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Abstract

Infertility is a worldwide problem affecting aroud@.5 million couples
in the word, the male factor being responsibleafgproximately the 50% of the
cases, with a high percentage of unknown causesh&breason, improving the
success of In Vitro Fertilization (IVF) techniquesa primordial aim for
researchers working in the reproductive field. Heseusing a mammalian
animal model, the bovine, we present an innovatiwatro fertilization system
that combines the use of a somatic component,gitieedial oviductal cells, and
a carbon-based material, the graphene oxide, iélaim to open new ways in
IVF systems design and application.

Our results show an increase in the IVF outcoméisout harming the
blastocyst developmental rate, as well as high fremtproteomic and lipidomic
profiles of capacitating spermatozoa. Furthermeecompared the
modifications produced by GO with those exertedhg/hormone progesterone,
finding similar functional effects on sperm capatan.

In conclusion, our results stand out the use afrahysiological
material as graphene oxide in a new and innovatnaegy that improves sperm
capacitation, conferring them a higher fertilizo@mnpetence and thus increasing

the in vitro fertilization outcomes.
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1. Introduction

Male infertility is responsible for approximatelyet 50% of infertility cases
affecting the couples, and among them, around @&046 are due to unknown factors
(idiopathic male infertility) [1-3]. For that reasoAssisted Reproductive Technology
(ART) has acquired an enormous importance in ociespsince the birth of the firgh
vitro fertilization (IVF) baby in the world, in 1978. 8eessful fertilizationn vitro can
be achieved performing IVF, in which spermatoz@aa-incubated with the egg, or by
intracytoplasmic sperm injection (ICSI), a moreasive treatment in which one sperm
cell is injected directly into the oocyte. A receaport from the European IVF-
Monitoring (EIM) consortium for the European Sogief Human Reproduction and
Embryology (ESHRE) showed an increase in the ptapoof ICSI (approximately
70% of total fresh cycles) against IVF, althougé #ffectiveness on clinical pregnancy
rates stays around the 26-29% for both treatmditsipwever, the use of ICSI has
been associated with an increased risk of heatlessin mother and children [5,6]. The
essential need of improving the success rates Bhids carried our group into the study
of Graphene Oxide (GO) and its potential benefitsperm capacitation and fertilizing
competence acquisition [7].

GO is a carbon-based material characterized bp@xinary properties [8] that
have received an increasing attention during teeyl@ars due to its interesting
applications, extended for example from its useeteewable energy generation [9,10]
to the biomedical field [11-14]. Moreover, it haglem proposed previously the
possibility that GO could exert a detrimental effec the reproductive function of some
animal models [15-19], in particular when spermatoare exposed to different GO
forms [20—-22]. However, recently our group has eatdd the dose-dependent effects

of GO on boar sperm function, concretely in somenévrelated to capacitationg(,
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the ensemble of events that spermatozoa undeigectume fully fertile), revealing a
low toxicity level and a positive effect on the I\dlatcomes when spermatozoa were
capacitated in the presence of GO at a specificangmation (1 pg/mL) [7]. Since our
results stand out the potential use of GO to imerine fertilization rates in IVF assays,
we adopted in our earlier study an experimentat@pgh in which swine spermatozoa
were incubated under capacitating conditions, exdohg) the effect of GO on
cholesterol extraction from sperm plasma membra8g p key event of sperm
capacitation. After cholesterol extraction, therapenembrane undergoes
physicochemical modifications, increasing the ligidorder and the fluidity and
enabling the fusion between the plasma membrang éPhthe outer acrosome
membrane (OAM). It is interesting to note alsophesence of membrane
microdomains called lipid rafts [24], enriched imotesterol and sphingolipids and
involved in the acquisition of fertilizing abilitgfter their reorganization and
modification of their protein composition, thus meaging the signaling machinery
[25].

In the present study, we moved on to a more phygical system in which
spermatozoa were allowed to interact with the ostidivepithelial cells (OEC). After
mating or artificial insemination, spermatozoa rettee oviduct and quickly bind to the
oviductal epithelial cells (OECs), where they redidr hours to days in the so called
“functional sperm reservoir” [26]. This storageydan important role in sperm
selection [27], maintenance of sperm viability [2&)d prevention of premature
capacitation [29]. Then, after an uncertain penbtime, spermatozoa detach from the
oviduct and continue their way towards the ferditian site. The Binder of Sperm
Proteins (BSP) -1, -3 and 5 incorporated from #raisal plasma may play important

roles in sperm binding to OEC and in the first stepcapacitation by promoting
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cholesterol and phospholipids efflux at the tim&8P removal from the sperm
membrane [30]. It is of note as well the importantthe ovarian steroid hormone
progesterone (P4), naturally present in the fertnatd during the estrous cycle and
which rises its concentration locally within thedwct around the time of ovulation
[31]. P4 can be considered as a sperm releasitgy f&mducing the detachment of
spermatozoa from oviductal epithelial cells in vauad in vitro in many species [32—-35]
and inducing changes not only in the oviductallegitim but also on spermatozoa
[36,37].

The objective of the present study was to elucitteemodifications induced by
GO on bovine spermatozoa after the process of igniti OECs and subsequent release
from these cells using P4 as a physiological pasitontrol [35,38]. By performing this
innovative and complex strategy, we first evaluatexisperm biological function with
an IVF approach. Then, to decipher the modificaiproduced by the GO-induced
release, the sperm membrane in terms of membraidéy| abundance of BSPs and
analysis of lipid rafts composition was analyzesiyell as some sperm intracellular
pathways involved in capacitation signaling. Funthere, we have taken advantage
from the recent advances in mass spectrometrymbuwtion with new bioinformatics
tools that allow the development of global appresdbased on intact cells profiling.
Here, Matrix Assisted Laser Desorption/lonizatiam&-Of Flight (MALDI-TOF)
Mass spectrometry was used directly on isolateths®zoa to obtain peptidoforms
and proteoforms mass fingerprints with a mass rgngater than 2,000 m/z for proteins
and with a weight range lower than 1,200 m/z foids carthography. By using this
phenotyping method (ICM-MS) in the last part ostetudy we moved forward to the

molecular level, to evaluate the changes in thddimic and proteomic profiles from
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the different experimental groups that could helpdst about for some potential
biomarkers of sperm capacitation.

2. Materials and Methods
2.1. Materials

Unless otherwise indicated, all chemicals were Ipased from Merck-Sigma-

Aldrich (Saint Quentin-Fallavier, France).

2.2 Preparation of graphene oxide

Monolayer graphene oxide (GO) was a commercial safmpm Graphenea, San
Sebastian, Spain, fully characterized by elemeamtalysis, X-ray Photoelectron
Spectroscopy (XPS) spectrum and Transmission Bledflicroscopy (TEM). The
concentration of the final dispersion was spectovpimetrically checked by using a
Cary 100-Bio Varian spectrophotometer and the giZgO flakes in the dispersion
were measured at 38.5 °C by Dynamic Laser Lightt&gag (90Plus/BI-MAS

ZetaPlus multiangle particle size analyzer, Broakmalnstruments Corp.).

2.3. Bovine spermatozoa collection and processing

Sperm collection and processing was carried opt@gously described [35,38].
In brief, a pool of frozen semen from three bullsswsed in all the experiments. After
thawing, motile spermatozoa were selected througareoll (GE Healthcare Life
Sciences, Velizy-Villacoublay, France) density gead (90-45%). The sperm pellet
was rinsed and centrifuged at 100 g for 10 minr@peotility was visually estimated
by light microscopy before each experiment and salyples with a sperm motility

>90% were considered in further analyses.

