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Abstract 20 

Infertility is a worldwide problem affecting around 48.5 million couples 21 

in the word, the male factor being responsible for approximately the 50% of the 22 

cases, with a high percentage of unknown causes. For that reason, improving the 23 

success of In Vitro Fertilization (IVF) techniques is a primordial aim for 24 

researchers working in the reproductive field. Here, by using a mammalian 25 

animal model, the bovine, we present an innovative in vitro fertilization system 26 

that combines the use of a somatic component, the epithelial oviductal cells, and 27 

a carbon-based material, the graphene oxide, with the aim to open new ways in 28 

IVF systems design and application.  29 

Our results show an increase in the IVF outcomes without harming the 30 

blastocyst developmental rate, as well as high modified proteomic and lipidomic 31 

profiles of capacitating spermatozoa. Furthermore, we compared the 32 

modifications produced by GO with those exerted by the hormone progesterone, 33 

finding similar functional effects on sperm capacitation. 34 

In conclusion, our results stand out the use of a non-physiological 35 

material as graphene oxide in a new and innovative strategy that improves sperm 36 

capacitation, conferring them a higher fertilizing competence and thus increasing 37 

the in vitro fertilization outcomes.   38 
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1. Introduction 39 

Male infertility is responsible for approximately the 50% of infertility cases 40 

affecting the couples, and among them, around the 40-50% are due to unknown factors 41 

(idiopathic male infertility) [1–3]. For that reason, Assisted Reproductive Technology 42 

(ART) has acquired an enormous importance in our society since the birth of the first in 43 

vitro fertilization (IVF) baby in the world, in 1978. Successful fertilization in vitro can 44 

be achieved performing IVF, in which spermatozoa are co-incubated with the egg, or by 45 

intracytoplasmic sperm injection (ICSI), a more invasive treatment in which one sperm 46 

cell is injected directly into the oocyte. A recent report from the European IVF-47 

Monitoring (EIM) consortium for the European Society of Human Reproduction and 48 

Embryology (ESHRE) showed an increase in the proportion of ICSI (approximately 49 

70% of total fresh cycles) against IVF, although the effectiveness on clinical pregnancy 50 

rates stays around the 26-29% for both treatments [4]. However, the use of ICSI has 51 

been associated with an increased risk of health issues in mother and children [5,6]. The 52 

essential need of improving the success rates of IVF has carried our group into the study 53 

of Graphene Oxide (GO) and its potential benefits on sperm capacitation and fertilizing 54 

competence acquisition [7].  55 

GO is a carbon-based material characterized by extraordinary properties [8] that 56 

have received an increasing attention during the last years due to its interesting 57 

applications, extended also to the biomedical field [9–12]. Recently, our group has 58 

evaluated the dose-dependent effects of GO on boar sperm function, concretely in some 59 

events related to capacitation (i.e., the ensemble of events that spermatozoa undergo to 60 

become fully fertile), revealing a low toxicity level and a positive effect on the IVF 61 

outcomes when spermatozoa were capacitated in the presence of GO at a specific 62 

concentration (1 µg/mL) [7]. Since our results stand out the potential use of GO to 63 
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improve the fertilization rates in IVF assays, we adopted in our earlier study an 64 

experimental approach in which swine spermatozoa were incubated under capacitating 65 

conditions, evidencing the effect of GO on cholesterol extraction from sperm plasma 66 

membrane [13], a key event of sperm capacitation. After cholesterol extraction, the 67 

sperm membrane undergoes physicochemical modifications, increasing the lipid 68 

disorder and the fluidity and enabling the fusion between the plasma membrane (PM) 69 

and the outer acrosome membrane (OAM). It is interesting to note also the presence of 70 

membrane microdomains called lipid rafts [14], enriched in cholesterol and 71 

sphingolipids and involved in the acquisition of fertilizing ability after their 72 

reorganization and modification of their protein composition, thus rearranging the 73 

signaling machinery [15].  74 

In the present study, we moved on to a more physiological system in which 75 

spermatozoa were allowed to interact with the oviductal epithelial cells (OEC). After 76 

mating or artificial insemination, spermatozoa reach the oviduct and quickly bind to the 77 

oviductal epithelial cells (OECs), where they reside for hours to days in the so called 78 

“functional sperm reservoir” [16]. This storage plays an important role in sperm 79 

selection [17], maintenance of sperm viability [18], and prevention of premature 80 

capacitation [19]. Then, after an uncertain period of time, spermatozoa detach from the 81 

oviduct and continue their way towards the fertilization site. The Binder of Sperm 82 

Proteins (BSP) -1, -3 and 5 incorporated from the seminal plasma may play important 83 

roles in sperm binding to OEC and in the first steps of capacitation by promoting 84 

cholesterol and phospholipids efflux at the time of BSP removal from the sperm 85 

membrane [20]. It is of note as well the importance of the ovarian steroid hormone 86 

progesterone (P4), naturally present in the female tract during the estrous cycle and 87 

which rises its concentration locally within the oviduct around the time of ovulation 88 
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[21]. P4 can be considered as a sperm releasing factor, inducing the detachment of 89 

spermatozoa from oviductal epithelial cells in vivo and in vitro in many species [22–25] 90 

and inducing changes not only in the oviductal epithelium but also on spermatozoa 91 

[26,27]. 92 

The objective of the present study was to elucidate the modifications induced by 93 

GO on bovine spermatozoa after the process of binding to OECs and subsequent release 94 

from these cells using P4 as a physiological positive control [25,28]. By performing this 95 

innovative and complex strategy, we first evaluated the sperm biological function with 96 

an IVF approach. Then, to decipher the modifications produced by the GO-induced 97 

release, the sperm membrane in terms of membrane fluidity, abundance of BSPs and 98 

analysis of lipid rafts composition was analyzed, as well as some sperm intracellular 99 

pathways involved in capacitation signaling. Furthermore, we have taken advantage 100 

from the recent advances in mass spectrometry in combination with new bioinformatics 101 

tools that allow the development of global approaches based on intact cells profiling. 102 

Here, Matrix Assisted Laser Desorption/Ionization Time-Of Flight (MALDI-TOF) 103 

Mass spectrometry was used directly on isolated spermatozoa to obtain peptidoforms 104 

and proteoforms mass fingerprints with a mass range greater than 2,000 m/z for proteins 105 

and with a weight range lower than 1,200 m/z for lipids carthography. By using this 106 

phenotyping method (ICM-MS) in the last part of this study we moved forward to the 107 

molecular level, to evaluate the changes in the lipidomic and proteomic profiles from 108 

the different experimental groups that could help to cast about for some potential 109 

biomarkers of sperm capacitation. 110 

2. Materials and Methods  111 

2.1. Materials 112 
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Unless otherwise indicated, all chemicals were purchased from Merck-Sigma-113 

Aldrich (Saint Quentin-Fallavier, France).  114 

2.2 Preparation of graphene oxide  115 

Monolayer graphene oxide (GO) was a commercial sample from Graphenea, San 116 

Sebastian, Spain, fully characterized by elemental analysis, XPS spectrum and TEM. 117 

The concentration of the final dispersion was spectrophotometrically checked by using a 118 

Cary 100-Bio Varian spectrophotometer and the size of GO flakes in the dispersion was 119 

measured at 38.5 °C by Dynamic Laser Light Scattering (90Plus/BI-MAS ZetaPlus 120 

multiangle particle size analyzer, Brookhaven Instruments Corp.).  121 

2.3. Bovine spermatozoa collection and processing 122 

Sperm collection and processing was carried out as previously described [25,28]. 123 

In brief, a pool of frozen semen from three bulls was used in all the experiments. After 124 

thawing, motile spermatozoa were selected through a Percoll (GE Healthcare Life 125 

