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ABSTRACT: The many interesting properties of chitosan
polysaccharides have prompted their extensive use as
biomaterial building blocks, for instance as antimicrobial
coatings, tissue engineering scaﬀolds, and drug delivery
vehicles. The translation of these chitosan-based systems to
the clinic still requires a deeper understanding of their safety
proﬁles. For instance, the widespread claim that chitosans are
spermicidal is supported by little to no data. Herein, we
thoroughly investigate whether chitosan oligomer (CO)
molecules can impact the functional and structural features
of human spermatozoa. By using a large number of primary
sperm cell samples and by isolating the eﬀect of chitosan from
the eﬀect of sperm dissolution buﬀer, we provide the ﬁrst realistic and complete picture of the eﬀect of chitosans on sperms. We
found that CO binds to cell surfaces or/and is internalized by cells and aﬀected the average path velocity of the spermatozoa, in
a dose-dependent manner. However, CO did not aﬀect the progressive motility, motility, or sperm morphology, nor did it cause
loss of plasma membrane integrity, reactive oxygen species production, or DNA damage. A decrease in spermatozoa adenosine
triphosphate levels, which was especially signiﬁcant at higher CO concentrations, points to possible interference of CO with
mitochondrial functions or the glycolysis processes. With this ﬁrst complete and in-depth look at the spermicidal activities of
chitosans, we complement the complex picture of the safety proﬁle of chitosans and inform on further use of chitosans in
biomedical applications.
KEYWORDS: chitosan oligosaccharide, motility, velocity, DNA, ROS, morphology, biocompatibility, ATP
ocular, and transdermal drug delivery.9 Materials based on CS
are approved only for wound dressing and cartilage repairing,10
and a drug delivery system containing CS for the nasal
administration of morphine (Rylomine) is currently under
examination in clinical trials.10
The application of CS in medical ﬁelds requires extensive
toxicological characterization of high- and low-molecularweight molecules in vitro and in vivo. Reports on CS
cytocompatibility are somewhat conﬂicting, with studies
designating CS as nontoxic or cytotoxic,6 depending on the
type of cells tested and the detailed characteristics of the CS. In
vitro and in vivo toxicity studies of low-molecular-weight CS
(2−20 kDa, 85−90% degree of deacetylation (DD)) suggested

1. INTRODUCTION
Chitosans (CSs) are versatile polysaccharides consisting of
deacetylated β-(1,4)-D-glucopyranosamine and acetylated units
of N-acetyl-D-glucopyranosamine.1 CSs have amine functional
groups that can be modiﬁed with various molecules without
aﬀecting the backbone structure, and thereby in large part
preserving their original properties.2 Besides amine moieties
(C-2) at each deacetylated unit, which are positively charged at
pH under 6,3 CSs also contain two reactive hydroxyl groups
(C-3 and C-6)4 that can engage in intermolecular interactions.
Because of their natural abundance, mucoadhesitivity,5 and
biodegradability,6 CSs have been investigated for a large range
of biomedical applications. For instance, micro- and nanoparticles of CS were exploited as vectors for therapeutic agents
such as peptides, proteins, DNA, or drugs for parenteral and
nonparenteral administration7 and vaccine adjuvants.8 CSbased hydrogels served as a material for subcutaneous, oral,
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of molecules now discussed in over 5000 scientiﬁc
publications.

that CSs are nontoxic toward human COLO-357 pancreatic
carcinoma cells,11 human L929 ﬁbroblast cells,12 and human
lung tissue.13 A maximum tolerated dose of >10 g/kg in both
male and female mice for short-term treatment was found.14
Richardson, Kolbe, and Duncan15 reported that CS <5 kDa,
5−10 kDa, and >10 kDa with 55−65% DD were not or
marginally toxic to human CCRF-CEM lymphoblastic
leukemia cells and human L132 embryonic lung cells (IC50 >
1 mg/mL).15 In contrast, CS can induce apoptosis in several
carcinogenic cells. Reactive oxygen species (ROS)-mediated
toxicity was induced by CS (50−190 kDa, 85% DD) in human
MDA-MB-231 breast cancer cells12 and by CS nanoparticles in
HELA and SMMC-7721 cells.16 Besides ROS induction, the
cytotoxicity of CS is assumed to be caused by CS interaction
with negatively charged cell membranes, leading to a loss of
membrane potential, cell cycle arrest, and inhibition of cell
proliferation.11 However, cytotoxicity of CS and CS derivatives
depends on the molecular weight, dose, charge density, and
degree of deacetylation (DD) and whether the CS is taken up
by the cells.6
One recurrent claim for CS is that they have spermicidal
activities17−21 and could, therefore, be deployed in contraceptive formulations. However, evidence for such an eﬀect is
not strongly substantiated. In one of the rare studies of CS
toxicity to spermatozoa, Chen et al. reported a decrease in
motility of fast-moving spermatozoa and the over-representation of morphologically abnormal spermatozoa after exposure
to an undeﬁned CS gel.22,23 Although the gel was described as
spermicidal, the motility of slow-moving spermatozoa
increased. In another study, exposure of rat spermatozoa to a
1% solution of undeﬁned CS had no eﬀect on spermatozoa
concentration and morphology.24 Bovine sperm cells were
used as a model to study the toxicity of CS-coated lipid-core
nanocapsules,25 but the study lacked a control group without
CS to isolate the eﬀect of the CS. There is an interest in
exploring the use of chitosan as a potential contraceptive agent.
However, it is also clear that data to support such claims are
strongly limited.
High-molecular-weight CS exhibit low solubility in nonacidic solvents due to their high molecular weight and
crystalline structure. But CS can be degraded to yield lowmolecular-weight CS or chitosan oligosaccharides (COs) by
H2O2, hydrochloric acid, or sodium hypochlorite treatements.26 COs are typically highly water-soluble in a pHindependent manner. COs have been used to form polyplexes
for the delivery of pDNA to treat primary corneal, retinal, and
lung diseases,27 as an inhibitor of viral sialidase,28 and as an
inhibitor of amyloid precursor proteins in Alzheimer′s
disease.29 In this study, we leverage the pH-independent
solubility proﬁle of CO to investigate its cytotoxicity to human
spermatozoa in a sperm-compatible buﬀer solution. This
choice also implies that our results are somewhat chitosanspeciﬁc, since a change in chitosan molar mass and
deacetylation degree could aﬀect the results. We analyzed
the impact of CO on human sperm kinematic parameters,
morphology, plasma membrane integrity, reactive oxygen
species (ROS) production, DNA damage, and adenosine
triphosphate (ATP) levels, and localized the CO on/in human
spermatozoa by ﬂow cytometry. We focus our analysis on
parameters that are well correlated with semen fertilization
capacity.30 In addition to informing on the use of chitosans as
contraceptive agents, this investigation contributes to an
essential understanding of the toxicity proﬁle of CO, a class