2.4. BOEC collection and co-incubation with bovinespermatozoa
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The experimental design is summarized in Figufeot the sperm-BOEC co-
incubation, different pools of frozen-thawed BOBE&=e used in the various
experiment, as stated earlier [38]. Briefly, botidocts from 5-7 adult cows at peri-
ovulatory stages collected from a local slaughteseovere dissected and BOECs were
gathered by scratching the whole oviducts (ampanidisthmus tracts), pooled and then
rinsed three times in a washing medium (TCM 19%&mented with Gentamicin 10
mg/mL and BSA 0.2%). BOECs were then diluted 1ri@ freezing medium (TCM
199 supplemented with DMSO 10%, Gentamicin 10 mgand FBS 20%), aliquoted
in cryotubes and stored in liquid nitrogen. Forteagperiment, an aliquot of BOECs
was thawed in a water bath at 34°C, transferredarnthawing-washing medium (TCM
199 with FBS 20% and Gentamicin 10 mg/mL), washkéde and cultured in 12 well
plates (TCM 199 with FBS 20% and Gentamicin 10 mg/mfter reaching confluence
(in 6-7 days of culture post-thawing), BOECs wesshed with IVF medium (Tyrode
medium supplemented with 25 mM Bicarbonate, 10 nddtate, 1 mM Pyruvate, 6
mg/mL fatty acid free BSA, 100 IU/mL Penicillin ad@®0 pg/mL Streptomycin) and
bovine spermatozoa were added to the cells aBhdomcentration of 410° sperm
cells/mL in the same IVF medium and under cultureditions (humidified
atmosphere, 5% CO2, 38.8 °C). After 30 min of caulmation with BOECs, unbound
spermatozoa (BOEC group) were collected and the welre washed. The release of
bound spermatozoa from BOECs was then induced dipgd>O (1 pg/mL) to the
culture medium for 1 h. The concentration of GOdus@s previously showed to have
beneficial effects on spermatozoa fertilizing apificquisition [7]. Spermatozoa
released from BOECs by GO action (BOEC-GO groupkwellected by washing
three times with IVF medium. Two control groupsspermatozoa at the same sperm

concentration were run in parallel in each expenimene group in which spermatozoa
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were similarly manipulated without BOEC or GO (CTBtoup) and another group
treated for 1 h GO 1 pg/mL (GO) without BOEC. Moren the ability of GO to induce
the sperm release was compared with that from &t at a concentration of 100
ng/mL (previously reported to be optimal in an earstudy [31]) to induce the sperm
release from BOEC (BOEC-P4 group), as well as amgteeated for 1 h with P4 (100
ng/mL) (P4 group) without BOEC. After every expeeim, the sperm cells-containing
supernatants from the unbound group and the speroemteleased by GO or P4 action
were centrifuged for 10 min at 500g and counted lbgma cell, in order to calculate
the percentage of BOEC-GO spermatozoa and evahasbility of GO to induce the
sperm release from BOECSs. As positive controlsethegre used P4 (100 ng/mL) and
heparin (100 pg/mL), this one previously reporthtiuce the release of ~100% of

spermatozoa attached to BOECs monolayers withiBOEC-HEP spermatozoa)[39].

2.5. In vitro fertilization and embryo culture

Bovine oocytes were collected and matured in \ag@reviously
described [35,40]. Cumulus-oocyte complexes (CQe&se collected from
bovine ovaries by aspirating follicles with a diaereof 2-5 mm. COCs
surrounded by several layers of compact cumulds e&re selected and
washed three times in HEPES-buffered TCM199. Graia® COCs were then
transferred into four-well dishes (Nunc, Roskiddenmark) and allowed to
mature for 22 h in 500 pL of TCM199 supplementethw&GF (10 ng/mL),
IGF-1 (19 ng/mL), FGF (2.2 ng/mL), hCG (5 IU/mLMSG (10 Ul/mL),
insulin (5 pg/mL), transferrin (5 ug/mL), seleniying/mL), L-cystein (90
png/mL), beta-mercaptoethanol (0.1 mM), ascorbid &b pg/mL), glycine
(720 pg/mL), glutamine (0.1 mg/mL) and pyruvateqQJdg/mL) at 38.8°C in a

humidified atmosphere with 5% GAt the end of the maturation, COCs were
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washed three times in IVF-medium before being texnsd in groups of 30-50 oocytes

into four-well dishes for insemination.

Spermatozoa and BOECs were prepared and co-inclbstgescribed above.
After the co-incubation, BOECs were washed threesi with IVF- medium and then
the sperm release was induced by incubating with(G@wg/mL) or P4 (100 ng/mL)
during 1h (BOEC-GO and BOE®4 group, respectively). As a control group,
spermatozoa were incubated at a final concentrafidx 10 spermatozoa/mL in IVF-
medium and manipulated by pipetting as the otleatéd groups and in parallel. The
cell supernatant and washing medium from the texgerimental groups were
centrifuged for 10 min at 100 g before the co-iratidn with the oocytes. After
determining the sperm concentrations with a Thoetlla gperm cells at a final
concentration of 1xmL were co-incubated with the in vitro matured ytes at
38.8°C in 500 pl of IVF-medium containing 10 pgtmeiparin in a humidified

atmosphere with 5% GO

Twenty-two hours post-insemination (pi), presumgtrygotes were washed
three times in synthetic oviductal fluid [41] taweve cumulus cells and attached
spermatozoa. Zygotes were then cultured in 25 pphslof SOF supplemented with 5
% heat-treated FCS and overlaid with 700 pL of maheil. Zygotes were incubated for

8 days at 38.8°C in a humidified atmosphere comtgif% Q, 5% CQ and 90% M.

Cleavage rates were determined on Day 2 pi. Blgstoates at Days 7 and 8
were determined as percentages of cleaved embngblsadching rate at Day 8 as

percentage of blastocysts at Day 8.

2.6. Evaluation of sperm membrane fluidity by fluoescence recovery after

photobleaching (FRAP) analysis
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Due to the need of analysing live spermatozoaverg short length of time,
only CTRL, BOEC-GO and BOEC-P4 groups were analySBAP experiments were
performed as previously described [38,42]. Briethe lipophilic fluorescent molecule
DilC12(3) perchlorate (ENZ-52206, Enzo Lieiences, USA) was added (1:1000) for
the last 15 min of the sperm-BOEC co-incubatiorleRsed spermatozoa were then
collected and FRAP was carried out within 60 mieratollection with a laser-scanning
confocal microscope LSM780 (Zeiss, Oberkochen, Gegnwith the following
acquisition parameters: Plan Apo 63X oil objectivemerical aperture 1.4; zoom 4.2; 1
airy unit; 1 picture every 0.230 sec; fluorescebleaching and recovery performed at
Aexc =561 nm ang@lem = 595 nm with one scan for basal fluorescencerdeat 2.4%
of the maximum laser power, osean at 100% laser power for bleaching, and 23ssca
for monitoring recovery at 2.4% of the maximum lgsewer. Recovery curves were
obtained and analysed using the sSimFRAP plug-ifriioptmageJ

(https://imagej.nih.gov/ij/plugins/sim-frap/indexat, 03/25/2019) [43]. The parameters

set were the following: pixel siZ2109 pm acquisition time per fram@.095 secThe
results are expressed as diffusion coefficient{sac). Six independent experiments
werecarried out, with an average of 15 spermatozoayaedlper condition and per

replicate.
2.7. Evaluation by Western blot of BSP abundance ospermatozoa

Previous studies using the same in vilystem showed that only sperm heads
with intact acrosome did bind to the surface of EE3E35]. In order to reject the
hypothesis whereby the release of bound spermatoz& was due to the loss of
their acrosome, the integrity of acrosomes in tEB-GO and CTRL groups was
evaluated using a double staining with PNA (Pe#@wmglutinin lectin) and Hoechst