Sciences, Velizy-Villacoublay, France) density gradient (90-45%). The sperm pellet 126 

was rinsed and centrifuged at 100 g for 10 min. Sperm motility was visually estimated 127 

by light microscopy before each experiment and only samples with a sperm motility 128 

>90% were considered in further analyses.  129 

2.4. BOEC collection and co-incubation with bovine spermatozoa 130 

The experimental design is summarized in Figure 1. For the sperm-BOEC co-131 

incubation, different pools of frozen-thawed BOECs were used in the various 132 

experiment, as stated earlier [28]. Briefly, both oviducts from 5-7 adult cows at peri-133 

ovulatory stages collected from a local slaughterhouse were dissected and BOECs were 134 

gathered by scratching the whole oviducts (ampulla and isthmus tracts), pooled and then 135 

rinsed three times in a washing medium (TCM 199 supplemented with Gentamicin 10 136 
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mg/mL and BSA 0.2%). BOECs were then diluted 1:10 in a freezing medium (TCM 137 

199 supplemented with DMSO 10%, Gentamicin 10 mg/mL and FBS 20%), aliquoted 138 

in cryotubes and stored in liquid nitrogen. For each experiment, an aliquot of BOECs 139 

was thawed in a water bath at 34ºC, transferred into a thawing-washing medium (TCM 140 

199 with FBS 20% and Gentamicin 10 mg/mL), washed twice and cultured in 12 well 141 

plates (TCM 199 with FBS 20% and Gentamicin 10 mg/mL). After reaching confluence 142 

(in 6-7 days of culture post-thawing), BOECs were washed with IVF medium (Tyrode 143 

medium supplemented with 25 mM Bicarbonate, 10 mM Lactate, 1 mM Pyruvate, 6 144 

mg/mL fatty acid free BSA, 100 IU/mL Penicillin and 100 µg/mL Streptomycin) and 145 

bovine spermatozoa were added to the cells at a final concentration of 4106 sperm 146 

cells/mL in the same IVF medium and under culture conditions (humidified 147 

atmosphere, 5% CO2, 38.8 °C). After 30 min of co-incubation with BOECs, unbound 148 

spermatozoa (BOEC group) were collected and the cells were washed. The release of 149 

bound spermatozoa from BOECs was then induced by adding GO (1 µg/mL) to the 150 

culture medium for 1 h. The concentration of GO used was previously showed to have 151 

beneficial effects on spermatozoa fertilizing ability acquisition [7]. Spermatozoa 152 

released from BOECs by GO action (BOEC-GO group) were collected by washing 153 

three times with IVF medium. Two control groups of spermatozoa at the same sperm 154 

concentration were run in parallel in each experiment: one group in which spermatozoa 155 

were similarly manipulated without BOEC or GO (CTRL group) and another group 156 

treated for 1 h GO 1 µg/mL (GO) without BOEC. Moreover, the ability of GO to induce 157 

the sperm release was compared with that from P4, used at a concentration of 100 158 

ng/mL (previously reported to be optimal in an earlier study [21]) to induce the sperm 159 

release from BOEC (BOEC-P4 group), as well as a group treated for 1 h with P4 (100 160 

ng/mL) (P4 group) without BOEC. After every experiment, the sperm cells-containing 161 
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supernatants from the unbound group and the spermatozoa released by GO or P4 action 162 

were centrifuged for 10 min at 500g and counted by Thoma cell, in order to calculate 163 

the percentage of BOEC-GO spermatozoa and evaluate the ability of GO to induce the 164 

sperm release from BOECs. As positive controls there were used P4 (100 ng/mL) and 165 

heparin (100 µg/mL), this one previously reported to induce the release of ~100% of 166 

spermatozoa attached to BOECs monolayers within 1h (BOEC-HEP spermatozoa)[29].  167 

2.5. In vitro fertilization and embryo culture 168 

Bovine oocytes were collected and matured in vitro as previously 169 

described [25,30]. Cumulus-oocyte complexes (COCs) were collected from 170 

bovine ovaries by aspirating follicles with a diameter of 2-5 mm. COCs 171 

surrounded by several layers of compact cumulus cells were selected and 172 

washed three times in HEPES-buffered TCM199. Groups of 50 COCs were then 173 

transferred into four-well dishes (Nunc, Roskidle, Denmark) and allowed to 174 

mature for 22 h in 500 µL of TCM199 supplemented with EGF (10 ng/mL), 175 

IGF-1 (19 ng/mL), FGF (2.2 ng/mL), hCG (5 IU/mL), PMSG (10 UI/mL), 176 

insulin (5 µg/mL), transferrin (5 µg/mL), selenium (5 ng/mL), L-cystein (90 177 

µg/mL), beta-mercaptoethanol (0.1 mM), ascorbic acid (75 µg/mL), glycine 178 

(720 µg/mL), glutamine (0.1 mg/mL) and pyruvate (110 µg/mL) at 38.8°C in a 179 

humidified atmosphere with 5% CO2. At the end of the maturation, COCs were 180 

washed three times in IVF-medium before being transferred in groups of 30-50 181 

oocytes into four-well dishes for insemination.   182 

Spermatozoa and BOECs were prepared and co-incubated as described above. 183 

After the co-incubation, BOECs were washed three times with IVF- medium and then 184 

the sperm release was induced by incubating with GO (1 µg/mL) or P4 (100 ng/mL) 185 

during 1h (BOEC-GO and BOEC- P4 group, respectively). As a control group, 186 
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spermatozoa were incubated at a final concentration of 4×106 spermatozoa/mL in IVF-187 

medium and manipulated by pipetting as the other treated groups and in parallel. The 188 

cell supernatant and washing medium from the three experimental groups were 189 

centrifuged for 10 min at 100 g before the co-incubation with the oocytes. After 190 

determining the sperm concentrations with a Thoma cell, sperm cells at a final 191 

concentration of 1×106/mL were co-incubated with the in vitro matured oocytes at 192 

38.8°C in 500 µl of IVF-medium containing 10 µg/ml heparin in a humidified 193 

atmosphere with 5% CO2.  194 

Twenty-two hours post-insemination (pi), presumptive zygotes were washed 195 

three times in synthetic oviductal fluid [31] to remove cumulus cells and attached 196 

spermatozoa. Zygotes were then cultured in 25 µL drops of SOF supplemented with 5 197 

% heat-treated FCS and overlaid with 700 µL of mineral oil. Zygotes were incubated for 198 

8 days at 38.8°C in a humidified atmosphere containing 5% O2, 5% CO2 and 90% N2.  199 

Cleavage rates were determined on Day 2 pi. Blastocyst rates at Days 7 and 8 200 

were determined as percentages of cleaved embryos and hatching rate at Day 8 as 201 

percentage of blastocysts at Day 8. 202 

2.6. Evaluation of sperm membrane fluidity by fluorescence recovery after 203 

photobleaching (FRAP) analysis  204 

Due to the need of analysing live spermatozoa in a very short length of time, 205 

only CTRL, BOEC-GO and BOEC-P4 groups were analysed. FRAP experiments were 206 

performed as previously described [28,32]. Briefly, the lipophilic fluorescent molecule 207 

DilC12(3) perchlorate (ENZ-52206, Enzo Life Sciences, USA) was added (1:1000) for 208 

the last 15 min of the sperm-BOEC co-incubation. Released spermatozoa were then 209 

collected and FRAP was carried out within 60 min after collection with a laser-scanning 210 
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confocal microscope LSM780 (Zeiss, Oberkochen, Germany) with the following 211 

acquisition parameters: Plan Apo 63X oil objective, numerical aperture 1.4; zoom 4.2; 1 212 

airy unit; 1 picture every 0.230 sec; fluorescence bleaching and recovery performed at 213 