2. EXPERIMENTAL SECTION
2.1. Materials. 2.1.1. Buﬀer Systems and Chitosan Oligosaccharide. Endotoxin-free water (H2O) was purchased from Merck
KGaG (Germany). Phosphate-buﬀered saline (PBS, 0.05 M, pH 4.5)
was obtained from Fisher Scientiﬁc (USA) or C.P.A. Chem. Ltd.
(Bulgaria). The pH was adjusted to 5.5 by the addition of sodium
hydroxide (0.1/1 M) or hydrochloric acid (0.1/1 M). Sterile, isotonic
semen buﬀer (SEB) was customized and provided by Nidacon
International AB (Sweden) and based on the PureSperm buﬀer of
Nidacon. The osmolality was set to 300 mOsm/kg H2O. SEB
contained 6.052 g of sodium chloride, 0.3716 g of potassium chloride,
0.2102 g of glucose × H2O, 0.1168 g of sodium pyruvate, 8.000 g of
trisodium citrate × 2 H2O, 0.4671 g of calcium lactate × 5 H2O, 7.5
mL of sodium hydroxide (1 M), and 991 mL of H2O. This buﬀer
showed a Lovis density of 1.0082 g/cm3. The pH was adjusted to 7.5
as described before. SEB had a Lovis dynamic viscosity of 1.1356
mPas/s. Osmolality and pH of SEB mimic conditions existing in
semen31,32 and are thus optimal for sperm survival. The addition of 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid and ethylenediaminetetraacetic acid to SEB, which is commonly used in commercial
sperm buﬀer media, was consciously avoided to avert their possible
interactions with CO. The oligo-chitosan was supplied by Heppe
Medical Chitosan GmbH (HMC+, Germany), and solutions of 0.2,
0.5, and 1.0% (w/v) were adjusted to pH 5.5 or 7.5 as presented
above. CO was additionally prepared as 2 and 10% solutions (w/v)
for ATP detection assays. The osmolality and pH value of buﬀer
systems and in buﬀer-diluted COs are listed in Table 1.

Table 1. Osmolality and pH Value of Applied Buﬀers and
CO Solutions
chitosan solution

buﬀer

pH

w/o
w/o
w/o
CO 0.2% (w/v)
CO 0.5% (w/v)

H2O
PBS
SEB
SEB
H2O
PBS
SEB
SEB
SEB
SEB

5.5
5.5
7.5
7.5
5.5
5.5
7.5
7.5
7.5
7.5

CO 1.0% (w/v)
CO 2.0% (w/v)
CO 10.0% (w/v)

osmolality (mOsm/kg H2O)
0
96.2
300.6
342.8
12.3
106.3
311.5
330.3
414.3
438.3

±
±
±
±
±
±
±
±
±
±

0.0
4.4
5.5
42.5
0.6
3.3
9.9
9.0
1.2
4.7

2.1.2. Human Biological Material. Semen (n = 58, termed raw
semen) was obtained from healthy patients or donors at the ANOVA
clinic (Sweden). Men under medication were excluded from the
study. Donors were in the age of 18−45 years. Each of them signed
informed consent. Assays were permitted by Stockholms Etikprövningsnämnden (EPN, Sweden, approval at 24.02.2016, No.: 2015/
2326-31). Samples were collected via masturbation after 1−7 days of
abstinence, providing semen with high diversity in characteristics.
Data were obtained for the collection time, duration of abstinence,
and semen volume (Table S1). Semen was liqueﬁed for 30 min at 37
°C. Next, the viscosity of semen was determined visually and by
forming drops using Pasteur pipettes.
2.2. Methods. 2.2.1. Chemical and Structural Properties of the
CO. Water and ash contents of the CO were determined by
thermogravimetric analysis using an SDT-Q600 analyzer (TA
Instruments, Germany). The TGA was performed under a ﬂow of
helium, with 14 mg of the sample and by using a temperature ramp of
2 °C/min up to 200 °C and then a temperature ramp of 20 °C/min
up to 900 °C before an isotherm of 50 min. The pH value was
analyzed and adjusted (pH ± 0.02) with a SevenCompact pH S210
meter and pH electrode InLab Ultra-Micro (Mettler Toledo AB,
Sweden). Osmolalities [mOsm/kg H2O] were obtained by measuring
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of >25 μm/s), motility [%] (Class A (>25 μm/s) + Class B (5−25
μm/s) + Class C (0−5 μm/s)), immotility [%], average path velocity
(VAP) [μm/s], size [μm2] of spermatozoa, and cell count (Table S1).
2.2.4. Eﬀect of CO on Sperm Kinematic Parameters. Plastic
semen collection pots (100 mL, Sarstedt, Germany) are used in
laboratory routine for collection, storage, and sampling of semen. Due
to low volumes of semen and buﬀer solution in cytotoxicity assays, we
instead used containers made of borosilicate glass. Since glass is
known to adhere to motile sperm cells,35 we ﬁrst tested the inﬂuence
of glass vials on semen kinematic parameters compared to plastic pots.
Then, 100 μL of two randomly selected and liqueﬁed semen samples
was taken from the plastic pots and added to 1 mL glass vials (VWR,
USA), closed with caps (9 mm combination seal, Teknolab Sorbent,
Sweden), and incubated for 30, 60, and 120 min at 37 °C. Two
aliquots were taken from each glass vial and assessed via the CASA
system, as described in 2.2.3. Samples taken from plastic pots after 0,
30, 60, and 120 min served as control. Since the order in which the
samples are measured can bias the results, the samples were taken
alternatively from the glass vials and the plastic pots and assessed.
Spermatozoa were unaﬀected during an incubation period of 30 min
(Figure S1). Incubation times beyond 30 min led to a decrease in
progressive motility, motility, and velocity. Therefore, the assay time
was consequently set to 30 min.
To establish the eﬀect CO has on sperm kinematic parameters, raw
semen was diluted 1:1 (v/v) with CO solutions (reaction vial),
resulting in ﬁnal CO concentrations of 0.1, 0.25, and 0.5% in semen.
Buﬀer (H2O, PBS, and SEB) diluted in semen served as control
(control vial). Semen was treated with buﬀer and with CO in a buﬀer
for 30 min at 37 °C. Two aliquots were taken at 0 and 30 min for
CASA. Samples were measured in varying order as described above.
At the end of the test, raw semen was re-evaluated by CASA to
observe changes in progressive motility, motility, and velocity over the
assay period. Remaining samples were used to analyze the
spermatozoa morphology and the pH of raw and treated semen
samples. Mean values and statistically signiﬁcant diﬀerences are
displayed with standard deviation and as asterisks for eight semen
samples, respectively.
2.2.5. Sperm Morphology Assessment. Normal and abnormal
spermatozoa were counted in raw semen without treatment and after
being treated with SEB only or with CO in SEB. The treatment is
described in Section 2.2.4. Samples (8 μL) were transferred to a glass
microscopic slide, smeared across the slide, and allowed to air-dry.
Slides were ﬁxed with submersion in 95% ethanol for 15 min. Once
dry, the spermatozoa were stained as described in the World Health
Organization (WHO) laboratory manual36 using the Papanicolaou
staining procedure. Slides were covered by liquid glass followed by
coverslip. A total of 200 spermatozoa were assessed twice (n = 400)
via a Nikon ECLIPSE 50i microscope (Japan), 100× oil-immersed
objective and 10× ocular (1000× total magniﬁcation). The number of
spermatozoa to be assessed was chosen as a minimum count to yield
≤10% in a coeﬃcient of variation.37 Spermatozoa were categorized as
demonstrated elsewhere.36 Mean values are presented for eight semen
samples.
2.2.6. Sperm Plasma Membrane Integrity Assay. The plasma
membrane integrity was measured in both raw and processed semen
samples following a modiﬁed published protocol.34,38 These samples
were diluted in SEB (pH 7.5) to 32 × 106 spermatozoa/mL, further
mixed with either SEB only (control vial) or with CO in SEB
(reaction vial) to 16 × 106 spermatozoa/mL and a concentration of
0.5% CO in a total volume of 200 μL, and incubated at 37 °C for 30
min. Next, an aliquot of 50 μL was diluted in 425 μL of SEB and 25
μL of 10 μL/mL propidium iodide (Thermo Fisher Scientiﬁc, USA).
The solution was gently mixed and incubated for 15 min in the dark at
37 °C. Unstained raw and processed semen samples served as
negative control and contained 450 μL of SEB. Values for unstained
samples ranged between 0.005 and 0.154% PI-positive cells. Flow
cytometry was performed using the Gallios ﬂow cytometer (Beckman
Coulter) equipped with a 488 nm argon laser (15 mW) and
connected to Gallios acquisition software. All data were gated using
Kaluza software (Beckman Coulter, USA). A total of 20 000 events