33342 followed by examination under confocal micogsy. Acrosomes were found to
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be intact in more than 90% of spermatozoa in batkigs (data not shown). For
Western-Blot analyses, spermatozoa from all theex@ntal groups were collected
and immediately washed twice in PBS and centrifugfe2D00 g for 3 min before
protein extraction. Samples were then diluted sislypuffer (2% SDS in 10 mM Tris,
pH 6.8) with a protease inhibitor cocktail and céagjed (15000 g for 10 min, 4°C) to
separate the protein-rich supernatant from theileeltlebris. The concentration in
proteins was assessed in sperm supernatants bsitdptima BC Assay kit (Interchim,
Montlugon, France) before dilution in loading buffeaemmli buffer 5X) and heating
(90°C for 5 min). Sperm samples extracts were rtegrél0 pg of proteins per lane) on
a SDS-PAGE 4-15% gradient gel (Mini-PROTEAN® TGX™™fast Protein Gels,
BioRad) and blotted on a nitrocellulose membraneguthe Trans-Blot® TurboTM
Transfer System (BioRad, Marnes-la-Coquette, Fhaddee membranes were stained
with Ponceau S solution (5 min at room temperatgeetle shaking) and scanned with
Image Scanner (Amersham Biosciences, GE Healthdfr&ciences) to check the
homogeneous loading among lanes and for normalizéiee below). Membranes were
blocked in 5% (w/v) milk powder diluted in TBS-Tr{$-buffered saline with 1% (v/v)
Tween20) for 1h and then incubated with the prinaarybody diluted at 1:1000 (gentle
shaking, 4°C, overnight). Anti-sera against pudifimvine BSP-1, BSP-3 and BSP-5
proteins were kindly provided by Dr. Manjunath (Begment of Biochemistry and
Medicine, Faculty of Medicine, University of Mon#ig and antibodies were purified
with the Melon Gel IgG spin purification kit (Theorisher Scientific, City, Country),
following the supplier’s instructions. Blots weiiadlly incubated with fluorescent
secondary antibody IRDye® 800CW anti-Rabbit Ig@ntly shaking, 37°C, darkness,

45 min) diluted at 1:10000 before revelation witfrared scanner Odyssey® CLx (LI-
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COR Biotechnology, Lincoln, USA). At least threeloigical replicates were performed

for each antibody and each condition.

2.8. Evaluation by Western blot of sperm Ser/Thr pbsphorylation by PKA

and protein tyrosine phosphorylation

To evaluate PKA activity and tyrosine phosphorgat{pTyr), spermatozoa
were diluted in Laemmli buffer 5X, heated (100°Gni) and centrifuged (15000 g for
10 min at 4°C). The protein rich supernatant wasuseged from the cell debris and 1 puL
of B-Mercaptoethanol (v/v) was added to each samplen;Téperm protein extracts
without prior quantification were migrated and béak as stated above. After staining
with Ponceau S solution and scanning, the membraaesblocked for 1 h in 5% (w/v)
milk powder diluted in TBS-T and incubated withigohospho-PKA antibody
(Phospho-PKA Substrate (RRXS*/T*), dilution 1:100R@bbit mAb, Cell Signaling,
Leiden, The Netherlands) in 5% (w/v) BSA in TBSgeNtly shaking, 4°C, overnight).
This antibody detects peptides and proteins coinigiiza phospho-Ser/Thr residue with
arginine at the —3 and -2 positions. In this wais possible to evaluate the quantity of
Ser/Thr phosphorylated residues, as well as threase of protein tyrosine
phosphorylation, giving information about the aation of PKA enzymeAfter
washing, the membranes were incubated with secgradirrabbit HRP (1:5000)
antibody for 1 h. The peroxidase was revealed usiaglarity™ Western ECL
Blotting Substrates kit from BioRad and the imadiggtized with a cooled CCD
camera (ImageMaster VDS-CL, Amersham Biosciencé&sH@althCare Lifesciences,
Pittsburgh, PA). Tyrosine phosphorylation was assg@®n the same membranes by
stripping the previous antibodies (Stripping sauatcontaining3-mercaptoethanol 43
mM, SDS 1%, Tris HCL 62.5 mM, pH 6.7) at 60°C fadn.1After washing, the

membranes were blocked in 20% (w/v) bovine getafwv) in TBS-T for 1 h and
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incubated with anti-pTyr antibody (Clone 4G10, tda 1:10000, Mouse mAb, Merck
Millipore, USA) in PBS-T for 90 min. After washirggain, the membranes were finally
incubated with the secondary anti-Mouse HRP (1:5@@@body for 1h and revealed as
described previously in this section. At least ¢hiblogical replicates were performed

for each antibody and each condition.

2.9. Quantification of Western Blot data

To normalize the data, Ponceau S staining was aseaateviously described
[44]. Briefly, the whole lanes were quantified bgnditometry using the TotalLab
Quant software (version 11.4,TotalLab, Newcastlenupyne, UK). Protein signals
were analyzed by Image Studio™ software (LI-CORt&tinology, Lincoln, USA) in
the case of fluorescent detection (BSP) and witlalLab Quant software in the case of
chemiluminescence detection (PKA and pTyr). Thaltoands were quantified

afterwards using ImageQuantTL (GE Healthcare Lifest®es).

2.10. Statistical analysis of IVF, Western-blot andFRAP data

For statistical analysis, GraphPad Prism 6 SoftWlaaeJolla, CA, USA) was
used. Western-blot data were first normalized aggdouge-Ponceau and then BSP
data were normalized against the CTRL group (camsitlat 100%). All data were first
subjected to normality test (D’Agostino-Pearson doas and Shaphiro-Wilk tests). As
Western-blot and FRAP data did not follow a noruatiatribution, differences between
groups were analyzed by the non- parametric Kragkallis’ test followed by Dunn’s

multiple comparisons tests.

For IVF analysis, the cleavage rates at Day 2 pewalculated from the total
number of COCs. The blastocysts rates at Days Baadd hatching rates at Day 8

were calculated from the total number of cleavethsws. Since the system we

[Escriba aqui]



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

14

analyzed is characterized by a high intrinsic kgatal variability, we decided to
normalize the data with the CTRL, thus we expressedesults obtained in treatment
groups as delta % with respect to the CTRL. Thesrat development and relative
changes between groups were compared by ANOVAJelithy Holm-Sidak's

multiple comparisons tests (CTR& BOEC-P4 and CTRks. BOEC-GO). .

Differences were considered statistically significalhen p<0.05.

2.11. Sperm proteomic and lipidomic profiling by Irtact Cell MALDI-TOF

Mass Spectrometry (ICM-MS)

For proteomic and lipidomic analyses, all groupsmdrmatozoa were washed
three times in Tris-Sucrose Buffer (TSB, 20 mM TH€l, 260 mM sucrose, pH 6.8) to
remove the culture media and salts. For proteomafiling, 0.5 pL of saturated CHCA
(a-cyano-4-hydroxycinnamic acid) matrix dissolvedLidD% ethanol was spotted on a
MALDI plate (MTP 384 polished steel) and dried befadding approximately 10
spermatozoa (determined using a Thoma cell couctiaghber) in one ul and
overloading with 2.quL of saturated CHCAd-cyano-4-hydroxycinnamic acid) matrix
dissolved in 50% acetonitrile/50% water (v/v) negence of 0.3% TFA (trifluoroacetic
acid). For lipidomic profiling, approximatelyx20° spermatozoa in 0.5 pL were spotted
and overlaid with 2iL of DHAP (2,5-dihydroxyacetophenone) matrix atr@d@/mL
solubilized in 90% methanol/10% in presence of 26ATThe matrix/sample was
allowed to evaporate slowly at room temperature8tbmin before MALDI analysis.
For each condition, three biological replicateseveerformed and for each biological
replicate, twenty technical replicates were spot8gbctra were acquired using a
Bruker UltrafleXtreme MALDI-TOF instrument (Bruk&altonics, Bremen, Germany)
equipped with a Smartbeam laser at 2 kHz lasetiteperate following an automated
method controlled by FlexControl 3.0 software (Brubaltonics, Bremen, Germany).
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Spectra were obtained in positive linear ion madéhe 1,000-30,000 m/z
(mass/charge) range for proteomics and 100-1,8@0ange for lipidomics. Each spot
was analyzed in triplicate. After external calilwat each spectrum was collected as a
sum of 1,000 laser shots in five shot steps (twft&l,000 spectra) with a laser parameter
set at medium. To increase mass accuracy (massé&fb%), an internal calibration
was performed on a mix of cells and calibrant sofuffor proteomic, 1uL of calibrant
solution containing Glul-fibrinopeptide B, ACTH#&fyment18-39), insulin and
ubiquitin, cytochrome C, myoglobin and trypsinogeshijle for lipidomic, 1 pL of
calibrant solution containing Caffein, MRFA peptideu-Enkephalin, Bradykinine 2—
9, Glul-fibrinopeptide B; reserpine; Bradykininepdiotensine ). A lock mass
correction was applied to one peak with high pesénisity in all spectra using
flexAnalysis 4.0 software (Bruker). For proteomittee unknown peak at m/z 6821.46
was selected, while for lipidomics, the calibratiwas achieved with the mass