λexc = 561 nm and λem = 595 nm with one scan for basal fluorescence record at 2.4% 214 

of the maximum laser power, one scan at 100% laser power for bleaching, and 25 scans 215 

for monitoring recovery at 2.4% of the maximum laser power. Recovery curves were 216 

obtained and analysed using the simFRAP plug-in for Fiji ImageJ 217 

(https://imagej.nih.gov/ij/plugins/sim-frap/index.html, 03/25/2019) [33]. The parameters 218 

set were the following: pixel size 0.109 µm; acquisition time per frame 0.095 sec. The 219 

results are expressed as diffusion coefficient (cm2/sec). Six independent experiments 220 

were carried out, with an average of 15 spermatozoa analysed per condition and per 221 

replicate.  222 

2.7. Evaluation by Western blot of BSP abundance on spermatozoa  223 

Previous studies using the same in vitro system showed that only sperm heads 224 

with intact acrosome did bind to the surface of BOECs [25]. In order to reject the 225 

hypothesis whereby the release of bound spermatozoa by GO was due to the loss of 226 

their acrosome, the integrity of acrosomes in the BOEC-GO and CTRL groups was 227 

evaluated using a double staining with PNA (Peanut Agglutinin lectin) and Hoechst 228 

33342 followed by examination under confocal microscopy. Acrosomes were found to 229 

be intact in more than 90% of spermatozoa in both groups (data not shown). For 230 

Western-Blot analyses, spermatozoa from all the experimental groups were collected 231 

and immediately washed twice in PBS and centrifuged at 2000 g for 3 min before 232 

protein extraction. Samples were then diluted in lysis buffer (2% SDS in 10 mM Tris, 233 

pH 6.8) with a protease inhibitor cocktail and centrifuged (15000 g for 10 min, 4ºC) to 234 

separate the protein-rich supernatant from the cellular debris. The concentration in 235 
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proteins was assessed in sperm supernatants using the Uptima BC Assay kit (Interchim, 236 

Montluçon, France) before dilution in loading buffer (Laemmli buffer 5X) and heating 237 

(90ºC for 5 min). Sperm samples extracts were migrated (10 µg of proteins per lane) on 238 

a SDS-PAGE 4-15% gradient gel (Mini-PROTEAN® TGX™ Precast Protein Gels, 239 

BioRad) and blotted on a nitrocellulose membrane using the Trans-Blot® TurboTM 240 

Transfer System (BioRad, Marnes-la-Coquette, France). The membranes were stained 241 

with Ponceau S solution (5 min at room temperature, gentle shaking) and scanned with 242 

Image Scanner (Amersham Biosciences, GE Healthcare Life Sciences) to check the 243 

homogeneous loading among lanes and for normalization (see below). Membranes were 244 

blocked in 5% (w/v) milk powder diluted in TBS-T (Tris-buffered saline with 1% (v/v) 245 

Tween20) for 1h and then incubated with the primary antibody diluted at 1:1000 (gentle 246 

shaking, 4ºC, overnight). Anti-sera against purified bovine BSP-1, BSP-3 and BSP-5 247 

proteins were kindly provided by Dr. Manjunath (Department of Biochemistry and 248 

Medicine, Faculty of Medicine, University of Montreal) and antibodies were purified 249 

with the Melon Gel IgG spin purification kit (Thermo Fisher Scientific, City, Country), 250 

following the supplier’s instructions. Blots were finally incubated with fluorescent 251 

secondary antibody IRDye® 800CW anti-Rabbit IgG (gently shaking, 37ºC, darkness, 252 

45 min) diluted at 1:10000 before revelation with infrared scanner Odyssey® CLx (LI-253 

COR Biotechnology, Lincoln, USA). At least three biological replicates were performed 254 

for each antibody and each condition. 255 

2.8. Evaluation by Western blot of sperm Ser/Thr phosphorylation by PKA 256 

and protein tyrosine phosphorylation  257 

To evaluate PKA activity and tyrosine phosphorylation (pTyr), spermatozoa 258 

were diluted in Laemmli buffer 5X, heated (100ºC, 5 min) and centrifuged (15000 g for 259 

10 min at 4ºC). The protein rich supernatant was separated from the cell debris and 1 µL 260 
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of β-Mercaptoethanol (v/v) was added to each sample. Then, sperm protein extracts 261 

without prior quantification were migrated and blotted as stated above. After staining 262 

with Ponceau S solution and scanning, the membranes were blocked for 1 h in 5% (w/v) 263 

milk powder diluted in TBS-T and incubated with anti-phospho-PKA antibody 264 

(Phospho-PKA Substrate (RRXS*/T*), dilution 1:10000 Rabbit mAb, Cell Signaling, 265 

Leiden, The Netherlands) in 5% (w/v) BSA in TBS-T (gently shaking, 4ºC, overnight). 266 

This antibody detects peptides and proteins containing a phospho-Ser/Thr residue with 267 

arginine at the −3 and −2 positions. In this way, it is possible to evaluate the quantity of 268 

Ser/Thr phosphorylated residues, as well as the increase of protein tyrosine 269 

phosphorylation, giving information about the activation of PKA enzyme. After 270 

washing, the membranes were incubated with secondary anti-rabbit HRP (1:5000) 271 

antibody for 1 h. The peroxidase was revealed using the Clarity™ Western ECL 272 

Blotting Substrates kit from BioRad and the images digitized with a cooled CCD 273 

camera (ImageMaster VDS-CL, Amersham Biosciences, GE HealthCare Lifesciences, 274 

Pittsburgh, PA). Tyrosine phosphorylation was assessed on the same membranes by 275 

stripping the previous antibodies (Stripping solution containing β-mercaptoethanol 43 276 

mM, SDS 1%, Tris HCL 62.5 mM, pH 6.7) at 60ºC for 1 h. After washing, the 277 

membranes were blocked in 20% (w/v)  bovine gelatine (w/v) in TBS-T for 1 h and 278 

incubated with anti-pTyr antibody (Clone 4G10, dilution 1:10000, Mouse mAb, Merck 279 

Millipore, USA) in PBS-T for 90 min. After washing again, the membranes were finally 280 

incubated with the secondary anti-Mouse HRP (1:5000) antibody for 1h and revealed as 281 

described previously in this section. At least three biological replicates were performed 282 

for each antibody and each condition. 283 

2.9. Quantification of Western Blot data 284 
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To normalize the data, Ponceau S staining was used, as previously described 285 

[34]. Briefly, the whole lanes were quantified by densitometry using the TotalLab 286 

Quant software (version 11.4,TotalLab, Newcastle upon Tyne, UK). Protein signals 287 

were analyzed by Image Studio™ software (LI-COR Biotechnology, Lincoln, USA) in 288 

the case of fluorescent detection (BSP) and with TotalLab Quant software in the case of 289 

chemiluminescence detection (PKA and pTyr). The total bands were quantified 290 

afterwards using ImageQuantTL (GE Healthcare LifeSciences).  291 

2.10. Statistical analysis of IVF, Western-blot and FRAP data 292 

For statistical analysis, GraphPad Prism 6 Software (La Jolla, CA, USA) was 293 

used. Western-blot data were first normalized against Rouge-Ponceau and then BSP 294 

data were normalized against the CTRL group (considered at 100%). All data were first 295 

subjected to normality test (D’Agostino-Pearson omnibus and Shaphiro-Wilk tests). As 296 