the freezing point depression in 100 μL samples with an automatic
micro-osmometer (Roebling, Germany). The rheometer Lovis 2000
ME and the density meter DMA 4500 M (Anton Paar GmbH,
Austria) were used to analyze the Lovis dynamic and kinetic viscosity
of SEB only and CO in SEB and SEBs’ density. CO solubility was
measured via turbidity testing using the Varian Cary 50 Bio UV−
visible spectrometer (Agilent Technologies, USA).
Weight- and number-average molar masses of CO were evaluated
by size exclusion chromatography (SEC). A CO solution at 0.1% (w/
v) was prepared in AcOH (0.2 M)/AcONH4 (0.15 M) (pH 4.5)
buﬀer, used as eluent, then ﬁltered through 0.45 μm pore size
membranes (Millipore, Germany). The chromatographic equipment
was composed of a 1260 Inﬁnity Agilent Technologies pump
connected to two TSK gel G2500 and G6000 columns (Tosoh
Bioscience, Japan) in series. A multi-angle laser light scattering
(MALLS) detector, HELEOS II (Wyatt Technology, USA), operating
at 664 nm was coupled on line to a Wyatt Optilab T-Rex diﬀerential
refractometer. The eluent ﬂow rate was 0.5 mL/min. The refractive
index increment dn/dc used for the molar mass calculations of CO
was equal to 0.194 mL/g.
The degree of deacetylation (DD) of CO was determined by
dissolving 10 mg of CO in 1 mL of D2O acidiﬁed with 5 μL of
concentrated HCl (12 M) and analyzed by proton nuclear magnetic
resonance ( 1 H-NMR) spectroscopy on a Bruker DRX 300
spectrometer (300 MHz for 1H) at 298 K. Trimethylsilyl-3propionic-2,2,3,3-D4 acid sodium salt (99% atom D, TMSPA from
Sigma-Aldrich, Saint-Quentin Fallavier, France) was used as the
internal reference. DD was calculated from the ratio of the methyl
proton signal of N-acetyl-D-glucopyranosamine residues to the whole
H2−H6 proton signals according to Hirai, Odani, and Nakajima.33
Matrix-assisted laser desorption ionization time-of-ﬂight (MALDITOF) mass spectra were acquired with a Voyager-DE STR (AB Sciex,
Framingham, MA) equipped with a nitrogen laser emitting at 337 nm
with a 3 ns pulse. The instrument was operated in the linear or
reﬂectron mode. Ions were accelerated to a ﬁnal potential of 20 kV.
The positive ions were detected in all cases. Mass spectra were the
sum of 300 shots, and an external mass calibration of the mass
analyzer was used (mixture of peptides from SequazymeTM standards
kit, AB Sciex). The matrix used for all experiments was 2,5dihydroxybenzoic acid purchased from Sigma-Aldrich and used
directly without further puriﬁcation. The solid matrix and samples
were dissolved at 10 mg/mL in water. A volume of 45 μL of matrix
solution was then mixed with 5 μL of sample solutions. An aliquot of
0.5 μL of each resulting solution was spotted onto the MALDI sample
plate and air-dried at room temperature. Measurements were
conducted in triplicate and presented as means ± standard deviation
(SD).
2.2.2. Preparation of Sperm Extracts. Spermatozoa with
progressive motility higher than 75%34 were collected by layering
1.0 mL of semen on 2 mL 80% and 2 mL 40% gradient (PureSperm
40 and 80, Nidacon, Sweden), centrifugation at 300g for 20 min,
pellet resuspension in 5 mL of PureSperm Wash (Nidacon, Sweden),
and subsequent centrifugation at 500g for 10 min. The pellet was
retained in a low volume of PureSperm Wash containing highly motile
spermatozoa (referred to here as “processed semen”) and was used in
further evaluation.
2.2.3. Semen Assessment. Raw semen, processed semen, and
semen treated with buﬀer only or CO in buﬀer (0.1, 0.25, and 0.5% in
semen) were analyzed microscopically by pipetting 6 μL of the sample
in prewarmed Leja counting chamber slides (20 μm, 2 chambers,
Netherlands). Subsequently, the semen was assessed via a clinical
ECLIPSE 50i microscope (Nikon, Japan) equipped with stage heater
MS 100 (37 °C, Linkam, U.K.) and charge coupled device IDS
camera UI-1540LE-M-HQ (Germany) and connected to CASA
software QualiSperm (v3.0.9.486, AKYmed, Switzerland). The total
magniﬁcation was 5×, using a 10× objective and a 0.5× camera. Five
ﬁelds were measured in 2 chambers (n = 10), and a mean ± SD was
generated. The frame rate was set to 25 frames/s. The following
parameters were recorded: sperm concentration [106/mL], progressive motility [%] (Class A, sperm that move forward with a speed
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per sample were analyzed using the FL-2 channel (575 nm BP ﬁlter).
The measurement of four semen samples was conducted.
2.2.7. In Vitro ROS/RNA Assay. After dilution by SEB (pH 7.5) to
32 × 106/mL, both raw and processed semen samples were mixed
with SEB only (control vial) and CO in SEB (reaction vial) to acquire
sperm and CO concentrations of 16 × 106/mL and 0.5% in 200 μL
total volume, respectively. After an incubation of 30 min at 37 °C, a
commercial OxiSelect In Vitro ROS/RNA Assay Kit (Cell Biolabs,
USA) was used to analyze ROS production, in which the reaction
product, 2,7-dichlorodihydroﬂuorescein, ﬂuoresces proportionally to
the ROS level in the sample. Samples were homogenized (D1000
Homogenizer, Benchmark Scientiﬁc, USA) three times on ice for 15 s
and then centrifuged at 10 000g and 0 °C for 5 min. Three aliquots of
each sample (50 μL) were transferred to a 96-well plate (black, clear
bottom, Corning), and 50 μL of catalyst was added. Samples were
incubated for 5 min on a shaker at room temperature, followed by
incubation of 30 min after addition of 100 μL of DCFH solution in
the dark at room temperature, reaching a ﬁnal sperm concentration of
4 × 106/mL. Fluorescence was measured at 480 nm excitation (12 nm
excitation bandwidth) and 530 nm emission using a Varioskan Lux
connected to SkanIT software 4.1 (Thermo Scientiﬁc, USA). Each
well was read 9 times from the bottom followed by calculating an
average value. For calibration, 2,7-dichlorodihydroﬂuorescein solutions of 1−10 000 nM were used. Hydroxy peroxide (H2O2, 50 mM)
served as a positive control to validate the sensitivity of the test kit.
Four semen samples were analyzed in triplicate.
2.2.8. Sperm Chromatin Structure Assay (SCSA). Sperm
chromatin structure assays measure the susceptibility of sperm
chromatin to DNA denaturation in situ. The DNA fragmentation
index (% DFI, in toxicology studies known as COMPαt), mean of αt
(Xαt), and standard deviation of αt (SDαt) were obtained by
following a modiﬁed version of a previously published method.39 DFI
represents the percentage of cells containing damaged DNA (red
ﬂuorescence) and is the most important parameter in SCSAs to assess
fertility. The αt was calculated as a ratio of red ﬂuorescence (damaged
DNA) and the total ﬂuorescence, red and green ﬂuorescence
(damaged and healthy DNA, respectively), of a sperm cell.
SEB only (pH 7.5, control vial) and CO in SEB (reaction vial)
were added to 100 μL of semen in a ratio of 1:1 (v/v), resulting in
CO concentrations of 0.1, 0.25, and 0.5% in the total volume of 200
μl. This mixture was incubated for 30 min at 37 °C. Raw semen, SEB
in semen, and CO in semen were sequentially measured via ﬂow
cytometry after dilution with 1× TNE buﬀer (pH 7.4) to 4 million
spermatozoa/mL sample. Then, 100 μL of sperm suspension was
added to 200 μL of acid detergent solution containing 0.1% Triton X100 (pH 1.2). After exactly 30 s, 600 μL of acridine orange (AO)
staining solution (600 μL of 1 mg/mL AO solution added to 100 mL
staining buﬀer of pH 6.0) was pipetted into the solution containing
sperm and Triton X-100 and measured via an Attune NxT acoustic
focusing ﬂow cytometer connected to Attune NxT software v2.2
(Thermo Fisher). The excitation wavelength was 488 nm. Cells with
native double-stranded DNA are collected through green (515−530
nm bandpass) ﬁlters and fragmented single-stranded DNA through
red (630−650 nm) ﬁlters. Each sample was measured in duplicate,
acquiring 10 000 events per measurement. Data were evaluated using
FCSalyzer software.40 Three semen samples of diﬀerent quality were
tested twice, generating two mean values for each sample. DFI of
<15% represented semen with good fertility potential.
2.2.9. Assessment of CO Binding to Spermatozoa. Semen was
treated with ﬂuorescein-5-isothiocyanate (FITC)-labeled CO in SEB
(CO-FITC) to analyze the accumulation of CO in cells. The labeling
of CO was conducted by adding 2 mL of methanol to 2 mL of 4% CO
in 0.1 M lactic acid solution, adjusting the pH to 5.5 by 1 M NaOH,
followed by the addition of FITC in a ratio of 1:50 (1 ﬂuorescein for
every 50 monomers). Next, the sample was shaken for 2 h at room
temperature. CO-FITC was precipitated by addition of 4 volumes of
EtOH and 2 mL of NaOH (2 M), followed by centrifugation at 3000g
for 15 min at 4 °C. The pellet was washed three times with EtOH and
resuspended in 10 mL of endotoxin-free water. After rotor

