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Non-diluted seawater enhances nasal ciliary beat frequency and wound
repair speed compared to diluted seawater and normal saline
Arnaud Bonnomet, PhD1,2, Emilie Luczka, PhD1, Christelle Coraux, PhD1 and Ludovic de Gabory, MD, PhD3

Background: The regulation of mucociliary clearance is
a key part of the defense mechanisms developed by the
airway epithelium. If a high aggregate quality of evidence
shows the clinical effectiveness of nasal irrigation, there is
a lack of studies showing the intrinsic role of the different
irrigation solutions allowing such results. This study inves-
tigated the impact of solutions with different pH and ionic
compositions, eg, normal saline, non-diluted seawater and
diluted seawater, on nasal mucosa functional parameters.

Methods: For this randomized, controlled, blinded, in vitro
study, we used airway epithelial cells obtained from 13 nasal
polyps explants to measure ciliary beat frequency (CBF)
and epithelial wound repair speed (WRS) in response to 3
isotonic nasal irrigation solutions: (1) normal saline 0.9%; (2)
non-diluted seawater (Physiomer R©); and (3) 30% diluted
seawater (Stérimar). The results were compared to control
(cell culture medium).

Results: Non-diluted seawater enhanced the CBF and the
WRS when compared to diluted seawater and to normal
saline. When compared to the control, it significantly en-
hanced CBF and slightly, though nonsignificantly, improved
the WRS. Interestingly, normal saline markedly reduced the
number of epithelial cells and ciliated cells when compared
to the control condition.

Conclusion: Our results suggest that the physicochemical
features of the nasal wash solution is important because
it determines the optimal conditions to enhance CBF and
epithelial WRS thus preserving the respiratory mucosa in
pathological conditions. Non-diluted seawater obtains the
best results on CBF and WRS vs normal saline showing a
deleterious effect on epithelial cell function. C© 2016 The
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France; e-mail: ludovic.de-gabory@ chu-bordeaux.fr

Additional Supporting Information may be found in the online version of this
article.
Funding sources for the study: Laboratoire de la Mer to INSERM UMRS-S
903.

N asal mucosa plays a particularly important protec-
tive role. The mucociliary clearance mechanism acts

as a highly effective, nonspecific waste disposal system
that is sometimes insufficient to prevent allergic response
or microbial infection to airborne allergens, pollutants or
pathogens.

In vitro and in vivo studies have revealed the air
pollutants attenuating properties on ciliary beat frequency
(CBF).1–3 Other studies have shown an impaired CBF
in patients with allergic rhinitis or asthma.4–7 Certain
topical antibiotics have been shown to reduce the CBF
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and thus cannot be recommended in treatment of local
infections.8 Pathogens targeting the airway like Pseu-
domonas aeruginosa, Streptococcus pneumoniae, or
Haemophilus influenzae produce various cilio-inhibitory
factors.9–12 This is clearly illustrated in cystic fibrosis or
primary ciliary dyskinesia in which the impaired ciliary
beat and/or thicker mucus result in a defective mucociliary
clearance that may participate in repeated lung infections
and pathophysiology.13–16 It is thus important to restore
an efficient ciliary beat to ensure the protective role of the
respiratory mucosa.

Furthermore, contact prolongation of airborne aller-
gens, pollutants, and pathogens with the nasal mucosa
worsen the inflammatory reaction leading to epithelial
lesions that threaten mucosal integrity. Mucosal surface
wounds become entry points for bacteria and viruses
that target airway epithelial cells and may result in res-
piratory infections. In order to restore its functional-
ity, the airway epithelium enters in turn in a process
of repair and regeneration.17 In cases of inflammatory
respiratory diseases such as asthma,17 it is becoming ap-
parent that normal airway epithelium repair is compro-
mised. Ensuring the proper conditions of wound repair
process represents therefore a great therapeutic interest
for any respiratory conditions associated with mucosal
inflammation.

Nasal irrigation with saline solutions is commonly used
as adjunctive treatment in upper respiratory conditions as
well as in postsurgical follow-up.18 A 2012 systematic re-
view and meta-analysis by Hermelingmeier et al.19 showed
the benefit of nasal irrigation in symptom relief and drug
reduction in cases of allergic rhinitis. It has also been rec-
ommended as add-on therapy in pediatric allergic rhinitis
by European experts.20 In addition, nasal irrigation was
helpful in improving the nasal peak expiratory flow rates
and quality of life scores in children with atopic21 and
nonatopic22 acute sinusitis. A Cochrane review by Kassel
et al.23 of data in adults with acute upper respiratory tract
infections (URTIs) revealed benefit in quicker symptom res-
olution and return to work, though the results were not
statistically significant. Recently, several international ex-
pert groups recommended nasal saline irrigation in chronic
rhinosinusitis with or without nasal polyps,24–26 and after
endonasal surgery.24