Western-blot and FRAP data did not follow a normal distribution, differences between 297 

groups were analyzed by the non- parametric Kruskal-Wallis’ test followed by Dunn’s 298 

multiple comparisons tests.  299 

For IVF analysis, the cleavage rates at Day 2 pi were calculated from the total 300 

number of COCs. The blastocysts rates at Days 7 and 8, and hatching rates at Day 8 301 

were calculated from the total number of cleaved embryos. Since the system we 302 

analyzed is characterized by a high intrinsic biological variability, we decided to 303 

normalize the data with the CTRL, thus we expressed the results obtained in treatment 304 

groups as delta % with respect to the CTRL. The rates of development and relative 305 

changes between groups were compared by ANOVA followed by Holm-Sidak's 306 

multiple comparisons tests (CTRL vs. BOEC-P4 and CTRL vs. BOEC-GO). . 307 

Differences were considered statistically significant when p<0.05.   308 
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2.11. Sperm proteomic and lipidomic profiling by Intact Cell MALDI-TOF 309 

Mass Spectrometry (ICM-MS) 310 

For proteomic and lipidomic analyses, all groups of spermatozoa were washed 311 

three times in Tris-Sucrose Buffer (TSB, 20 mM Tris-HCl, 260 mM sucrose, pH 6.8) to 312 

remove the culture media and salts. For proteomic profiling, 0.5 µL of saturated CHCA 313 

(α-cyano-4-hydroxycinnamic acid) matrix dissolved in 100% ethanol was spotted on a 314 

MALDI plate (MTP 384 polished steel) and dried before adding approximately 105 315 

spermatozoa (determined using a Thoma cell counting chamber) in one µl and 316 

overloading with 2.5 μL of saturated CHCA (α-cyano-4-hydroxycinnamic acid) matrix 317 

dissolved in 50% acetonitrile/50%  water (v/v) in presence of 0.3% TFA (trifluoroacetic 318 

acid). For lipidomic profiling, approximately 2105 spermatozoa in 0.5 µL were spotted 319 

and overlaid with 2 μL of DHAP (2,5-dihydroxyacetophenone) matrix at 20 mg/mL 320 

solubilized in 90% methanol/10% in presence of 2% TFA. The matrix/sample was 321 

allowed to evaporate slowly at room temperature for 30 min before MALDI analysis. 322 

For each condition, three biological replicates were performed and for each biological 323 

replicate, twenty technical replicates were spotted. Spectra were acquired using a 324 

Bruker UltrafleXtreme MALDI-TOF instrument (Bruker Daltonics, Bremen, Germany) 325 

equipped with a Smartbeam laser at 2 kHz laser repetition rate following an automated 326 

method controlled by FlexControl 3.0 software (Bruker Daltonics, Bremen, Germany). 327 

Spectra were obtained in positive linear ion mode in the 1,000–30,000 m/z 328 

(mass/charge) range for proteomics and 100-1,800 m/z range for lipidomics. Each spot 329 

was analyzed in triplicate. After external calibration, each spectrum was collected as a 330 

sum of 1,000 laser shots in five shot steps (total of 5,000 spectra) with a laser parameter 331 

set at medium. To increase mass accuracy (mass error <0.05%), an internal calibration 332 

was performed on a mix of cells and calibrant solution (for proteomic, 1µL of calibrant 333 
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solution containing Glu1-fibrinopeptide B, ACTH (fragment18-39), insulin and 334 

ubiquitin, cytochrome C, myoglobin and trypsinogen, while for lipidomic, 1 µL of 335 

calibrant solution containing Caffein, MRFA peptide, Leu-Enkephalin, Bradykinine 2–336 

9, Glu1-fibrinopeptide B; reserpine; Bradykinine; Angiotensine I). A lock mass 337 

correction was applied to one peak with high peak intensity in all spectra using 338 

flexAnalysis 4.0 software (Bruker). For proteomics, the unknown peak at m/z 6821.46 339 

was selected, while for lipidomics, the calibration was achieved with the mass 340 

corresponding to the phosphatidylcholine 34:1 (PC 34:1; [M+H]+ : 760.5856 m/z). 341 

2.12. Quantification and statistical analysis of ICM-MS data 342 

Spectral processing and analysis were performed with ClinProTools v3.0 343 

software (Bruker Daltonics, Bremen, Germany). The data analysis began with an 344 

automated raw data pre-treatment workflow, comprising baseline subtraction (Top Hat, 345 

10% minimum baseline width) and two smoothings using the Savitzky-Golay 346 

algorithm. The spectra realignment was performed using prominent peaks (maximal 347 

peak shift 2000 ppm, 30% of peaks matching most prominent peaks, exclusion of 348 

spectra that could not be recalibrated). Normalization of peak intensity was performed 349 

using the Total Ionic Count (TIC) in order to display and compare all spectra on the 350 

same scale. Automatic peak detection was applied to the total average spectrum with a 351 

signal/background noise greater than 2. 352 

The intra- and inter-experiment variability in measurements were evaluated by a 353 

coefficient of variation (CV). For CTRL, BOEC-GO, BOEC-P4 and GO groups, mean 354 

CV values did not exceed 18.4%, 23%, 23.1% and 14.4% for proteomics, and 31.3%, 355 

42.6%, 34.5% and 37.8% for lipidomics, respectively. In order to avoid false positives 356 

in the differential analyses from the lipidomic analysis due to GO ionization, GO alone 357 

with DHAP matrix without spermatozoa was analyzed. Corresponding masses were 358 
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matched with the differential masses found in the BOEC-GO and GO groups and 359 

removed from the lists, discarding finally 7 m/z. Differential analyses between groups 360 

(N = 180-200 MALDI spectra per group) were performed using the non-parametric 361 

Kruskal-Wallis and Wilcoxon tests for multiple and paired comparisons, respectively. 362 

Fold Change (FC) was calculated as the ratio between the mean normalized intensity 363 

values. Masses were considered statistically differential between groups if the p-value 364 

was < 0.01 with a FC > 1.5 or < 0.67. Receiver operating characteristic (ROC) curves 365 

were generated and only masses with areas under the curve (AUCs) > 0.8 were retained. 366 

Principal component analysis (PCA) and hierarchical clustering were performed on 367 

differential masses using the RStudio Software (RStudio, Boston, MA, USA) (installed 368 

packages: readr, robustbase, caTools, RColorBrewer, MALDIquantForeign, 369 

FactoMineR, gplots).  370 

2.13. ICM-MS data processing for lipid and protein identification 371 

In order to identify the lipids corresponding to the differential peaks obtained by 372 

ICM-MS profiling, the masses observed were confronted to a local database created 373 

from previous analyses of bovine follicular cells and fluids. This database is a merged 374 

list of lipids identified by high resolution mass spectrometry (HRMS) using liquid 375 

chromatography coupled with mass spectrometry (LC-MS) and direct infusion for HR-376 

MS/MS structural analyses, as recently described  [35]. The comparison of the masses 377 

observed by ICM-MS and the monoisotopic masses identified by HRMS was performed 378 

with a max mass tolerance of 0.1 Da for lipids. 379 

In order to identify the proteins corresponding to the differential peaks obtained 380 

by ICM-MS profiling, a local database from a previous analysis of ovine spermatozoa 381 

by HR-MS/MS coupled to µLC was used. In this analysis, 1 mg of the intact 382 

peptides/proteins was subjected to various fractionations through reversed phase and gel 383 
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filtration chromatographic separations, as previously described [36]. All the data 384 

acquired by µLC-HR-MS/MS were automatically processed by the ProSight PC 385 

software v4.0 (Thermo Fisher, San Jose, California, USA) [36]. All the data files 386 

(*.raw) were processed using the cRAWler application. Molecular weights of precursor 387 

and product ions were determined using the xtract algorithm. Automated searches were 388 

performed on PUF files using the “Biomarker” search option against a database made 389 

from the UniprotKB Swiss-Prot Ovis aries release 390 

ovis_aries_2017_07_top_down_complex (28256 sequences, 512072 proteoforms) 391 

downloaded from http://proteinaceous.net/database-warehouse/. Iterative search tree 392 

was designed for monoisotopic precursors and average precursors at 25 ppm and 2 Da 393 

mass tolerance, respectively, and both at 15 ppm for fragment ion level. For all 394 

searches, the N-terminal post-translation modifications were considered. Then, all the 395 