evaporation, the samples were frozen by liquid nitrogen, lyophilized,
and stored at 4 °C.
Raw semen and processed semen were mixed with SEB only (pH
7.5, control vial) or CO-FITC in SEB (reaction vial) at a 1:1 volumeto-volume ratio (200 μL ﬁnal volume) to reach a ﬁnal CO
concentration of 0.5% and then incubated for 30 min at 37 °C.
Subsequently, the samples were centrifuged at 300g for 20 min,
washed with PureSperm Wash (Nidacon, Sweden), and centrifuged at
500g for 10 min. The pellet was resuspended in 300 μL of ﬁxation
solution, 4% paraformaldehyde in PBS, and analyzed by ﬂow
cytometry. This was performed operating a Gallios ﬂow cytometer
(Beckman Coulter) and under the use of a 488 nm argon laser (15
mW), connected to the Gallios acquisition software. All data were
gated using Kaluza software (Beckman Coulter). A total of 100 000
events per sample were analyzed using the FL-2 channel (575 nm BP
ﬁlter). Three semen samples were applied.
2.2.10. Luminescence ATP Detection Assay. Raw and processed
semen samples were treated twofold with SEB only (pH 7.5, control
vial) or with CO in SEB (reaction vial) at 1.0, 2.0, and 10.0% in a
ratio of 1:1 (100 μL + 100 μL) and incubated for 30 min at 37 °C.
This resulted in CO concentrations of 0.5, 1.0, and 5.0%, respectively,
in semen. After incubation, the two solutions of each treatment or
control were blended and applied in the ATPlite Luminescence Assay
(Perkin Elmer, USA). The assay is based on the ATP reaction with
luciferase, D-luciferin, and oxygen, resulting in oxyluciferin, AMP, PPi,
CO2, and detectable light.
For each blank and standard, three wells were prepared by adding
100 μL of SEB to each well of 96-well culture plates (PerkinElmer),
followed by the addition of 50 μL of cell lysis solution and an orbital
shaking for 5 min at 700 rpm. ATP standards of 2, 4, 6, 8, and 10 μM
were added to prepared wells. Samples treated by SEB only or CO in
SEB and in a quantity of 100 μL were ﬁlled in three wells, then 50 μL
of cell lysis solution was added, and the orbital shaking was repeated.
Each solution was mixed with 50 μL of lyophilized substrate solution
(diluted in ATPlite buﬀer) and shaken as described before. The plate
was kept in the microplate plate reader Varioskan LUX (Thermo
Fisher Scientiﬁc) in darkness for 10 min to reduce phosphorescence
background noise and then read for luminescence. It was measured
over 1 s for each well while using the reader′s dynamic range selection
features. In the ﬁrst assay, the luminescence spectrum was measured
for all samples, and an emission maximum of 561 nm was obtained,
identical to the value found in procedure descriptions of ATP
bioluminescence assays (Roche, Germany). Blank corrected results
were acquired by the use of SkanIt software 4.1 (v4.1.0.43, Thermo
Fisher Scientiﬁc). The average ATP concentration of 10 semen
samples was calculated as pmol/106 spermatozoa and presented as a
normalized ATP content.
2.2.11. Statistics. Statistical tests were conducted using GraphPad
software Prism 7. Ordinary one-way ANOVA and two-way ANOVA
were used to calculate signiﬁcances, respectively. In each case,
Tukey′s multiple comparison test was run. Statistical signiﬁcance was
assumed when the above tests returned a p-value < 0.05. Pearson
correlation has been used to acquire R-squared correlation coeﬃcient
(r) and two-tailed P values.