corresponding to the phosphatidylcholine 34:1 (RQ3M+H]" : 760.5856 m/z).
2.12. Quantification and statistical analysis of I®1-MS data

Spectral processing and analysis were performed@linProTools v3.0
software (Bruker Daltonics, Bremen, Germany). Tamanalysis began with an
automated raw data pre-treatment workflow, compgidiaseline subtraction (Top Hat,
10% minimum baseline width) and two smoothings gisire Savitzky-Golay
algorithm. The spectra realignment was performéagusrominent peaks (maximal
peak shift 2000 ppm, 30% of peaks matching mosnprent peaks, exclusion of
spectra that could not be recalibrated). Normabnadf peak intensity was performed
using the Total lonic Count (TIC) in order to displand compare all spectra on the
same scale. Automatic peak detection was applitioettotal average spectrum with a

signal/background noise greater than 2.
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The intra- and inter-experiment variability in meesments were evaluated by a
coefficient of variation (CV). For CTRL, BOEC-GO(HEC-P4 and GO groups, mean
CV values did not exceed 18.4%, 23%, 23.1% and%4ot proteomics, and 31.3%,
42.6%, 34.5% and 37.8% for lipidomics, respectivetyorder to avoid false positives
in the differential analyses from the lipidomic bsés due to GO ionization, GO alone
with DHAP matrix without spermatozoa was analyZedtresponding masses were
matched with the differential masses found in tE&-GO and GO groups and
removed from the lists, discarding finally 7 m/afférential analyses between groups
(N = 180-200 MALDI spectra per group) were perfodmusing the non-parametric
Kruskal-Wallis and Wilcoxon tests for multiple apdired comparisons, respectively.
Fold Change (FC) was calculated as the ratio betwee=mean normalized intensity
values. Masses were considered statistically diffeal between groups if the p-value
was < 0.01 with a FC > 1.5 or < 0.67. Receiver afieg characteristic (ROC) curves
were generated and only masses with areas undeuthe (AUCs) > 0.8 were retained.
Principal component analysis (PCA) and hierarchotsdtering were performed on
differential masses using the RStudio Software (Ri6t Boston, MA, USA) (installed
packagesteadr, robustbase, caTools, RColorBrewer, MALDIquantForeign,

FactoMineR, gplots).

2.13. ICM-MS data processing for lipid and proteinidentification

In order to identify the lipids corresponding te ttifferential peaks obtained by
ICM-MS profiling, the masses observed were confdrib a local database created
from previous analyses of bovine follicular celigldluids. This database is a merged
list of lipids identified by high resolution magsestrometry (HRMS) using liquid
chromatography coupled with mass spectrometry (LE)}-&hd direct infusion for HR-

MS/MS structural analyses, as recently describ&s]. [The comparison of the masses
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observed by ICM-MS and the monoisotopic massediftgahby HRMS was performed

with a max mass tolerance of 0.1 Da for lipids.

In order to identify the proteins correspondingtte differential peaks obtained
by ICM-MS profiling, a local database from a prawscanalysis of ovine spermatozoa
by HR-MS/MS coupled to pLC was used. In this arialys mg of the intact
peptides/proteins was subjected to various fraations through reversed phase and gel
filtration chromatographic separations, as previpdsscribed [46]. All the data
acquired by pLC-HR-MS/MS were automatically proeesby the ProSight PC
software v4.0 (Thermo Fisher, San Jose, Califotd4) [46]. All the data files
(*.raw) were processed using the cRAWIer applicatiolecular weights of precursor
and product ions were determined using the xtidgordhm. Automated searches were
performed on PUF files using the “Biomarker” seappion against a database made
from the UniprotKB Swiss-Prot Ovis aries release
ovis_aries_2017_07_top_down_complex (28256 seqeebt@072 proteoforms)
downloaded from http://proteinaceous.net/databam@ivouse/. Iterative search tree
was designed for monoisotopic precursors and aeguegrursors at 25 ppm and 2 Da
mass tolerance, respectively, and both at 15 pprindigment ion level. For all
searches, the N-terminal post-translation modificest were considered. Then, all the
* puf files were additionally searched in “Absolutess” mode using 1000 Da for
precursor search window. For identification of egelwous biomolecules, we validated
automatically all the peptidoforms/proteoforms witvalue <1E®. Furthermore, we
validated all hits presenting a C score > 3 [4 e Tomparison of the masses observed
by ICM-MS and the average masses identified by Dopm was performed with a max

mass tolerance of 0.05% for proteins.
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In TD results list, the entry names and gene namegs recovered from the
UniProtKB accession numbers frddvis aries annotated proteins using the Retrieve/ID
mapping of Uniprot (http://www.uniprot.org/uploasiis/) and listed. Proteins identified
in Ovis were mapped to the correspondBusg taurus taxon by identifying the
reciprocal-best-BLAST hits using blastp resource
(http://blast.ncbi.nim.nih.gov/Blast.cgi). Only pem sequences with 100% identity and
100% query cover were retained. The gene nameam$sion number of identified
proteins were recovered from the NCBI databaseeréunctions and cellular location

were recovered from UniProtKB (Swiss-prdtjtps://www.uniprot.org/uniprot/

03/25/2019) Last, the potential role of proteinsntified in membrane lipid rafts was
assessed using the RaftProt Database V2 (MammniapahRaft Proteome Database,

http://raftprot.org/ 03/25/2019) by downloading the list of lipid-raisociated proteins

detected in bovine experiments (evidence basedeme Glame and UniprotiD).

2.14. Protein-protein network creation by STRING

To identify and predict new molecular interactiaesntifies proteins we used
Search Tool for the Retrieval of Interacting GeResteins (STRING) (https://string-
db.org/, version 11.0, 03/25/2019) [48]. STRING idatabase including known and
predicted protein interactions. They could be eitheect (physical) or indirect
(functional) associations, and are derived fronfedéint sources: genomic context, high-
throughput experiments, conserved co-expressiormpeswdous knowledge. From the
data obtained using STRING it was obtained a nawar& by filtering the data folpos
taurus species and adopting a medium confidence scot®@p.Afterwards, to identify
clusters of molecules within the network, we udeziMarkov Cluster (MCL)

algorithm, setting the inflation parameter (relatedhe precision of the clustering) at 4.
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EXPERIMENTAL DESIGN

30min 30min J0min 30min 30min 30min

CTRL BOEC BOEC-P4 P4 BOEC-GO GO
IVF+ BY
FRAP PKA+ ptyr

ICM-MS

Figure 1. Experimental design.The schema summarizes the experimental
design composed by the three main experimentalpgrand the four control conditions
are shown. From left to right: control group (CTR&permatozoa unbound (BOEC),
spermatozoa released from BOEC by P4 action (BHQ-spermatozoa just treated
with P4 without BOEC (P4), spermatozoa releaseh BBOEC by GO action, and just
GO-treated spermatozoa without BOEC (GO). All theren experimental groups were
subjected to BSP, PKA and protein tyrosine phosgaton analysis by Western Blot,
and to lipidomic and proteomic analysis by ICM-M&ile only CTRL, BOEC-P4 and
BOEC-GO groups were also used to carry out IVFlaasdtocyst yield (BY) analysis

and FRAP experiments.
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3. Results

3.1 Characterization of graphene oxide

Considering the importance of the concentraticier# size, shape and
thickness of GO in their interactions with cell®]4the concentration of the final GO
dispersion was spectrophotometrically checked lnyguhe Lambert-Beer law &fnax
230 nm while the dimension of the GO dispersion areecked by Dynamic Laser Light
Scattering. The mean diameter of pgimL GO dispersion at 38.5 °C is 670£100 nm
and the size do not increase on increasing the @entration.