*.puf files were additionally searched in “Absolute mass” mode using 1000 Da for 396 

precursor search window. For identification of endogenous biomolecules, we validated 397 

automatically all the peptidoforms/proteoforms with E value <1E−8. Furthermore, we 398 

validated all hits presenting a C score > 3 [37]. The comparison of the masses observed 399 

by ICM-MS and the average masses identified by Top-Down was performed with a max 400 

mass tolerance of 0.05% for proteins. 401 

In TD results list, the entry names and gene names were recovered from the 402 

UniProtKB accession numbers from Ovis aries annotated proteins using the Retrieve/ID 403 

mapping of Uniprot (http://www.uniprot.org/uploadlists/) and listed. Proteins identified 404 

in Ovis were mapped to the corresponding Bos taurus taxon by identifying the 405 

reciprocal-best-BLAST hits using blastp resource 406 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Only protein sequences with 100% identity and 407 

100% query cover were retained. The gene name and accession number of identified 408 
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proteins were recovered from the NCBI database. Protein functions and cellular location 409 

were recovered from UniProtKB (Swiss-prot) (https://www.uniprot.org/uniprot/, 410 

03/25/2019) Last, the potential role of proteins identified in membrane lipid rafts was 411 

assessed using the RaftProt Database V2 (Mammalian Lipid Raft Proteome Database, 412 

http://raftprot.org/, 03/25/2019) by downloading the list of lipid-raft associated proteins 413 

detected in bovine experiments (evidence based on Gene Name and UniprotID).   414 

2.14. Protein-protein network creation by STRING 415 

To identify and predict new molecular interactions identifies proteins we used 416 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (https://string-417 

db.org/, version 11.0, 03/25/2019) [38]. STRING is a database including known and 418 

predicted protein interactions. They could be either direct (physical) or indirect 419 

(functional) associations, and are derived from different sources: genomic context, high-420 

throughput experiments, conserved co-expression and previous knowledge. From the 421 

data obtained using STRING it was obtained a new network by filtering the data for bos 422 

taurus species and adopting a medium confidence score (0.400). Afterwards, to identify 423 

clusters of molecules within the network, we used the Markov Cluster (MCL) 424 

algorithm, setting the inflation parameter (related to the precision of the clustering) at 4.  425 
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 426 

 427 

Figure 1. Experimental design. The schema summarizes the experimental 428 

design composed by the three main experimental groups and the four control conditions 429 

are shown. From left to right: control group (CTRL), spermatozoa unbound (BOEC), 430 

spermatozoa released from BOEC by P4 action (BOEC- P4), spermatozoa just treated 431 

with P4 without BOEC (P4), spermatozoa released from BOEC by GO action, and just 432 

GO-treated spermatozoa without BOEC (GO). All the sperm experimental groups were 433 

subjected to BSP, PKA and protein tyrosine phosphorylation analysis by Western Blot, 434 

and to lipidomic and proteomic analysis by ICM-MS, while only CTRL, BOEC-P4 and 435 

BOEC-GO groups were also used to carry out IVF and blastocyst yield (BY) analysis 436 

and FRAP experiments.  437 

 438 
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3. Results 439 

3.1 Characterization of graphene oxide 440 

Considering the importance of concentration, lateral size, shape and thickness of 441 

GO in their interactions with cells [39], we spectrophotometrically checked the 442 

concentration of the final GO dispersion by using the Lambert-Beer law at λmax 230 nm 443 

and checked the dimension of the GO dispersion by Dynamic Laser Light Scattering. 444 

The mean diameter of a 1 g/mL GO dispersion at 38.5 °C is 670±100 nm and the size 445 

do not increase on increasing the GO concentration.  446 

3.2. GO induced the release of spermatozoa from BOEC 447 

GO (1 µg/mL) addition to the spermatozoa-BOEC co-culture induced the 448 

release of around 65% of spermatozoa previously bound to BOEC, while 449 

BOEC-P4 group induced the released of approximately the 50% of bound 450 

spermatozoa (see Supplementary Figure 1). These BOEC-GO spermatozoa were 451 

subsequently used for IVF and analyzed in the following experiments.  452 

3.3. GO-induced release increased spermatozoa fertilizing competence 453 

As summarized in Table 1, at Day 2 pi the cleavage rates were significantly 454 

higher when oocytes were co-incubated with spermatozoa from the BOEC-GO group 455 

compared to the CTRL group (84.5% BOEC-GO vs. 68.6% for the CTRL, p=0.041). At 456 

Days 7 and 8 after IVF, the rates of blastocysts were higher (although not statistically 457 

significant) in BOEC-P4 and BOEC-GO groups compared with CTRL, obtaining 458 

positive delta values in all the cases, standing out the higher rate and delta of 459 

hatching/hatched blastocysts at Day 8.  460 

 461 
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 462 

 463 

Table 1. In vitro fertilization and embryo development outcomes. Means ± 464 

SD of cleavage rate at Day 2, blastocyst rates at Days 7 and 8 pi and hatching rates at 465 

Day 8 of bovine embryos after in vitro fertilization with control spermatozoa (CTRL), 466 

spermatozoa released from BOEC after P4 (BOEC-P4) and GO  (BOEC-GO)  action. 467 

COCs: total number of cumulus oocyte complexes (COCs); % cleavage from the total 468 

COC number; % of blastocyts from the cleaved embryos; % hatching/hatched from the 469 

number of blastocyst at Day 8. *Significantly different compared to CTRL (p<0.05). 470 

 471 

3.4. GO-induced release increased sperm membrane fluidity  472 

Sperm membrane fluidity was assessed by using a FRAP technique. To that, 473 

spermatozoa were bleached and then the time to recover the fluorescence was calculated 474 

to obtain the diffusion coefficient of the dye DilC12(3). FRAP analysis showed similar 475 

increases in the mean diffusion coefficient in BOEC-GO and BOEC-P4 spermatozoa 476 

compared to the CTRL group (mean values of  1.38, 3.14 and 3.13 for CTRL, BOEC-477 

P4 and BOEC-GO, respectively, p=0.014 for CTRL vs. BOEC-P4 and p=0.046 for 478 

CTRL vs. BOEC-GO). This difference was due to an increase in membrane fluidity of a 479 

subpopulation of spermatozoa released by GO and P4. 480 

 481 

 COCs 
Cleavage (%) Day-7 blastocysts (%) Day-8 blastocysts (%) Hatching Day 8 (%) 

Rate Delta Rate Delta Rate Delta Rate Delta 

CTRL 185 68.6 ± 7.6 - 13.2 ± 5.5 - 17.5 ± 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 84.5 ± 4.8* 23.2 14.5 ± 6.3 9.8 18.2 ± 6.4 4 34.9 ± 13.4 90 
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 482 

Figure 2. Assessment of sperm membrane fluidity by Fluorescence 483 

Recovery After Photobleaching (FRAP). Scatter plot shows calculated diffusion 484 

coefficient (CDC) of the dye DilC12(3) in the controls (CTRL), GO-released 485 

spermatozoa (BOEC-GO) and P4-released spermatozoa (BOEC-P4). Means and 486 

percentiles 25 and 75% are represented (n=6 replicates, *p<0.05). 487 

3.5. GO-induced release decreased BSPs abundance on sperm surface 488 

The mean abundances of membrane proteins BSP-1, BSP-3 and BSP-5 on 489 

BOEC-GO spermatozoa were decreased (CTRL:BOEC-GO fold changes of 3.37; 2.94 490 

and 3.48, respectively) while spermatozoa just treated with GO without cells did not 491 

present any significant change compared with the CTRL group. Results are similar to 492 

those obtained on P4-released and P4-treated spermatozoa (CTRL:BOEC-P4 fold 493 

changes of 2.16; 2.89 and 2.76 for BSP-1, BSP-3 and BSP-5, respectively).  494 
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 495 