3. RESULTS AND DISCUSSION
3.1. Oligo-Chitosan Properties. A commercial CO was
selected for its high deacetylation degree and low molecular
weight (Figures S2/S3), which entailed possible strong
interactions with spermatozoa. In addition, COs exhibit
aqueous solubility (Figure S4) that was independent of the
pH and buﬀer system used within this study. The characterization of CO by mass spectrometry resulted in low signal
intensities (Figure S5). However, peaks at 341.4, 363.4, and
379.4 m/z or 502.3, 524.3, and 540.3 m/z corresponding to
the dimer (GlcN)2 or trimer (GlcN)3 with H, Na, and K
adducts could be identiﬁed. Higher peaks at 367.4, 528.3, and
689.1 m/z indicate modiﬁed oligo-chitosans in the product.
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We found no signals for completely or partially N-acetylated
oligo-chitosan. The highest peak at 273.4 m/z is linked to the
matrix. NMR and MALDI-TOF MS spectra revealed
impurities such as 2-propanol, most likely resulting from the
production process. The CO powder used was found to
contain 8.9% (w:w) of water (Figure S6). The full list of
properties of the CO used in this study is provided in Table 2.

directly after mixing (0 minutes), with no or marginal further
eﬀect 30 minutes later. The eﬀect of these solutions is probably
due to their low osmolality (<150 mOsm)43 and pH value44
(Table 2). These ﬁndings are in agreement with those of
Schäfer-Somi and Aurich,45 showing that PBS has the potential
to signiﬁcantly decrease the motility parameters of canine
spermatozoa. To better evaluate the eﬀect of chitosan and not
the buﬀer, we thus created a buﬀer system (SEB) better
mimicking semen characteristics in terms of pH and osmolality
(pH 7.5, 300 mOsm/kg H2O). As expected, SEB led to a
smaller decrease in spermatozoa kinematics values (Figure 1).
It is noteworthy that COs are the only nonmodiﬁed chitosans
that are soluble in neutral pH and as such the only chitosan
that can be accurately tested in sperm-compatible buﬀer. An
acetate buﬀer at pH 4, which is typically used to dissolve larger
chitosans, would by itself be spermicidal.43,44 Possible
synergistic eﬀects between a spermicidal buﬀer and the
chitosans would make conclusions regarding chitosans toxicity
diﬃcult to draw.
Since changes in pH aﬀect spermatozoa kinematic
parameters,44 we systematically measured the pH change of
raw sperm upon addition of SEB with or without CO (Table
S2). All measured pH values (7.21−8.44) were above the
critical limit of 7.2, set by the WHO,36 and within the range
previously found optimal for motility and progressive motility,
between pH 7.2 and 8.2,44 suggesting that any eﬀect observed
in this study is unlikely to be attributed to pH.
3.3. CO Impact Sperm Velocity but Not Progressive
Motility nor Motility. Because the motility of spermatozoa
depends on cell functions (mitochondrial membrane potential,
transformation and energy expense produced via mitochondria
oxidative pathways, etc.) and deﬁnes their capacity to fertilize
the egg, it is considered as the most sensitive detector of sperm
cytotoxic eﬀects.46,47 Moreover, the average path velocity is an
essential predictor of pregnancy outcomes.48 Eﬀects of CO
dissolved in SEB (pH 7.5) on spermatozoa progressive
motility, motility, and average path velocity relative to the
eﬀect of SEB only are shown in Figure 2. We tested
concentrations of up to 0.5% (5 mg/mL), which exceed the
IC50 levels previously reported for CS,15 and are comparable to
concentrations used in mice sperm abnormality tests (CO of
1.86 kDa, 85% DD).14
We found no substantial changes in progressive motility and
motility for spermatozoa exposed to CO concentrations of
0.1−0.5% (Figure 2A,B). However, spermatozoa in contact
with 0.25 and 0.5% CO had signiﬁcantly reduced their velocity.

Table 2. Characterization of COd
parameter
degree of deacetylation
weight-average
molecular weight
number-average
molecular weight
polydispersity
viscosity

manufacturer
speciﬁcation

this study

>75%
<5 kDa

78%
1.4 kDa (±0.7%)

NA

0.9 kDa (±2.2%)
1.5 (±2.6%)
1.1 mPa/s (1%, SEB)

solubility

NA
1.1 mPa/s (1%,
water)
3.0−7.0
93.8%
<1%
<2%
<0.5%
<40 ppm
<0.2 ppm
<0.5 ppm
<0.5 ppm
<1000 CFU/g
substance
<100 CFU/g
substance
NA

impurities

NA

pH
dry matter
ash
insolubles
protein
Pb
Hg
Cd
As
total bacterial count
yeast + mold

2.5−7.5
91.1% (Figure S5)
3.3%
NA
NA
NA
NA
NA
NA
NA
NA
H2O, PBS, 0.1 M SEB,
0.1 M LACa, 0.1 M HAcb,
0.2 M NaClc
2-propanol

a

LAC, lactic acid solution. bHAc, acetic acid solution. cNaCl, sodium
chloride solution. dNA, not analyzed.

