials and methods
	Reagents
	Human articular cartilage explant culture
	Primary human normal articular chondrocyte culture
	Assessment of cell viability in cartilage explant cultures
	Assessment of cell proliferation and viability in monolayer culture
	Statistical analysis

	Results
	Octenidine dihydrochloride exposure decreased cell viability and proliferation in a dose-dependent manner in primary adult human normal articular chondrocytes
	Chlorhexidine gluconate exposure decreased cell viability and proliferation in a dose-dependent manner in primary adult human normal articular chondrocytes
	Octenidine dihydrochloride and chlorhexidine gluconate exposure decreased cell viability in human articular cartilage explant cultures

	Discussion
	Conclusions
	References