Figure 3. BSP-1, -3, -5 abundance. Histograms exhibit the comparison of BSP-496 

1,-3 and -5 abundance on control spermatozoa (CTRL), spermatozoa unbound or 497 

released after a short period of binding and release, spermatozoa released by P4 (BOEC-498 

P4), just-treated P4 spermatozoa (P4), released by GO (BOEC-GO) and just GO-treated 499 

(GO) in terms of mean ± SD (n= 3 replicates). 500 

3.6. GO-induced release did not modify sperm PKA activity and pTyr 501 

phosphorylation 502 

Although not significant, GO alone tended to increase the levels of 503 

phosphorylated Ser/Thr residues by PKA and protein tyrosine (p=0.186 and p=0.383 for 504 

PKA and ptyr, respectively) whereas the BOEC-GO group remained at comparable 505 

levels of phosphorylation compared with the control group.  506 

 507 
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Figure 4. Phosphorylated Ser/Thr residues by PKA and protein tyrosine 508 

phosphorylation. (A) Means ± SEM of PKA activity in spermatozoa unbound or 509 

released after a short period of binding and release (BOEC), released by P4 after 510 

binding (BOEC-P4), just treated by P4 (P4), released by GO after binding (BOEC-GO) 511 

and just GO-treated (GO) (B) Means ± SEM of protein tyrosine phosphorylation levels 512 

in the same groups (n=3 replicates for both histograms, p>0.05).  513 

3.7. GO-induced release highly modified sperm lipidomic profiles 514 

A representative spectra of the control group derived from lipidomic analysis is 515 

illustrated in Supplementary Material 2 A). After confronting BOEC-GO and GO 516 

molecular species with those from the CTRL group, a total of 154 differential m/z were 517 

evidenced by ICM-MS. A detailed list with the masses found among each comparison 518 

(CTRL Vs BOEC-GO, CTRL Vs. BOEC-P4, CTRL Vs. GO and BOEC-GO Vs. GO) 519 

and the criteria to select the differential masses is available in Supplementary Material 520 

3. Amongst these, 144 corresponded to the comparison between BOEC-GO and CTRL 521 

groups, while only 8 m/z were differential when comparing GO and CTRL groups 522 

(Figure 5A). Furthermore, the differential masses found between CTRL and BOEC-GO 523 

groups were compared to those previously obtained between CTRL and BOEC-P4 524 

spermatozoa (Figure 5B). A total of 26 m/z were shared between the two comparisons. 525 

GO action on bound spermatozoa modified the sperm lipidomic profiling at a higher 526 

level than P4 action (144 vs. 34 m/z). To obtain an overall view of the variations in the 527 

peak intensities between the three main experimental conditions (CTRL, BOEC-GO and 528 

GO) we performed hierarchical clustering and PCA analysis, in which the different 529 

sperm groups were clearly separated (Figure 6A).  530 

3.8. Identification of differential lipids 531 
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In total, 67 differential m/z were identified, including eight different lipid 532 

classes: phosphatidylcholine (PC, 44 m/z), lysophosphatidylcholine (LPC, 12 m/z), 533 

triacylglycerol (TG, 9 m/z), shingomyelin (SM, 7 m/z), lysophosphatidylethanolamine 534 

(LPE, 2 m/z), ceramide (Cer, 2 m/z), diacylglycerol (DG, 1 m/z) and carnitines (CAR, 1 535 

m/z) (see Supplementary Table 1 for detailed information). It is of note the large 536 

proportion of PCs, as PC(36:1) and PC(36:2), that were highly increased in abundance 537 

in BOEC-GO spermatozoa compared to controls (BOEC-GO:CTRL fold changes of 538 

18.03 and 14.95, respectively).  539 

3.9. GO-induced release moderately modified sperm proteomic profiles 540 

A representative spectra of the control group derived from proteomic analysis is 541 

illustrated in Supplementary Material 2 B). The analysis of proteomic ICM-MS profiles 542 

between BOEC-GO, GO and CTRL groups evidenced a total of 156 differential m/z. A 543 

detailed list with the masses found among each comparison (CTRL Vs BOEC-GO, 544 

CTRL Vs. BOEC-P4, CTRL Vs. GO and BOEC-GO Vs. GO) and the criteria to select 545 

the differential masses is available in Supplementary Material 4. The BOEC-GO group 546 

showed a total of 91 differential m/z compared to the CTRL group, while the GO group 547 

displayed 73 differential m/z. Among these, only 16 m/z where common to both 548 

comparisons (Figure 5C). Moreover, when comparing BOEC-GO with previous results 549 

obtained for the BOEC-P4 vs. CTRL comparison, a high number of differential 550 

molecular species was shared (81 m/z), while 10 and 17 differential m/z were specific to 551 

the BOEC-GO vs. CTRL and BOEC-P4 vs. CTRL comparisons, respectively (Figure 552 

5D). As well as for the lipidomic analysis, we illustrated the variations in the m/z peak 553 

intensity between the three main experimental conditions (CTRL, BOEC-GO and GO) 554 

with hierarchical clustering and PCA analysis, which also show a clear distinct 555 

distribution of the sperm groups (Figure 6B).  556 
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 557 

Figure 5. Distribution of differential lipids and proteins between the 558 

experimental groups. Venn diagrams confronting the differential m/z identified by 559 

ICM-MS for lipidomic (A,B) and proteomic (C,D) profiles. CTRL: control 560 

spermatozoa; BOEC-GO: spermatozoa bound to BOECs and then released by GO; GO: 561 

spermatozoa just treated with GO; BOEC-P4: spermatozoa bound to BOECs and then 562 

released by P4 action. (http://bioinformatics.psb.ugent.be/webtools/Venn/).  563 
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 564 

Figure 6. Hierarchical clustering and Principal Component Analysis (PCA) 565 

of differential lipids and proteins in spermatozoa. Hierarchical clustering (top) and 566 

PCA (bottom) of differentially abundant masses among experimental groups (CTRL, 567 

BOEC-GO, GO) for lipidomic (A) and proteomic (B) analyses. CTRL: control 568 

spermatozoa; BOEC-GO: spermatozoa bound to BOECs and then released by GO; GO: 569 

spermatozoa just treated with GO. For hierarchical clusterings, on the color bar, red is 570 

the high spectral count and green is the low count. Patterns of m/z signals were 571 

classified into clusters by hierarchical clustering based on different phenotypes of sperm 572 

cells. In the PCA chart are represented the three main experimental conditions, 573 

symbolizing each one a different population.  574 

3.10. Identification of differential proteins and protein-protein interaction 575 

network  576 

A total of 42 differential m/z were identified as peptidoforms from 33 different 577 

proteins, among which 8 m/z matched with two possible proteins, and 1 m/z with three 578 

proteins. Among the proteins found, five were sperm-specific (SPAM1, ODF3, 579 
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SPESP1, bovine proacrosine and Sp17). The biological functions of the proteins found 580 

included motility and structural organization, energy and metabolism, signaling, oocyte 581 

recognition (ZP binding), stress response, post-translational modification and ATP 582 

binding. By using STRING, an online database of known and predicted protein-protein 583 

interactions (https://string-db.org/), the direct (physical) and indirect (functional) 584 

interactions of those identified proteins between each other and with others are 585 

illustrated in Figure 7 (see Supplementary Table 2 for detailed information about the 586 

proteins identified).  587 

 588 

 589 

Figure 7. Protein-protein interaction network. Network illustrating the 590 

associations between the proteins that matched with the peptidoforms identified 591 