3.2. Buﬀer System Dependency of Spermatozoa
Kinematics. Spermatozoa kinematic characteristics are
known to be very sensitive to environmental factors such as
pH41 and ionic strength. We thus set out to test the eﬀect of
H2O and PBS adjusted to pH 5.5, two solutions used to
dissolve CO in other studies.42 These solutions without
chitosans showed a remarkable eﬀect on the progressive
motility, motility, and velocity of spermatozoa (Figure 1)

Figure 1. Buﬀer impact on selected spermatozoa kinematic parameters. Variation in progressive motility (A), motility (B), and velocity (C) of
spermatozoa after 0 and 30 min incubation with H2O, PBS, or SEB, relative to untreated raw semen. Asterisks indicate signiﬁcances among
treatments: *p < 0.05 and **p < 0.01. n = 4 or 8 semen samples.
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Figure 2. Eﬀect of CO on selected kinematic parameters of spermatozoa. Variation in the progressive motility (A), motility (B), and velocity (C)
measured for semen treated with CO in SEB after 0 and 30 min of incubation at 37 °C, relative to semen treated with SEB only. Asterisks indicate
signiﬁcant diﬀerences among treatments: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. n = 8 semen samples.

Figure 3. Correlation between the initial progressive motility, motility, and velocity of spermatozoa and the variation (Δ%) in progressive motility,
motility and velocity of spermatozoa after aging or treatments. The initial sperm kinematic parameters are plotted against the percentage change of
kinematic parameters for raw semen aged over 30 min of incubation (A1−A3), the percentage change of kinematic parameters for raw semen after
addition of SEB only and incubation of 30 min (B1−B3), and the percentage change of kinematic parameters for raw semen exposed to CO at 0.1,
0.25, and 0.5% in SEB and after incubation of 30 min (C1−C3).

The eﬀect of CO on velocity was concentration-dependent
(Figure S7), with no signiﬁcant reduction in velocity in 0.1%
CO compared to SEB only and the magnitude of the reduction
increasing from 0.25 to 0.5%, reaching a −51.4% reduction
when incubated with 0.5% CO for 30 min (Figure 2C). As
with the eﬀect of SEB only, the changes in spermatozoa
kinematic characteristics occurred quickly after contact with
the CO (0 min, Figure S7), since there was no signiﬁcant
diﬀerence in kinematic parameters between 0 and 30 min
(Figure 2).
The results of Figure 2 were obtained by testing eight
diﬀerent sperm samples, which naturally vary in their kinematic
parameters of spermatozoa. Although we reduced variability in

sperm quality by setting an acceptable lower limit for each
kinematic parameter, one could wonder whether the eﬀect of
CO on sperm is dependent on the initial characteristics of the
sperm. Indeed, lower than average kinematic parameter values
could suggest that spermatozoa are less robust and more prone
to perturbation. We thus plotted the correlation graphs
between the eﬀect of CO in SEB, SEB only, and aging of
raw semen over 30 minutes versus initial sperm kinematic
parameters (Figure 3). We found a signiﬁcant correlation
between the initial motility and progressive motility of
spermatozoa and the variation in kinematic parameters after
aging and after exposure to SEB only. These correlations were
reﬂected by the coeﬃcients of determination (R2), the
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Figure 4. Flow cytometry of SEB and 0.5% CO-FITC in SEB-treated raw and processed semen samples. The ﬂuorescence intensity is demonstrated
for raw semen (A) treated with SEB only (black) and CO-FITC in SEB (blue) and for processed semen (B) treated with SEB (black) and COFITC in SEB (blue). (C) Cell percentage of populations I and II. Samples of diﬀerent donors are colored for distinction. n = 3 semen samples.

Figure 5. Percentage count of normal spermatozoa in raw semen and semen treated with SEB only and CO in SEB. Eight semen samples either
untreated or diluted in SEB or CO in SEB (30 min, 37 °C) were assessed twice (2 × 200 spermatozoa), and the mean values are displayed as
symbols. Semen treated with CO in SEB contained CO concentrations of 0.1% (A), 0.25% (B), or 0.50% (C). Normal (a) and abnormal (b−h)
spermatozoa, the following selected abnormalities were, for instance, observed in the samples assessed: double tail (b), coiled tail and bent neck (c),
immature germ cell (d), looped tail (e), double head (f), excess residual cytoplasm (g), and elongated postacrosomal region or tapered, pyriform
head (h).

correlation coeﬃcients (r), and the two-tailed P values, listed
in Table S3. However, the eﬀect of CO was not correlated to
initial kinematic parameters of the sperm. This implies that the
eﬀect of CO on sperm velocity is likely not biased by our
selection of sperm sample.
Although we demonstrate that CO decreased the velocity of
sperm, we do not consider CO as cytotoxic. Indeed, the
spermatozoa are nevertheless motile and would most likely be
able to enter the cervix. However, since the sperm
concentration in cervical mucus is highly dependent on the
spermatozoa concentration, motility, progressive motility, and
velocity, the deceleration of spermatozoa by CO might lower