3.2. GO induced the release of spermatozoa from BAE

GO (1 ng/mL) addition to the spermatozoa-BOEC dtyoel induced the
release of around 65% of spermatozoa previousindou BOEC, while
BOEC-P4 group induced the released of approximaielyp0% of bound
spermatozoa (see Supplementary Figure 1). Thes€CB&E spermatozoa were
subsequently used for IVF and analyzed in the ¥ahg experiments.

3.3. GO-induced release increased spermatozoa fdéiing competence

As summarized in Table 1, at Day 2 pi the cleavatgs were significantly
higher when oocytes were co-incubated with spernogtdrom the BOEC-GO group
compared to the CTRL group (84.5% BOEC-@&068.6% for the CTRL, p=0.041). At
Days 7 and 8 after IVF, the rates of blastocystevegher (although not statistically
significant) in BOEC-P4 and BOEC-GO groups compavétd CTRL, obtaining
positive delta values in all the cases, standirigtaihigher rate and delta of

hatching/hatched blastocysts at Day 8.
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Rate Delta | Rate Delta Rate Delta Rate Delta
CTRL 185 68.6 £7.6 13.2+£55 175+£9.6 18.3+£16.1
BOEC-P4 187 75.4+6 9.9 15+7.8 13.6 18.8+7.6 7.4 41.8+8.3 128
BOEC-GO | 212 845+48 | 232 145 +6.3 9.8 18.2+6.4 4 349+134 90

Table 1. In vitro fertilization and embryo development outcomesMeans +

SD of cleavage rate at Day 2, blastocyst ratesagts @ and 8 pi and hatching rates at

Day 8 of bovine embryos after in vitro fertilizatiavith control spermatozoa (CTRL),

spermatozoa released from BOEC after P4 (BOEC-#RHED (BOEC-GO) action.

COCs: total number of cumulus oocyte complexes (€% cleavage from the total

COC number; % of blastocyts from the cleaved emdyrye hatching/hatched from the

number of blastocyst at Day 8. *Significantly dié@t compared to CTRL (p<0.05).

3.4. GO-induced release increased sperm membraneitlity

Sperm membrane fluidity was assessed by using éPReéhnique. To that,

spermatozoa were bleached and then the time toeetite fluorescence was calculated

to obtain the diffusion coefficient of the dye Dil@(3). FRAP analysis showed similar

increases in the mean diffusion coefficient in BOGEO and BOEC-P4 spermatozoa

compared to the CTRL group (mean values of 1.38} 8nd 3.13 for CTRL, BOEC-

P4 and BOEC-GO, respectively, p=0.014 for CTRLBGEC-P4 and p=0.046 for

CTRL vs. BOEC-GO). This difference was due to amaase in membrane fluidity of a

subpopulation of spermatozoa released by GO and P4.
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Figure 2. Assessment of sperm membrane fluidity bigluorescence
Recovery After Photobleaching (FRAP)Scatter plot shows calculated diffusion
coefficient (CDC) of the dye DilC12(3) in the camis (CTRL), GO-released
spermatozoa (BOEC-GO) and P4-released spermatB@aaG-P4). Means and

percentiles 25 and 75% are represented (n=6 régdicg<0.05).

3.5. GO-induced release decreased BSPs abundancesperm surface

The mean abundances of membrane proteins BSP-13B&B BSP-5 on
BOEC-GO spermatozoa were decreased (CTRL:BOEC-GIxFfanges of 3.37; 2.94
and 3.48, respectively) while spermatozoa justécaith GO without cells did not
present any significant change compared with thRIC@roup. Results are similar to
those obtained on P4-released and P4-treated sjozimag CTRL:BOEC-P4 fold

changes of 2.16; 2.89 and 2.76 for BSP-1, BSP-3B&fe5, respectively).
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503 released after a short period of binding and relesggermatozoa released by P4 (BOEC-
504 P4), just-treated P4 spermatozoa (P4), releas@b{BOEC-GO) and just GO-treated
505 (GO) in terms of mean = SD (n= 3 replicates).

506 3.6. GO-induced release did not modify sperm PKA divity and pTyr

507 phosphorylation

508 Although not significant, GO alone tended to insethe levels of

509 phosphorylated Ser/Thr residues by PKA and prdigosine (p=0.186 and p=0.383 for
510 PKA and ptyr, respectively) whereas the BOEC-GQugremained at comparable

511 levels of phosphorylation compared with the congr@up.
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Figure 4. Phosphorylated Ser/Thr residues by PKA ath protein tyrosine
phosphorylation. (A) Means £ SEM of PKA activity in spermatozoa unboond
released after a short period of binding and rel¢BOEC), released by P4 after
binding (BOEC-P4), just treated by P4 (P4), relddseGO after binding (BOEC-GO)
and just GO-treated (GQ@B) Means + SEM of protein tyrosine phosphorylatiorelev

in the same groups (n=3 replicates for both histog; p>0.05).

3.7. GO-induced release highly modified sperm lipidmic profiles

A representative spectra of the control group a@etifrom lipidomic analysis is
illustrated in Supplementary Material 2 A). Afterndronting BOEC-GO and GO
molecular species with those from the CTRL groutptal of 154 differential m/z were
evidenced by ICM-MS. A detailed list with the mas$ésund among each comparison
(CTRL Vs BOEC-GO, CTRL Vs. BOEC-P4, CTRL Vs. GO é8@EC-GO Vs. GO)
and the criteria to select the differential massesailable in Supplementary Material
3. Amongst these, 144 corresponded to the compabistween BOEC-GO and CTRL
groups, while only 8 m/z were differential when qmaring GO and CTRL groups
(Figure 5A). Furthermore, the differential massasd between CTRL and BOEC-GO
groups were compared to those previously obtaieddden CTRL and BOEC-P4
spermatozoa (Figure 5B). A total of 26 m/z werastidetween the two comparisons.
GO action on bound spermatozoa modified the spgidomic profiling at a higher
level than P4 action (144 vs. 34 m/z). To obtairaerall view of the variations in the
peak intensities between the three main experirheatalitions (CTRL, BOEC-GO and
GO) we performed hierarchical clustering and PCAlysis, in which the different
sperm groups were clearly separated (Figure 6A).

3.8. Identification of differential lipids
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In total, 67 differentialn/z were identified, including eight different lipid
classes: phosphatidylcholine (PC, 44 m/z), lysophasdylcholine (LPC, 12 m/z),
triacylglycerol (TG, 9 m/z), shingomyelin (SM, 7 )/ lysophosphatidylethanolamine
(LPE, 2 m/z), ceramide (Cer, 2 m/z), diacylglycdid, 1 m/z) and carnitines (CAR, 1
m/z) (see Supplementary Table 1 for detailed in&drom). It is of note the large
proportion of PCs, as PC(36:1) and PC(36:2), treevinighly increased in abundance
in BOEC-GO spermatozoa compared to controls (BOELEIRL fold changes of
18.03 and 14.95, respectively).