(https://string-db.org/)   592 
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4. Discussion 593 

Over the last decades, ART has acquired a great importance in our society to 594 

fulfill the wish of many infertile couples with the use of IVF and ICSI techniques. 595 

However, the more invasive ICSI technique is gaining ground to IVF method, entailing 596 

a series of problems not only for the mother (placental abruption, pre-eclampsia and 597 

stillbirths) but also for the babies (development of tumors and carcinomas, congenital 598 

anomalies such as septal heart defects and cleft lip or palate, as well as neurological 599 

problems that may result in an intellectual lag) [5,6]. For this reason, improving the 600 

success rates of IVF techniques is a primordial aim for ART, in order to overcome the 601 

use of IVF versus ICSI in the near future. To that aim, we have developed an IVF 602 

approach in which we include oviductal epithelial cells as a somatic component 603 

naturally present in vivo, and GO, a promising carbon-based material with great 604 

potential applications in medicine.  605 

Here, we illustrate some events related to sperm capacitation, a key process 606 

common to many species and indispensable to achieve a successful fertilization. This 607 

ensemble of events are played out either in vivo during the sperm migration within the 608 

female genital tract, especially in the oviduct, or in vitro, induced by the presence of 609 

some ions and proteins as HCO3
-, Ca2+ and serum albumin [40]. Interestingly, we found 610 

that GO (1 µg/mL) addition to the spermatozoa-BOECs co-culture induced the release 611 

of almost the 65% of spermatozoa previously bound to BOEC.  612 

First, we assessed the sperm fertilizing ability of bovine spermatozoa after GO-613 

induced release from BOEC by an IVF assay. The positive effect of GO treatment on 614 

the cleavage rate was in accordance with previous results observed in a swine model [7] 615 

and we were able in this study to confirm a positive rate of blastocysts development, 616 

denoting the absence of toxicity and a potential beneficial effect when bull spermatozoa 617 
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were incubated with GO in vitro. It is noteworthy as well the higher (although not 618 

statistically significant) rate of hatching/hatched blastocysts obtained when using 619 

BOEC-GO spermatozoa compared to the control group, since elevated hatching rates 620 

have been related to better implant potential and developing into a positive pregnancy in 621 

humans [41].  622 

In that way, we started our analysis evaluating the sperm membrane state. It is 623 

well accepted (although controversial [42,43]) that spermatozoa are transcriptionally 624 

silent and with a limited lipid metabolism, with virtually no cytosol (thus numerous 625 

molecules involved in sperm signaling are localized in the membrane), pointing out the 626 

central role of the membrane during the process of acrosome reaction [44]. During 627 

capacitation, numerous membrane lipids are displaced, increasing the membrane 628 

fluidity and modulating the activity of several enzymes and proteins, leading to a deep 629 

remodeling of the membranes. Here, by using an already validated FRAP approach 630 

[33], we evidenced an increase in the membrane fluidity of some spermatozoa released 631 

from BOECs, probably caused by the extraction of cholesterol by GO [13], one of the 632 

events responsible for the beginning of capacitation. In order to appraise the results 633 

obtained, we compared the calculated diffusion coefficients (CDC) with those obtained 634 

when using P4, considered as a physiological stimulus. The results show similar levels 635 

of CDC on BOEC-GO and BOEC-P4 spermatozoa, translated into an alike increase in 636 

membrane fluidity. This result suggests that GO and P4 could be able to modify the 637 

membrane composition by arrangement of the lipids present in the inner and outer 638 

leaflet membrane, thus probably participating in the detachment from the oviductal 639 

cells. In addition to the FRAP experiments, we studied the abundance of Binder of 640 

Sperm Proteins 1, 3 and 5 (BSP-1,-3,-5) on sperm surface with and without induced 641 

release. These proteins from the seminal plasma are known to have a role on sperm 642 
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binding to OEC and to participate in the first steps of capacitation by promoting 643 

cholesterol and phospholipids efflux after their removal from the sperm membrane. Our 644 

results, similar to those obtained on BOEC-P4 [28], show a sharp decrease in BSP-1, -3 645 

and -5 abundance on sperm surface, in accordance with the increase in the membrane 646 

fluidity evidenced by the FRAP analysis. These results suggest that similar to P4, GO 647 

acts interacting with spermatozoa, producing some modifications that somehow leads to 648 

an increase in the membrane fluidity and finally to the acquisition of a higher fertilizing 649 

competence.  650 

The sperm function is strictly dependent on the composition of the membrane, 651 

forasmuch as the changes undergone activate some membrane and cytosolic proteins 652 

and enzymes that will trigger the signaling pathways involved in the acquisition of 653 

sperm fertilizing ability. Lipids rafts are membrane microdomains enriched in sterols 654 

and sphingolipids where are embedded important proteins that regulate intracellular 655 

function and cell signaling [14]. Since cholesterol is necessary for the stabilization of 656 

the lipid rafts, and the phospholipid composition changes during the remodeling of the 657 

membrane [45], the amount, distribution or composition of lipid rafts might be affected 658 

by the GO-induced release, as well as the membrane proteins and receptors embedded 659 

on them. In this work, by ICM-MS, we found by proteomic analysis eight peptides 660 

corresponding to proteins related to bovine lipid rafts (VDAC3, HSP90AA1, TUBB4B, 661 

UQCRC1, ATP5F1B, H2B, PHB2, UQCRFS1), which play interesting roles in sperm 662 

signaling and whose increase or decrease in BOEC-GO spermatozoa could be linked to 663 

the lipid remodeling. In addition, it is noteworthy that, even if we found some similar 664 

results in BOEC-P4 spermatozoa in terms of membrane fluidity, the number of 665 

differential masses (m/z) derived from lipidomic analysis, especially of PCs and SMs, 666 

was substantially higher in BOEC-GO spermatozoa compared to BOEC-P4 (144 vs 34 667 
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m/z). Given that GO has a hydrophilic nature, it is able to interact by the oxygen atoms 668 

with the positive charge of the phosphorus atom in the phosphate group [46], probably 669 

explaining the greater number of differential m/z obtained from lipidomic analysis 670 

compared to BOEC-P4 spermatozoa. 671 

In this work, 33 proteins were identified from the differential masses evidenced 672 

in the proteomic profile (see Supplementary Table 2), among which six (SORD, AKAP-673 

4, HSPD1, FH, ACO2, TUBA3C) were increased in BOEC-GO spermatozoa compared 674 

to controls. It is remarkable the great number of specific differential peptides found 675 

decreased on the GO group compared to CTRL, while this decrease was modulated on 676 

the BOEC-GO group, illustrating the role of the oviductal cells in the modulation of the 677 

sperm proteomics in the binding-release process, presumably preventing sperm cells 678 

from a premature capacitation. This results support our experimental model as a good 679 

strategy to study GO-sperm interactions in a more physiological environment. 680 

Among the peptidoforms found, most of them corresponded to proteins with a 681 

role in sperm motility and structural organization, or involved in metabolism pathways 682 

and energy production. Within the latter we found peptides corresponding to COX6A1, 683 

MDH2 and NADH proteins (2184.01, 2392.24 and 3387.66 Da, respectively) that were 684 

decreased on BOEC-GO spermatozoa compared with controls (fold changes of 0.44, 685 

0.58 and 0.55, respectively). By the other hand, the fragment from protein ACO2 686 

(3177.6 Da), an important enzyme from the tricarboxylic acid (TCA) cycle that 687 

contributes to ATP production was found to be increased in BOEC-GO spermatozoa 688 