the sperm concentration in cervical mucus, which would
negatively impact fertility.
3.4. CO Accumulates in or on Spermatozoa. The eﬀect
of CO on spermatozoa could be a direct interaction between
the CO and the spermatozoa surface or internal components.
It could also be due to an alteration of the seminal plasma
properties. We thus investigated whether the CO interacts with
the spermatozoa in the conditions used in this study. We
exposed the ﬂuorescent CO derivative (CO-FITC) dissolved
in SEB to sperm and to sperm processed to remove immotile,
defective, and dead spermatozoa and nonspermatozoal cells
typically observed in raw semen.54 We then detected the
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possible resulting ﬂuorescence of the spermatozoa by ﬂow
cytometry.
We observed a sharp, repeatable separation of peaks for
samples treated with SEB only or CO-FITC in SEB (Figure 4).
SEB-treated samples showed no ﬂuorescence. Raw semen
treated with CO-FITC exhibited a bimodal distribution of the
CO-FITC uptake (Figure 4A). Two populations were detected
having high (I) and low (II) ﬂuorescence, compared to COFITC-treated processed semen showing one ﬂuorescent
population (Figure 4B). Populations I and II consist of 71.57
or 28.05% cells (Figure 4C), respectively, considering three
diﬀerent semen samples. This demonstrated CO accumulation
in or on spermatozoa.
The capacity of CS to interact with cells is very much
dependent on the charge of the molecule. With high
deacetylation degree of the CO tested here, the molecule
can bear many positive charges at acidic pH. At the pH of 7.5
of the SEB and assuming that the pKa is 6.6 for the amine
group of CO, about 70% of the amine groups will be neutral,
while 30% will be positively charged. For a CO of 8 monomers,
that still leaves 2 to 3 charged groups which would likely
interact with the negatively charged cell membrane and
glycocalyx around the spermatozoa. We next investigated
whether key parameters of spermicidal activity were aﬀected by
the interaction of CO with spermatozoa evidenced here.
3.5. CO Does Not Alter Sperm Morphology. Human
semen typically contains a majority of spermatozoa with
various malformations. Depending on the type of abnormality,
such spermatozoa can exhibit lower fertilization potential and
show abnormal DNA.49 Spermicidal agents and other toxic
molecules can drastically aﬀect the morphology of the sperm,
thereby increasing the proportion of abnormal spermatozoa.50
We thus measured the proportions of normal and abnormal
spermatozoa in raw semen and in semen treated with SEB only
or CO in SEB (Figure 5). CO in SEB at concentrations of 0.1−
0.5% had no signiﬁcant eﬀect on the spermatozoa morphology,
which correlates with what was found for mice spermatozoa
(CO of 1.86 kDa, 85% DD).14 This is, however, in contrast to
the study published by Chen, Ding, and Liu,22 which
demonstrated signiﬁcant increase in deformed spermatozoa
by exposure to the gel of undeﬁned CS. In their hands, defects
of tails signiﬁcantly increased (+647.1%, p < 0.001), whereas
the head (−33.9%, p < 0.001) and midpiece (−18.4%) defects
decreased in number.
3.6. CO Does Not Impair the Integrity of the
Spermatozoa Plasma Membrane. The integrity of plasma
membranes plays a pivotal role in the spermatozoa’s survival,
capacitation, acrosome reaction, and binding to egg surfaces.
Altered plasma membranes are linked to implantation
disorders (in vitro fertilization), miscarriages, and low
fertility.51,52 Since we show that COs interact and perhaps
accumulate in spermatozoa and since COs have been reported
to interact with cell membranes,53 we next tested the impact of
CO on the integrity of the spermatozoa plasma membrane. In
addition to raw semen, we also tested semen enriched in highly
motile spermatozoa with intact plasma membrane (processed
semen) to lower the background signal originating from
spermatozoa and other cell types with damaged membranes
typically found in raw semen. 54 Since the low CO
concentrations of 0.1 and 0.25% showed no considerable
eﬀect on kinematic parameters, we focused our further
measurements on CO at a concentration of 0.5%.

As shown in Figure 6, there was no signiﬁcant change in the
proportion of PI-positive cells in raw and processed semen

Figure 6. Proportion of membrane-compromised cells (PI-positive)
in raw and processed semen samples treated with SEB only or CO in
SEB. The treatment was conducted for 30 min at 37 °C. Each color
represents a donor. n = 4 semen samples.

samples after exposure to CO, although average values
decreased. However, as expected, the percentage of PI-positive
cells was higher in raw semen compared to processed semen
containing extracted highly motile spermatozoa (Figure 6).
Although the positively charged CSs are prone to interact with
the negatively charged phospholipids of the membrane and
other negatively charged membrane glycoproteins,54 CSs have
also shown more protective eﬀects on the membrane, for
instance, by reducing lactate dehydrogenase eﬄux as a function
of the pH value of CS solutions53 or by preventing the
oxidation of membrane phospholipids and membrane-bound
protein-SH groups from ROS by its free radical quenching
capability.55
3.7. CO Does Not Induce ROS/RNA Production in
Spermatozoa. Excessive ROS generation (e.g., hydroxyl ion,
superoxide ion, nitric oxide, peroxyl, lipid peroxyl, hydrogen
peroxide, singlet oxygen, lipid peroxide, ozone) in semen is
linked with loss of male fertility56 due to induction of plasma
membrane integrity loss by lipid peroxidation, mitochondrial
dysfunction, and DNA damage.57 High ROS can deplete ATP
levels in human spermatozoa61 and aﬀect the activity of the
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase.62 Further, a negative correlation between the ROS
concentration and the velocity was observed.58 We thus
measured ROS production in raw and processed semen
samples without or with CO treatment and used H2O2induced ROS generation in spermatozoa as a positive
control.60 While ROS concentration was signiﬁcantly increased
by H2O2 treatment in both raw and processed semen samples,
CO had no signiﬁcant eﬀect on the ROS production by
spermatozoa (Figure 7). The average ROS level was slightly
decreased (−14.6 and −27.1%) by CO application in raw or
processed semen, respectively.
In one exceptional case, while the raw semen sample showed
low ROS production, the values were higher for the processed
semen. This could have been induced by repeated
centrifugation and the washing step during the extraction of
motile spermatozoa, promoting the release of ROS. Nevertheless, even with the values shifted upward, there was no
eﬀect of CO in SEB on ROS production in processed semen
compared to the treatment by SEB.
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Figure 7. ROS production in semen and motile spermatozoa. Phase contrast microscopy of raw semen (A) and processed semen (B). The ROS
concentration in raw and processed semen 30 min after exposure to SEB, CO in SEB, and H2O2 in SEB at 37 °C is also shown. Donors are
diﬀerentiated by coloring plotted symbols. Shown are the values of a threefold measurement. Asterisks indicate signiﬁcant diﬀerences among
treatments: ***p < 0.001 and ****p < 0.0001. n = 4 semen samples.

Figure 8. DNA integrity of raw semen and raw semen treated with SEB only or CO in SEB. In (A), the x-axis relates to single-stranded DNA (red
ﬂuorescence) and the y-axis to double-stranded DNA (green ﬂuorescence). The gated cytogram of raw semen is displayed (A). Debris and cells
such as leucocytes were excluded in cytograms before gating of spermatozoa. B, C, and D show the two mean values for DFI, Xαt, and SDαt,
respectively, of three semen samples. Measurements of two aliquots are presented as one mean value. The samples are color diﬀerentiated.