3.9. GO-induced release moderately modified spernrgteomic profiles

A representative spectra of the control group @efrifrom proteomic analysis is
illustrated in Supplementary Material 2 B). Thelsgig of proteomic ICM-MS profiles
between BOEC-GO, GO and CTRL groups evidencedaaadtl56 differential m/z. A
detailed list with the masses found among each aoisgn (CTRL Vs BOEC-GO,
CTRL Vs. BOEC-P4, CTRL Vs. GO and BOEC-GO Vs. GOl &he criteria to select
the differential masses is available in Supplenrgritéaterial 4. The BOEC-GO group
showed a total of 91 differential m/z comparedi® €TRL group, while the GO group
displayed 73 differential m/z. Among these, onlymi& where common to both
comparisons (Figure 5C). Moreover, when compari@EB-GO with previous results
obtained for the BOEC-P4 vs. CTRL comparison, & mgmber of differential
molecular species was shared (81 m/z), while 101&ndifferential m/z were specific to
the BOEC-GO vs. CTRL and BOEC-P4 vs. CTRL compassoespectively (Figure
5D). As well as for the lipidomic analysis, we gtuated the variations in the m/z peak
intensity between the three main experimental dcandi (CTRL, BOEC-GO and GO)
with hierarchical clustering and PCA analysis, whatso show a clear distinct

distribution of the sperm groups (Figure 6B).
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)
OEC-GOVS.GO

Figure 5. Distribution of differential lipids and proteins between the
experimental groups.Venn diagrams confronting the differentialz identified by
ICM-MS for lipidomic (A,B) and proteomic (C,D) pridéds. CTRL: control
spermatozoa; BOEC-GO: spermatozoa bound to BOE€then released by GO; GO:
spermatozoa just treated with GO; BOEC-P4: spemmoatbound to BOECs and then

released by P4 actiomt{p://bioinformatics.psb.ugent.be/webtools/Venn/
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Figure 6. Hierarchical clustering and Principal Conponent Analysis (PCA)
of differential lipids and proteins in spermatozoa.Hierarchical clustering (top) and
PCA (bottom) of differentially abundant masses agexperimental groups (CTRL,
BOEC-GO, GO) for lipidomic (A) and proteomic (B)awpses. CTRL: control
spermatozoa; BOEC-GO: spermatozoa bound to BOE€than released by GO; GO:
spermatozoa just treated with GO. For hierarclakgdterings, on the color bar, red is
the high spectral count and green is the low cdeatterns of m/z signals were
classified into clusters by hierarchical clusterbaged on different phenotypes of sperm
cells. In the PCA chart are represented the thi@e experimental conditions,

symbolizing each one a different population.

3.10. Identification of differential proteins and protein-protein interaction
network

A total of 42 differential m/z were identified asgiidoforms from 33 different
proteins, among which 8 m/z matched with two pdegilooteins, and 1 m/z with three
proteins. Among the proteins found, five were spspecific (SPAM1, ODF3,
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SPESP1, bovine proacrosine and Sp17). The biolofginations of the proteins found
included motility and structural organization, egyeand metabolism, signaling, oocyte
recognition (ZP binding), stress response, posistegional modification and ATP

binding. By using STRING, an online database ofvium@nd predicted protein-protein

interactions Ifttps://string-db.org/ the direct (physical) and indirect (functional)
interactions of those identified proteins betweacheother and with others are
illustrated in Figure 7 (see Supplementary Tabier 2letailed information about the

proteins identified).
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Figure 7. Protein-protein interaction network. Network illustrating the
associations between the proteins that matchedthatipeptidoforms identified

(https://string-db.org/
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4. Discussion

Over the last decades, ART has acquired a greatrtanre in our society to
fulfill the wish of many infertile couples with these of IVF and ICSI techniques.
However, the more invasive ICSI technique is gajrground to IVF method, entailing
a series of problems not only for the mother (pka&leabruption, pre-eclampsia and
stillbirths) but also for the babies (developmeintuonors and carcinomas, congenital
anomalies such as septal heart defects and @edt |palate, as well as neurological
problems that may result in an intellectual lagp[5For this reason, improving the
success rates of IVF techniques is a primordialfamART, in order to overcome the
use of IVF versus ICSI in the near future. To tat, we have developed an IVF
approach in which we include oviductal epitheliell€ as a somatic component
naturally present in vivo, and GO, a promising carbased material with great
potential applications in medicine.

Here, we illustrate some events related to spepaatation, a key process
common to many species and indispensable to achisuecessful fertilization. This
ensemble of events are played out either in vivinduhe sperm migration within the
female genital tract, especially in the oviductijrovitro, induced by the presence of
some ions and proteins as HE@& " and serum albumin [50]. Interestingly, we found
that GO (1 pg/mL) addition to the spermatozoa-BOE&sulture induced the release
of almost the 65% of spermatozoa previously boon8Q@EC.

First, we assessed the sperm fertilizing abilitho¥ine spermatozoa after GO-
induced release from BOEC by an IVF assay. Thetipesffect of GO treatment on
the cleavage rate was in accordance with previesislts observed in a swine model [7]
and we were able in this study to confirm a positiate of blastocysts development,

denoting the absence of toxicity and a potentiakfieial effect when bull spermatozoa
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were incubated with GO in vitro. It is noteworthg/\&ell the higher (although not
statistically significant) rate of hatching/hatcHadstocysts obtained when using
BOEC-GO spermatozoa compared to the control greinpe elevated hatching rates
have been related to better implant potential awkldping into a positive pregnancy in
humans [51].

In that way, we started our analysis evaluatingsiberm membrane state. It is
well accepted (although controversial [52,53]) tha¢rmatozoa are transcriptionally
silent and with a limited lipid metabolism, withrizially no cytosol (thus numerous
molecules involved in sperm signaling are localizethe membrane), pointing out the
central role of the membrane during the processdsome reaction [54]. During
capacitation, numerous membrane lipids are disdlanereasing the membrane
fluidity and modulating the activity of several gnzes and proteins, leading to a deep
remodeling of the membranes. Here, by using amdjrgalidated FRAP approach
[42], we evidenced an increase in the membrandifjuof some spermatozoa released
from BOECs, probably caused by the extraction alesterol by GO [23], one of the
events responsible for the beginning of capaciatio order to appraise the results
obtained, we compared the calculated diffusionfaments (CDC) with those obtained
when using P4, considered as a physiological stimdlhe results show similar levels
of CDC on BOEC-GO and BOEC-P4 spermatozoa, traeslato an alike increase in
membrane fluidity. This result suggests that GO Raaould be able to modify the
membrane composition by arrangement of the liprdsgnt in the inner and outer
leaflet membrane, thus probably participating & detachment from the oviductal
cells. In addition to the FRAP experiments, we &ddhe abundance of Binder of
Sperm Proteins 1, 3 and 5 (BSP-1,-3,-5) on sperfacwith and without induced

release. These proteins from the seminal plasmiananen to have a role on sperm
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binding to OEC and to participate in the first steyp capacitation by promoting
cholesterol and phospholipids efflux after themowal from the sperm membrane. Our
results, similar to those obtained on BOEC-P4 [8Bhw a sharp decrease in BSP-1, -3
and -5 abundance on sperm surface, in accordaniceheiincrease in the membrane
fluidity evidenced by the FRAP analysis. These ltssuggest that similar to P4, GO
acts interacting with spermatozoa, producing soradifications that somehow leads to
an increase in the membrane fluidity and finallgtte acquisition of a higher fertilizing
competence.