If the efficacy of nasal irrigation is no longer questioned in
vivo, the literature on nasal irrigation composition specif-
ically, remains limited and does not provide any evidence
on its potential impact. The aim of this study is to inves-
tigate and compare the functional impact of 3 commonly
used isotonic nasal irrigation solutions, reflecting the di-
versity of products available on the market: (1) normal
saline (0.9%); (2) isotonic non-diluted seawater solution;
and (3) isotonic 30% diluted seawater solution. We hy-
pothesize that the non-diluted seawater solution is more ef-
fective on the CBF and wound repair speed (WRS) vs other
solutions.

Patients and methods
Study design

Prospective, randomized, controlled, and blinded in vitro
study using biological materials from nasal polyp explants.

Material
The bioethical law N° 2004–800 of the French Public
Health Code authorizes the use of human tissues. Local
Institutional Review Board approved this study and
informed consent was obtained from all patients. Three
centers provided nasal polyps explants: University Hospi-
tal Hautepierre (Strasbourg, France); University Hospital
Robert Debré (Paris, France); and private clinic Courlancy
(Reims, France). Nasal polyps were removed from patients
diagnosed with sinonasal polyposis without any other
comorbidities (asthma or nonsteroidal anti-inflammatory
drugs allergies). Age, sex, and clinical characteristics are
summarized in Table 1. Some of the patients received
corticoids and/or antibiotics. Treatments are described in
Table 1.

Randomization
Biological materials were randomly assigned (using random
letters A, B, C) into either the normal saline group, the
non-diluted seawater group, and the 30% diluted seawater
group.

Blinding
Blinding of tested solutions except control medium was
strictly maintained for researchers including laboratory
staff. The composition of the tested solutions was revealed
by the sponsor after study completion. Study solutions were
provided and prepackaged by the sponsor’s head pharma-
cist (located at a distant site) into anonymous kits and let-
tered accordingly.

Tested solutions
Non-diluted seawater (Physiomer R©, Laboratoire de la Mer,
Saint-Malo, France) is a sterile, isotonic 100% non-diluted
seawater solution. Isotonicity is achieved by selective elec-
trodialysis that removes NaCl ions while preserving seawa-
ter full content in other minerals. Physiomer R© is sterilized
aseptically through microfiltration at 0.2 µm.

Diluted seawater (Stérimar R©, Laboratoires Fumouze,
Levallois-Perret, France) is a sterile, isotonic, seawater so-
lution diluted at 30%. It is rendered isotonic through dilu-
tion with purified water. Its minerals content is reduced by
two-thirds vs seawater. Stérimar R© is sterilized by gamma
irradiation.

Normal saline 0.9% (CDM Lavoisier, Paris, France) is a
sterile, ready-for-injection solution. It contains 3500 mg/L
of sodium ions and 5500 mg/L of chloride ions. Normal
saline conforms to pharmaceutical quality standards.

Table 2 summarizes the different test solutions and their
physicochemical characteristics.
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TABLE 1. Demographic and clinical data of patients

Patient

number

Age

(years) Sex

Allergy

history

Intolerance

history Treatment

01 75 M None None None

02 34 M None None None

03 69 F None None None

04 44 F None None Beclomethasone

05 53 M Latex None Beclomethasone

06 52 M None None Pristinamycin

07 77 M None None None

08 63 M None None Prednisolone; pristinamycin

09 36 M None None Beclomethasone

10 67 F None None None

11 56 M None None Beclomethasone

12 50 M None None None

13 39 M None None None

14 51 M None None Mometasone furoate

TABLE 2. pH and osmolarity of solutions

Tested solution Batch number Measured pH

Measured osmolarity

(mOsm/kg)

Physiomer R© P1201024A 7.9 308

Stérimar R© FE2234 7.28 302

Lavoisier normal saline (0.9%) 2F258; 2F220 5.21 308

Cell cultures
For the measurement of CBF, nasal epithelial tissue
from nasal polyps from 10 patients (1 to 2 mm2 in
size) were seeded on 12-well culture plates (BD Falcon,
Franklin Lakes, NJ, USA) coated with type IV colla-
gen (Sigma Aldrich, St. Louis, MO, USA) and incubated
in Bronchial Epithelial cell Growth MediumTM (BEGM;
Lonza, Verviers, Belgium) at 37°C for 4 to 6 days until
explants were surrounded by a cell outgrowth that con-
tained well-visible ciliated cells.