As presented by Cho, Shi, and Borgens,53 there are a few
lines of evidence that CS can block the generation of ROS. For
instance, they showed in damaged spinal cords with oxidative
stress that a 0.1% solution of CS suppressed ROS production,
in particular, the superoxide level, and a 0.2% CS solution
suppressed lipid peroxidation. This is likely caused by a

restructuring of the plasma and mitochondrial membrane.53
These results contrast with observations of Sarangapani, Patil,
Ngeow, Elsa Mohan, Asundi, and Lang,59 who showed that the
relative amount of ROS (low-molecular-weight CS, 85% DD)
produced by acute lymphoblastic leukemia cells increased with
increasing CS concentrations.
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Table 3. DNA Fragmentation Index (DFI) of Spermatozoa Treated by Spermicides and Chitosan Oligosaccharide
conditions
material

T
(°C)

DFI %

time

method

untreated

CO
leaf extracta

37

30 min
≤48 h

SCSA assay
TUNEL assay

6.2−14.3

plant root
extractb
nonoxynol-9
Platycodin Dc
TDBAFd

RT

20 s

Fluorescence/bright-ﬁeld microscopy

11.8

RT
RT
37

20 s
30 s
10 min

Fluorescence/bright-ﬁeld microscopy
Comet assay
TUNEL assay
DNA isolation/enzymatic-radioisotopic
assay

11.8
22.4 FUe

treated

reference

5.2−13.5
no eﬀect at 10−50 μg/mL; eﬀect after 17 h at
200−300 μg/mL
12.0

this study
63

12.3
no eﬀect
29.5 FU
no eﬀect

64
50
65

64

a

Methanolic extract from Cestrum parqui. bWater extract from Polygala tenuifolia Willd. cSaponin from Platycodon grandiﬂorum. dTetradecyldimethyl-benzyl-ammonium ﬂuoride. eFluorescence unit.

Figure 9. Production of ATP in spermatozoa in raw and processed semen samples treated with SEB only or CO in SEB. The normalized ATP
produced by spermatozoa of raw semen (A) or processed semen (B) is demonstrated. Asterisks indicate signiﬁcant diﬀerences among treatments:
*p < 0.05 and ****p < 0.0001. n = 10 semen samples.

3.8. CO Does Not Aﬀect Spermatozoa Chromatin
Integrity. The DNA damage is a contributory factor to
apoptosis, poor fertilization rate, high frequency of miscarriage,
and morbidity in oﬀspring and is associated with high ROS
levels.60 Since CSs are able to form polyelectrolyte complexes
with DNA, which has been used for gene delivery,61 we
hypothesized that it could interact with the DNA inside the
spermatozoa. We thus investigated the impact of CO on
spermatozoa′s DNA integrity. Only raw semen was tested
since the acridine orange ﬂow cytometric assay excludes debris
and nonsperm cells. The DNA fragmentation index (DFI)
values are deduced from gated cytograms, and the gating
strategy is presented in Figure 8A. The mean and standard
deviation values of αt were calculated from the ﬂuorescence
signal intensity. Data for three semen samples are demonstrated in Figure 8B−D.
Exposure of spermatozoa to 0.1−0.5% CO in SEB did not
lead to a signiﬁcant increase in any parameter (DFI, SDαt, or
Xαt) as compared to SEB only or raw semen. There were
variations between semen samples, likely due to diﬀerences in
sperm characteristics, but the results were consistent within
samples. The mean DFI values for all samples were under the
threshold value of 15%,62 which suggests that the spermatozoa
would have preserved their fertility after exposure to CO
(Figure 8), since DFI values are well correlated with pregnancy
outcomes.30 Interestingly, spermicides do not typically lead to
a high increase of measurable DNA damages at the applied
concentrations (Table 3), since they often work in much more

acute ways such as by destabilizing the plasma membrane. In
these experiments, the COs did not destabilize the membrane
and could potentially have accumulated in the cells and
damaged the DNA. However, this is not what we observed for
CO at the applied concentrations. Thus, CO does not seem to
either directly damage DNA or induce the production of ROS
that could lead to DNA damages (Figure 7).
3.9. CO Decreases ATP Production. ATP is essential for
sperm diﬀerentiation, maturation, capacitation, acrosome
reaction, and particularly for sperm motion. It was shown on
mice that animals with higher ATP production swam faster.66
It is produced in the head and principal piece by glycolysis and
in the midpiece via oxidative phosphorylation. To evaluate the
eﬀect of CO on the overall ATP production and therewith on
the energy balance, CO was subjected to raw semen and
processed semen in diﬀerent concentrations. Since we
examined decelerations of spermatozoa at 0.5%, we used
0.5% CO as well as CO in higher concentrations up to 5% to
investigate levels of inhibition under extreme conditions.
The addition of 0.5 and 1% CO caused a drop in average
ATP content as compared to untreated semen diluted in SEB
only (Figure 9), although not statistically signiﬁcant. However,
higher CO concentrations of 5% lead to a statistically
signiﬁcant decrease in ATP levels compared to untreated
semen samples in SEB (p = 0.0115, raw semen; p < 0.0001,
processed semen). Although similar results were obtained
between raw and processed semen samples, absolute values of
ATP concentration revealed unsurprisingly higher ATP
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concentration in highly motile spermatozoa in processed
semen compared to raw semen (Figure S8). Interestingly,
exposure of raw semen to 5% CO led in two cases to inhibition
of 100% in ATP production.
If CO is able to penetrate and accumulate in spermatozoa, it
is conceivable that CO disrupts the mitochondrial function and
lower the ATP production, which is well known to be linked to
the spermatozoa′s velocity.67 Indeed, hydrophobic hexanoyl
CS was shown to accumulate in mitochondria11 and CSs have
been shown to interfere with the mitochondrial electron
transfer chain (ETC) proteins.68 Even without entering the
cells, CS could lower glucose availability for glycolysis by
inhibiting seminal plasma α-glucosidase activity,22,69 which
could lead to lower ATP levels. The investigation of the
molecular mechanisms behind CO-mediated decrease in ATP
levels and velocity and how it aﬀects, e.g., the capacitation will
be the object of further studies.
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4. CONCLUSIONS
In this study, we show that in contrast to what is widely
claimed in the literature, chitosans, and speciﬁcally oligochitosans, are not systematically spermicidal. We show that the
CO selected for this study binds to or is internalized by sperm
cells and aﬀects the velocity of spermatozoa in a concentrationdependent manner but leaves all other kinematic parameters
unaﬀected. The CO showed no sign of toxicity to the sperm
function, as illustrated by the absence of morphology
alteration, membrane damage, ROS production, and DNA
damage. However, CO at a high concentration did lower total
ATP levels in spermatozoa, which could explain the decrease in
velocity. Naturally, these results are essential to consider when
designing materials destined to be in contact with the male or
female reproductive tracts. Indeed, the interesting properties of
CO have sparked a broad interest in the development of COcontaining mucoadhesive (nano)particles for vaginal drug
delivery and as part of spermicidal and antimicrobial gels. We
have also recently shown the potential of using CO to
eﬀectively reinforce the barrier properties of mucus.42
Interestingly, sperm cells have been investigated as a possible
model to test for drug-induced cytotoxicity.70 It could thus
very well be that the absence of acute toxicity and the mild
eﬀect on sperm velocity could translate in the context of other
tissues and other applications including in the case of COcontaining tissue engineering constructs, food preservatives,
and crop pest control agents. An ongoing study to better
understand the mechanisms by which CO aﬀects sperm
velocity and whether such eﬀects can be generalized to other
cell systems should help answer these questions.
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