The sperm function is strictly dependent on the position of the membrane,
forasmuch as the changes undergone activate somérnarge and cytosolic proteins
and enzymes that will trigger the signaling pathsvenyolved in the acquisition of
sperm fertilizing ability. Lipids rafts are membeamicrodomains enriched in sterols
and sphingolipids where are embedded importanem®that regulate intracellular
function and cell signaling [24]. Since cholestasohecessary for the stabilization of
the lipid rafts, and the phospholipid composititvaieges during the remodeling of the
membrane [55], the amount, distribution or compasiof lipid rafts might be affected
by the GO-induced release, as well as the memimanteins and receptors embedded
on them. In this work, by ICM-MS, we found by proteic analysis eight peptides
corresponding to proteins related to bovine ligifits (VDAC3, HSP90AAL, TUBB4B,
UQCRC1, ATP5F1B, H2B, PHB2, UQCRFS1), which platgrasting roles in sperm
signaling and whose increase or decrease in BOEGy§&@@natozoa could be linked to
the lipid remodeling. In addition, it is notewortthat, even if we found some similar
results in BOEC-P4 spermatozoa in terms of membitaitsty, the number of
differential masses (m/z) derived from lipidomiagrsis, especially of PCs and SMs,

was substantially higher in BOEC-GO spermatozoapzoed to BOEC-P4 (144 vs 34
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m/z). Given that GO has a hydrophilic nature, @lide to interact by the oxygen atoms
with the positive charge of the phosphorus atothénphosphate group [56], probably
explaining the greater number of differential mitasned from lipidomic analysis
compared to BOEC-P4 spermatozoa.

In this work, 33 proteins were identified from ttiéferential masses evidenced
in the proteomic profile (see Supplementary Tabla&iong which six (SORD, AKAP-
4, HSPD1, FH, ACO2, TUBAS3C) were increased in BOBO-spermatozoa compared
to controls. It is remarkable the great numbemeicdic differential peptides found
decreased on the GO group compared to CTRL, whigediecrease was modulated on
the BOEC-GO group, illustrating the role of thedwatal cells in the modulation of the
sperm proteomics in the binding-release processuonably preventing sperm cells
from a premature capacitation. This results supmpariexperimental model as a good
strategy to study GO-sperm interactions in a mosssiplogical environment.

Among the peptidoforms found, most of them corresieal to proteins with a
role in sperm motility and structural organization,jnvolved in metabolism pathways
and energy production. Within the latter we fouregtdes corresponding to COX6A1,
MDH2 and NADH proteins (2184.01, 2392.24 and 338D@, respectively) that were
decreased on BOEC-GO spermatozoa compared withot®(fold changes of 0.44,
0.58 and 0.55, respectively). By the other hanel fthgment from protein ACO2
(3177.6 Da), an important enzyme from the tricastioxacid (TCA) cycle that
contributes to ATP production was found to be iasezl in BOEC-GO spermatozoa
(fold change of 1.69 compared with controls). Theseilts are in concordance with
earlier studies showing a decreased level of €02 protein in sperm cells from
asthenozoospermic patients compared to normakfentn [57]. Along the same line

we found a fragment from the SORD protein (338384 highly increased in the
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BOEC-GO group (fold change 5.74 compared with @glr SORD is an enzyme
responsible for the oxidizing of sorbitol to fruseousing NAD and has been reported
to participate in sperm motility and protein tymosiphosphorylation [58].

It is outstanding as well the presence of calmod{@ALM), localized in the
acrosome and the flagellum and that plays an impbrble on sperm capacitation and
acrosome reaction by increasing the intracelluB2-+concentrations necessary for the
sperm normal and hyperactivated motility [59]. CAlgybtein contains EF-hand
domains that change their conformation after Cagdlibg, leading to the activation or
inactivation of target proteins. In this work, tanmolecular species obtained from the
proteomic analysis were peptides from the EF-hamdains [60,61] of CALM
(10513.8, 4855.7 and 4913.6 Da). CALM/Ca2+ comptiere to the exposure of
hydrophobic and less negatively charge surfacebbas shown to assemble GO with
strong hydrophobic interaction and weak electrastapulsion [62]. The adsorption of
the proteins onto the GO surface could stabilizgér thative structures or even induce
conformational changes or alterations, affectinthia way the functionality or
biological activity of the protein [63].

The changes experienced in the membrane, togetttethe increased
intracellular concentration of diverse factors andhe proteins modifications trigger the
activation of multiple signaling events and pathseyence, in this work we focus our
attention in one of the signaling pathways thaaigitKA activation and protein
tyrosine phosphorylation in spermatozoa. PKA enzigreetetrameric protein
consisting in two regulatory and two catalytic saitsithat could be activated by cAMP
binding to the regulatory subunit, releasing thialgéc portions that have the ability to
phosphorylate diverse specific proteins (thus phosgating tyrosine residues from a

variety of proteins), initiating a cascade of iefroplasmic signaling events in the
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sperm cell. It is interesting to note that PKA emzyis able to bind A-kinase anchoring
proteins (AKAPSs), and mostly AKAP-3 and -4, to tlegulatory subunit of the protein.
AKAP-4 (whose peptide at 4960.6 Da from our analysas found increased in the
BOEC-GO group with a fold change of 3.67, compdeetthe CTRL group) is the major
component of sperm fibrous sheaths and possessasitity to form molecular
complexes with other signaling proteins. The amathiz helix of AKAP4 constitutes a
specific PKA-binding domain, participating in thigy to the regulation of PKA
phosphorylating activity. Our results show no siigant differences regarding PKA
activation or protein tyrosine phosphorylation réfere hypothesizing that GO does not
induce any detrimental effect in this signalinghpedy and that the main responsibility
for the increased sperm fertilizing competenceesetin the sperm membrane
modifications.

Interestingly, in the present work we comparedethects derived from the use
of GO with those induced by P4 after the releassnfBOECS, obtaining similar
functional effects on both experimental groups wgitght differences at the molecular
level, mainly related to the hydrophobic natur&@ that could highly modify the
sperm membrane. We are aware about the limitatbtiee bovine model to study the
possible epigenetic changes derived from the u§&dfas previously stated [18,19].
However, although further research is still needleese results could be interesting to
consider, given that GO could act as a substitu4dn some special cases in order to
avoid the difficulty of using P4 in vitro and theoplems associated to its lipid and
steroid nature (since the hormone is derived frbolesterol [64]) reaching the same
positive effects overall in the IVF outcomes.

5. Conclusions
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In conclusion, by using a mammalian in-vitro moaed, designed in this work
an innovative strategy that turns out to increhge VF outcomes. By simulating in
vitro the sperm reservoir naturally formed withine toviduct, we characterized the
modifications induced by GO on bull spermatozoaratteir released from OECs. The
results obtained emphasize the role played by G®Osgerm releasing factor,
stimulating fertilizing ability by increasing th@asrm membrane fluidity and modifying
the sperm lipidomic and proteomic profiles, withaffecting PKA signaling pathway.
Moreover, we found that GO has similar functiorfé¢es than P4 on sperm
capacitation. Taken together, our results highlighthe first time the potential benefit

of using graphene oxide in the field of ART.
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Figure captions

Figure 1. Experimental design.The three main experimental groups and the
four control conditions are shown. From left tohtigcontrol group (CTRL),
spermatozoa unbound (BOEC), spermatozoa releaseddOEC by P4 action (BOEC-
P4), spermatozoa just treated with P4 without BEQD), spermatozoa released from
BOEC by GO action, and just GO-treated spermategtieout BOEC (GO). All the
sperm experimental groups were subjected to BSR, &1 protein tyrosine
phosphorylation analysis by Western Blot, andpgabmic and proteomic analysis by
ICM-MS, while only CTRL, BOEC-P4 and BOEC-GO growpsre also used to carry

out IVF and blastocyst yield (BY) analysis and FR&®eriments.

Figure 2. Assessment of sperm membrane fluidity bigluorescence
Recovery After Photobleaching (FRAP)Scatter plot shows calculated diffusion
coefficient (CDC) of control group, GO-releasedrspatozoa (BOEC-GO) and P4-
released spermatozoa (BOEC-P4). CDC: calculatéaisiih coefficient (cm2/sec)

x109. Means and percentiles 25 and 75% are repessém=6 replicates, p<0.05).