BEGMTM was used for cell cultures as control. Saline
solution is usually considered as a reference product for
nasal irrigation; however, it is not used and dedicated for
cell culture. BEGMTM contains equal proportions of
Bronchial Epithelial Basal Medium (Lonza) and Dulbecco’s
Modified Eagle Medium (Lonza). The medium is supple-
mented with 0.1 mM of retinoic acid, 0.5 mg/L of hu-
man epidermal growth factor, 5 mg/L of epinephrine, 0.13
g/L of bovine pituitary extract, 0.5 mg/L of hydrocorti-
sone, 5 mg/L of insulin, 6.5 mg/L of triiodothyronine, 0.5
mg/L of transferrin (all from Lonza, Verviers, Belgium),

200 U/mL of penicillin, 200 mg/L of streptomycin, and 1.5
mg/L of bovine serum albumin (all from Sigma-Aldrich,
Lyon, France).

For the WRS assay, nasal epithelial cells were isolated
from nasal polyps from 13 patients by incubation with
0.1% type XIV collagenase (Sigma-Aldrich) in Roswell
Park Memorial Institute (RPMI) 1640 culture medium
medium (Life Technologies, Saint Aubin, France) supple-
mented with 200 U/mL penicillin and 200 µg/mL strepto-
mycin (Life Technologies) overnight at 4°C.

Isolated epithelial cells were washed, suspended in BEGM
medium, counted, and then seeded on 12-well culture
plates coated with type IV collagen at a density of 6 ×
104 cells/cm2 and cultured in BEGM medium at 37°C until
confluence was reached.

CBF measurement
After a culture period of 4 to 6 days, once explants were
surrounded by a cell outgrowth and contained well-visible
ciliated cells, wells were rinsed with either BEGM medium,
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TABLE 3. Ciliary beat frequency for each explants and solutions

Explant

number

Control

(Hz)

Physiomer R©

(Hz)

Stérimar R©

(Hz)

0.9% NaCl

(Hz)

1 13.69 15.31 14.16 13.14

2 12.98 13.21 12.90 11.32

3 12.49 15.44 13.37 nd

4 14.09 15.04 12.61 nd

5 13.07 13.58 13.54 nd

6 10.74 12.11 11.36 nd

7 11.79 13.12 11.75 nd

8 14.78 15.92 13.51 9.59

9 12.28 12.12 12.37 12.67

10 12.10 12.47 10.50 9.08

Mean 12.80 13.83** 12.61 11.16**

SD 1.18 1.46 1.13 1.80

**p < 0.01, comparison of Physiomer R© and 0.9% NaCl vs CTRL.
CTRL = control; nd = not determined (death cell); SD = standard deviation.

FIGURE 1. CBF: mean and distribution of the values of CBF for the control
(•), Physiomer R© (�), Stérimar R© (�), and normal saline 0.9% (�) conditions.
CBF is expressed in hertz (Hz). **p = 0.0039, **p = 0.0059, CBF = ciliary
beat frequency; CTRL = control; ns = nonsignificant.

non-diluted seawater, diluted seawater, or normal saline.
Plates were then incubated in the corresponding solutions
for 30 minutes, under an inverted microscope (Axiovert
200; Zeiss, Germany) equipped with an environmental
chamber maintained at 37°C and 5% CO2 and a Cool-
SNAP CCD camera (Roper Scientific, Inc., Tucson, AZ,
USA) allowing live-cell imaging. For each condition, 20 ar-
eas with ciliated cells were recorded over 10 seconds with
an acquisition frequency of 50 images/second (×32 magni-

fication). CBF was quantified using an in-house–developed
plug-in on the ImageJ software (NIH, Bethesda, MD;
http://imagej.nih.gov/ij/index.html).27 The control condi-
tion was achieved by incubating the cells with BEGM
medium. Values were expressed as mean frequency in hertz
(Hz) for each condition.

WRS measurement
At confluence, cultures were rinsed and incubated with
BEGM medium, non-diluted seawater, diluted seawater, or
normal saline. The control condition was achieved by incu-
bating cells with BEGM medium. After a 4-hour incubation
period, an epithelial wound was realized by scratching each
epithelial cell monolayer in a linear pattern with a pipette
tip (100 µL).

Wells were then rinsed with BEGM medium to eliminate
debris and cells were incubated with fresh culture medium.
Three areas per condition and culture were controlled by
live-cell imaging (×10 magnification) until wound closure.
Phase contrast images were captured every 10 minutes and
then analyzed with an in-house–developed plug-in on Im-
ageJ software. WRS was expressed as mean speed for each
condition and culture in µm2/hour.

Statistical analysis
Statistical analysis was carried out independently by the re-
search unit INSERM UMRS-S 903 using the nonparametric
Wilcoxon test in Prism 5 C©. CBF and WRS were expressed
as median ± standard errors of the mean. Statistical signif-
icance was defined as p < 0.05.
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TABLE 4. Wound repair speed for each explant and solution

Explant

number

Control

(µm2/hour)

Physiomer R©

(µm2/hour)

Stérimar R©

(µm2/hour)

0.9% NaCl

(µm2/hour)

1 42068.83 76953.81 37498.06 −3707.19

2 53085.60 72525.33 52519.79 125.43

3 108927.93 90072.95 100699.66 8232.33

4 59098.62 62144.68 48757.18 2013.14

5 35406.18 20563.92 18061.37 3243.46

6 61025.22 70991.49 30805.66 1283.73

7 84179.58 63026.18 18131.67 9497.80

8 40599.71 62023.00 23785.74 15311.40

9 106692.41 114806.43 39197.86 −6140.88

10 59580.00 75823.75 45010.63 1961.25

11 105500.62 116436.27 97488.66 −3296.17

12 94326.33 79993.78 85877.69 3243.46

13 57236.36 66952.39 42256.76 33702.66

Mean 69825.18 74793.38 49237.74*** 5036.18***

SD 26634.36 24298.26 28228.66 10374.19

***p < 0.001, comparison of Stérimar R© and 0.9% NaCl vs CTRL.
CTRL = control; SD = standard deviation.

Results
CBF in response to non-diluted seawater

(Physiomer R©), diluted seawater (Stérimar R©),
and normal saline

After a 4-day to 6-day culture period, explant outgrowths
show visible and functional ciliated cells. Supporting Video
1 presents CBF in the 3 different nasal irrigation solutions
compared to control. Mean values and standard deviations
for each culture and condition are presented in Table 3. The
CBF mean was 12.80 ± 1.18 Hz for the control condition,
13.83 ± 1.46 Hz for cells exposed to non-diluted seawa-
ter, 12.61 ± 1.13 Hz for cells exposed to diluted seawater,
and 11.16 ± 1.80 Hz for cells exposed to normal saline.
Figure 1 shows the means and the distribution of the mea-
sured CBF values for each condition. Incubation of ciliated
cells with non-diluted seawater significantly increased the
CBF compared to the control condition (p = 0.0039). Di-
luted seawater, on the other hand, did not modify the CBF
compared to the control (p > 0.05). Surprisingly, incuba-
tion with normal saline induced greater ciliated cell death
compared with control, non-diluted seawater, and diluted
seawater (p = 0.0039). Moreover, after 30 minutes, 5 of
the 10 nasal explant cultures incubated with normal saline
exhibited no ciliated cells and CBF could not be determined
(Table 3). Finally, ciliated cells incubated with non-diluted
seawater exhibited a significantly better CBF compared to
cells incubated with diluted seawater (p = 0.0059).

WRS in response to non-diluted seawater
(Physiomer R©), diluted seawater (Stérimar R©),

and normal saline
Our WRS model exposed to different conditions is shown
in Supporting Video 2. Mean values and standard devi-
ations for each culture and conditions are presented in
Table 4. The mean WRS was 69825.18 ± 26634.36
µm2/hour for the control condition, 74793.38 ± 24298.26
µm2/hour for cells exposed to non-diluted seawater,
49237.74 ± 28228.66 µm2/hour for cells exposed to di-
luted seawater, and 5036.18 ± 10374.19 µm2/hour for
cells exposed to normal saline. Figure 2 shows the WRS
means and the distribution of the measured values for each
condition.

Incubation of epithelial cells with non-diluted seawater
slightly raised the WRS compared to the control condi-
tion, but the results did not reach significance. Diluted
seawater on the other hand, reduced the WRS compared
to the control (p = 0.0002). Nasal epithelial cells ex-
posed to non-diluted seawater exhibited a significantly bet-
ter WRS compared to cells exposed to diluted seawater
(p = 0.0024) and normal saline (p = 0.0002). Interest-
ingly, incubation with normal saline greatly reduced the
WRS, showing a deleterious effect on epithelial cell func-
tion (p = 0.0002). In fact, the reduced WRS was exacer-
bated by a high cell death rate in normal saline (data not
shown).
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FIGURE 2. WRS: mean and distribution of the values of WRS for the control
(•), Physiomer R© (�), Stérimar R© (�), and normal saline 0.9% (�) conditions.
WRS is expressed in µm2 per hour. **p = 0.0024, ***p = 0.0002. CTRL =
control; WRS = wound repair speed.