Figure 3. BSP-1, -3, -5 abundancélistogram exhibits the comparison of BSP-
1,-3 and -5 abundance on spermatozoa control (CT$plermatozoa unbound or
released after a short period of binding and relesisermatozoa released by P4 (BOEC-
P4), just-treated P4 spermatozoa (P4), releas&@b{BOEC-GO) and just GO-treated
(GO) in terms of mean = SD (n= 3 replicates).

Figure 4. Phosphorylated Ser/Thr residues by PKA ath protein tyrosine
phosphorylation. (A) Means £ SEM of PKA activity in spermatozoa unboond
released after a short period of binding and relesisermatozoa released by P4 (BOEC-

P4), just-treated P4 spermatozoa (P4), releas&@b{BOEC-GO) and just GO-treated
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1036 (GO)(B) Means = SEM of protein tyrosine phosphorylatiorelevin the same groups

1037  (n=3 replicates for both histograms, p>0.05).

1038 Figure 5. Distribution of differential lipids and proteins between the

1039  experimental groups.Venn diagrams confronting the differential m/z itiked by

1040 ICM-MS for lipidomic (A,B) and proteomic (C,D) priédés. CTRL: control

1041  spermatozoa; BOEC-GO: spermatozoa bound to BOE€than released by GO; GO:
1042  spermatozoa just treated with GO; BOEC-P4: spermoatbound to BOECs and then

1043  released by P4 action. (http://bioinformatics.pgbni.be/webtools/Venn/).

1044 Figure 6. Hierarchical clustering and Principal Conponent Analysis (PCA)
1045  of differential lipids and proteins in spermatozoaHierarchical clustering (top) and
1046  PCA (bottom) of differentially abundant masses aghe three main experimental
1047  groups (CTRL, BOEC-GO, GO) for lipidomic (A) andopeomic (B) analyses. CTRL:
1048  control spermatozoa; BOEC-GO: spermatozoa bouBDieCs and then released by
1049  GO; GO: spermatozoa just treated with GO. On therdzar, red is the high spectral
1050 count and green is the low count. Patterns of myzass were classified into clusters by

1051 hierarchical clustering based on different phenesypf sperm cells.

1052 Figure 7. Protein-protein interaction network. Network illustrating the
1053  associations between the proteins that matchedthétipeptides identified

1054  (https://string-db.org/

1055 Table captions

1056 Table 1. In vitro fertilization and embryo development outcomesMeans +
1057  SD of cleavage rate at Day 2, blastocyst ratesags D and 8 pi and hatching at Day 8
1058  of bovine in-vitro matured oocytes with control spatozoa (CTRL), spermatozoa

1059 released after P4 (BOEC-P4) and GO (BOEC-GO)oac€OCs: total number of
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cumulus oocyte complexes (COCSs); % cleavage franidtal COCs number; % of
blastocyts from the cleaved embryos; % hatchingheat from the number of blastocyst

at Day 8. *Significantly different compared to CI'i§<0.05).

Supplementary Data

Supplementary Material 1. Spermatozoa released bydparin, P4 or GO
action. Mean = SD of spermatozoa released by P4 (BOEC- =D (BOEC-GO),
normalized with the number of spermatozoa reledydadeparin (BOEC-HEP),
considered to release the 100% of sperm cells (epiicates).

Supplementary Material 2. Representative spectra fsm lipidomic and
proteomic analysis by ICM-MS. A) Representative spectra of the CTRL group
derived from lipidomic analysis with m/z rangingrin 400 to 900; B) Representative
spectra of the CTRL group derived from proteomialgsis with m/z ranging from
1,000 to 20,000. Both spectra were obtained aétioration and application of lock
mass.

Supplementary Material 3. List of masses found in lipidomic analysis by
ICM-MS . List of masses obtained by confronting the maimeeimental groups
(CTRL, BOEC-GO, GO and BOEC-P4) in the lipidomi@bysis after the spectral
processing and analysis performed with ClinProTe8l§ software. Columns from left
to right: mass (m/z); area under the curve (AUG)alue obtained after Kruskal-Wallis
analysis (PWKW); average value of the first groApgl); average value of the second
group (Ave2); fold change of group 1 against graypC1/2); fold change of group 2
against group 1 (FC2/1); standard deviation of grbStdDev1l); standard deviation of

group 2 (StdDev2); coefficient of variation grougV1); coefficient of variation
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group 2 (CV2). Color code: red, p value < 0.01eblp value < 0.01 and area under the
curve (AUC) > 0.8; green, p value < 0.01, AUC > &gl FC > 1.5 or < 0.67.

Supplementary Material 4. List of masses found in proteomic analysis by
ICM-MS. List of masses obtained by confronting thain experimental groups (CTRL,
BOEC-GO, GO and BOEC-P4) in the proteomic analgfer the spectral processing
and analysis performed with ClinProTools v3.0 saftev Columns from left to right:
mass (m/z); area under the curve (AUC); p valutionbd after Kruskal-Wallis analysis
(PWKW); average value of the first group (Avel)eeage value of the second group
(Ave2); fold change of group 1 against group 2 (R5Xold change of group 2 against
group 1 (FC2/1); standard deviation of group 1 [ftdl); standard deviation of group
2 (StdDev?2); coefficient of variation group 1 (CVtpefficient of variation group 2
(CV2). Color code: red, p value < 0.01; blue, pueax 0.01 and area under the curve
(AUC) > 0.8; green, p value < 0.01, AUC > 0.8 ariei*1.5 or < 0.67.

Supplementary Material 5. List of identified lipids among the differential
m/z detected by ICM-MS. Observed MALDI masses (m/z) ICM-MS, theoretical mas
(Da) and % of delta mass are exposed. Fold chafr@®sare ratios of mean normalized
intensity values between experimental groups: spgrmoa released from BOEC by
GO action (BOEC-GO), treated with GO without BOE&X)) or just manipulated
(CTRL).

Supplementary Material 6. List of identified proteinsamong the differential
m/z detected by ICM-MS. Observed MALDI masses (m/z) ICM-MS, theoreticass
(Da) and % of delta mass are exposed. Fold chafr@®sare ratios of mean normalized
intensity values between experimental groups: spgrmoa released from BOEC by
GO action (BOEC-GO), treated with GO without BOE&X) or just manipulated

(CTRL).
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Supplementary Material 1. Spermatozoa released bydparin, P4 or GO
action. Mean = SD of spermatozoa released by P4 (BOEC- = (BOEC-GO),
normalized with the number of spermatozoa reledydadeparin (BOEC-HEP),

considered to release the 100% of sperm cells (epiicates).

[Escriba aqui]



1115

1116

1117

1118

1119

1120

1121

52

Exﬂf
F1A)
=
1.04
«
g
-
E:
084 . g
2 =
2 8
|
067
044
3
a
g i #
g B
| @
024 [ 3
: g
2 2 x o -
i & g @ 2 =
e 2 pe e @
= g g 8 ® i 2 @
L] "’
L i M. i “L“,w il bl i
oo e e ey - — s : - -
a0 50 0 &0 o w0
;Jdﬂ't
=
a g
5 B) :
5 2
254
204 E
S
g
151
25 &
® o vt
Eg
1.0 ° 38 '%
o :
% :
z !
E 8 3 2 2 e
o - IS e~
3 b3 |§. S :E §
i z =3 h
i bl &
g 2 8§ | v g
3 in : g
5. Sk o8 (I3 |88 o E
h 25 - h? 2] T
MUl e S 3
A AN AT M AN TP i AK ; 1
a0 a0 20 00 180 1800 200

Supplementary Material 2. Representative spectra fym lipidomic and

proteomic analysis by ICM-MS. A) Representative spectra of the CTRL group

derived from lipidomic analysis with m/z rangingifin 400 to 900; B) Representative

spectra of the CTRL group derived from proteomialgsis with m/z ranging from

1,000 to 20,000. Both spectra were obtained aéildoration and application of lock

mass.
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