Discussion
Our in vitro results showed that non-diluted seawater
markedly enhanced the CBF and slightly but nonsignif-
icantly raised the WRS when compared to the control
condition. Both enhancements were significant when com-
pared to normal saline and diluted seawater. Moreover, our
results confirmed previous findings28,29 demonstrating that
normal saline is potentially deleterious for nasal mucosa
as it induced nasal epithelial cell death in vitro. A recent
review of the literature showed the effects of selected ions
on epithelial cells such as magnesium on the control of local
inflammation resulting from allergy, calcium in the regula-
tion of the ciliary beat frequency, and the implication of
potassium on healing.30

Many models have been described for the in vitro eval-
uation of the CBF and other features of the nasal mucosa.
In addition to cell lines, primary cells have been exten-
sively used. They are isolated from different regions of
the nasal mucosa, grown as explant outgrowth cultures
or dissociated tissue cultures, with coated or uncoated sup-
ports, in a perfusion system or CO2 incubator. The vari-
ous methods and time of CBF recording result in a stable,
coordinated CBF ranging from 7 to 13 Hz according to
the literature,31–34 12 to 13 Hz being the CBF recorded
in vivo.35,36 In the present study, the mean baseline CBF
(12.80 Hz) from the nasal polyps explants outgrowth is in
accordance with previous published reports using similar
methods in vitro and in vivo.34,37,38 As for the wound re-
pair capacity of the nasal mucosa, in vitro studies using a
similar model are lacking.

The difficulty of this kind of investigation lies in the high
interpatient variability, which may explain why the differ-
ence between non-diluted seawater and the control medium

did not reach statistical significance. Our results confirm
that non-diluted seawater unlike normal saline and other
diluted seawater solutions, does not inhibit the physiologi-
cal process of wound repair.

Previous studies28,29 demonstrated in vitro that the via-
bility of bronchial epithelial cells (BECs) incubated in nor-
mal saline decreases by 40% and 20% after 2-hour and
4-hour incubation periods, respectively. In contrast, incu-
bation in non-diluted seawater (Physiomer R©) maintains a
healthy BEC culture with adherent cells and intercellular
junctions. Protein contents are also higher in BEC cultures
with non-diluted seawater (Physiomer R©) compared to nor-
mal saline, or compared to diluted seawater (Stérimar R©).
Our results show that, in vitro, non-diluted seawater gives
better results than normal saline and diluted seawater solu-
tions on CBF and WRS. This suggest that in vivo superior-
ity of mineral-rich solutions could rely on such an in vitro
effect on CBF and WRS.

Nasal irrigation with normal saline has been recom-
mended and performed for many years. Although there
has not been reported any deleterious effect on the nasal
mucosa like in our model, it shows the impact of nasal solu-
tions specifically in terms of composition. This corroborates
recent findings showing that nasal irrigation was proven
more effective when performed with seawater-derived or
mineral-rich solutions compared to a normal saline 0.9%
solution in allergic rhinitis,39 chronic rhinosinusitis,40,41

and post–endonasal surgery.42–44 Recently, Low et al.44

showed in vivo moderate, though statistically better and
faster symptom resolution with nasal irrigation with lac-
tated Ringer’s solution after endoscopic sinus surgery when
compared with normal saline. Lactated Ringer’s solution is
an isotonic solution, composed of a sodium lactate as buffer
(2500 mg/L), sodium (3000 mg/L), chloride (3900 mg/L),
calcium (120 mg/L), and potassium (150 mg/L).

The effect of non-diluted seawater can be explained
by the preservation of seawater mineral composition.
Indeed, calcium ions are well known for their implication
in ciliary beat regulation.45–47 Potassium, magnesium, and
zinc ions have been shown to assist in epithelial wound
repair.48–50 Diluted seawater solutions contain far lower
mineral content due to dilution. Moreover non-diluted
seawater alkaline pH (7.9) is more favorable to the ciliary
beat, as previously shown in vitro,51 whereas normal
saline acidic pH (5.21) is deleterious for the in vitro ciliary
beat.51

Conclusion
Our results suggest that the physicochemical features
of the nasal wash solution is important because it deter-
mines the optimal conditions to enhance CBF and epithelial
WRS, thus preserving the respiratory mucosa in patholog-
ical conditions. Further in vivo studies will be needed to
confirm the superiority of non-diluted seawater vs normal
saline and diluted seawater in pathological conditions such
as chronic rhinosinusitis and/or allergic rhinitis.
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