(fold change of 1.69 compared with controls). These results are in concordance with 689 

earlier studies showing a decreased level of total ACO2 protein in sperm cells from 690 

asthenozoospermic patients compared to normal fertile men [47]. Along the same line 691 

we found a fragment from the SORD protein (3383.94 Da) highly increased in the 692 



33 
 

[Escriba aquí] 
 

BOEC-GO group (fold change 5.74 compared with controls). SORD is an enzyme 693 

responsible for the oxidizing of sorbitol to fructose using NAD+ and has been reported 694 

to participate in sperm motility and protein tyrosine phosphorylation [48].  695 

It is outstanding as well the presence of calmodulin (CALM), localized in the 696 

acrosome and the flagellum and that plays an important role on sperm capacitation and 697 

acrosome reaction by increasing the intracellular Ca2+ concentrations necessary for the 698 

sperm normal and hyperactivated motility [49]. CALM protein contains EF-hand 699 

domains that change their conformation after Ca2+ binding, leading to the activation or 700 

inactivation of target proteins. In this work, three molecular species obtained from the 701 

proteomic analysis were peptides from the EF-hand domains [50,51] of CALM 702 

(10513.8, 4855.7 and 4913.6 Da). CALM/Ca2+ complex, due to the exposure of 703 

hydrophobic and less negatively charge surface, has been shown to assemble GO with 704 

strong hydrophobic interaction and weak electrostatic repulsion [52]. The adsorption of 705 

the proteins onto the GO surface could stabilize their native structures or even induce 706 

conformational changes or alterations, affecting in this way the functionality or 707 

biological activity of the protein [53]. 708 

The changes experienced in the membrane, together with the increased 709 

intracellular concentration of diverse factors and some proteins modifications trigger the 710 

activation of multiple signaling events and pathways. Hence, in this work we focus our 711 

attention in one of the signaling pathways that entail PKA activation and protein 712 

tyrosine phosphorylation in spermatozoa. PKA enzyme is a tetrameric protein 713 

consisting in two regulatory and two catalytic subunits that could be activated by cAMP 714 

binding to the regulatory subunit, releasing the catalytic portions that have the ability to 715 

phosphorylate diverse specific proteins (thus phosphorylating tyrosine residues from a 716 

variety of proteins), initiating a cascade of intracytoplasmic signaling events in the 717 
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sperm cell. It is interesting to note that PKA enzyme is able to bind A-kinase anchoring 718 

proteins (AKAPs), and mostly AKAP-3 and -4, to the regulatory subunit of the protein. 719 

AKAP-4 (whose peptide at 4960.6 Da from our analysis was found increased in the 720 

BOEC-GO group with a fold change of 3.67, compared to the CTRL group) is the major 721 

component of sperm fibrous sheaths and possesses the ability to form molecular 722 

complexes with other signaling proteins. The amphipathic helix of AKAP4 constitutes a 723 

specific PKA-binding domain, participating in this way to the regulation of PKA 724 

phosphorylating activity. Our results show no significant differences regarding PKA 725 

activation or protein tyrosine phosphorylation, therefore hypothesizing that GO does not 726 

induce any detrimental effect in this signaling pathway and that the main responsibility 727 

for the increased sperm fertilizing competence relies on the sperm membrane 728 

modifications.  729 

Interestingly, in the present work we compared the effects derived from the use 730 

of GO with those induced by P4 after the release from BOECs, obtaining similar 731 

functional effects on both experimental groups with slight differences at the molecular 732 

level, mainly related to the hydrophobic nature of GO that could highly modify the 733 

sperm membrane. Although further research is still needed, these results could be 734 

interesting to consider, given that GO could act as a substitute of P4 in some special 735 

cases in order to avoid the difficulty of using P4 in vitro and the problems associated to 736 

its lipid and steroid nature (since the hormone is derived from cholesterol [54]) reaching 737 

the same positive effects overall in the IVF outcomes. 738 

5. Conclusions 739 

In conclusion, by using a mammalian in-vitro model, we designed in this work 740 

an innovative strategy that turns out to increase the IVF outcomes. By simulating in 741 

vitro the sperm reservoir naturally formed within the oviduct, we characterized the 742 
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modifications induced by GO on bull spermatozoa after their released from OECs. The 743 

results obtained emphasize the role played by GO as a sperm releasing factor, 744 

stimulating fertilizing ability by increasing the sperm membrane fluidity and modifying 745 

the sperm lipidomic and proteomic profiles, without affecting PKA signaling pathway. 746 

Moreover, we found that GO has similar functional effects than P4 on sperm 747 

capacitation. Taken together, our results highlight for the first time the potential benefit 748 

of using graphene oxide in the field of ART.  749 
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Figure captions 967 

Figure 1. Experimental design. The three main experimental groups and the 968 

four control conditions are shown. From left to right: control group (CTRL), 969 

spermatozoa unbound (BOEC), spermatozoa released from BOEC by P4 action (BOEC- 970 

P4), spermatozoa just treated with P4 without BOEC (P4), spermatozoa released from 971 

BOEC by GO action, and just GO-treated spermatozoa without BOEC (GO). All the 972 

sperm experimental groups were subjected to BSP, PKA and protein tyrosine 973 

phosphorylation analysis by Western Blot, and to lipidomic and proteomic analysis by 974 

ICM-MS, while only CTRL, BOEC-P4 and BOEC-GO groups were also used to carry 975 

out IVF and blastocyst yield (BY) analysis and FRAP experiments.  976 

Figure 2. Assessment of sperm membrane fluidity by Fluorescence 977 

Recovery After Photobleaching (FRAP). Scatter plot shows calculated diffusion 978 

coefficient (CDC) of control group, GO-released spermatozoa (BOEC-GO) and P4-979 

released spermatozoa (BOEC-P4). CDC: calculated diffusion coefficient (cm2/sec) 980 

x109. Means and percentiles 25 and 75% are represented (n=6 replicates, p<0.05).  981 

Figure 3. BSP-1, -3, -5 abundance. Histogram exhibits the comparison of BSP-982 

1,-3 and -5 abundance on spermatozoa control (CTRL), spermatozoa unbound or 983 

released after a short period of binding and release, spermatozoa released by P4 (BOEC-984 

P4), just-treated P4 spermatozoa (P4), released by GO (BOEC-GO) and just GO-treated 985 

(GO) in terms of mean ± SD (n= 3 replicates). 986 

Figure 4. Phosphorylated Ser/Thr residues by PKA and protein tyrosine 987 

phosphorylation. (A) Means ± SEM of PKA activity in spermatozoa unbound or 988 

released after a short period of binding and release, spermatozoa released by P4 (BOEC-989 

P4), just-treated P4 spermatozoa (P4), released by GO (BOEC-GO) and just GO-treated 990 
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(GO) (B) Means ± SEM of protein tyrosine phosphorylation levels in the same groups 991 

(n=3 replicates for both histograms, p>0.05).  992 

Figure 5. Distribution of differential lipids and proteins between the 993 

experimental groups. Venn diagrams confronting the differential m/z identified by 994 

ICM-MS for lipidomic (A,B) and proteomic (C,D) profiles. CTRL: control 995 

spermatozoa; BOEC-GO: spermatozoa bound to BOECs and then released by GO; GO: 996 

spermatozoa just treated with GO; BOEC-P4: spermatozoa bound to BOECs and then 997 

released by P4 action. (http://bioinformatics.psb.ugent.be/webtools/Venn/).  998 

Figure 6. Hierarchical clustering and Principal Component Analysis (PCA) 999 

of differential lipids and proteins in spermatozoa. Hierarchical clustering (top) and 1000 

PCA (bottom) of differentially abundant masses among the three main experimental 1001 

groups (CTRL, BOEC-GO, GO) for lipidomic (A) and proteomic (B) analyses. CTRL: 1002 

control spermatozoa; BOEC-GO: spermatozoa bound to BOECs and then released by 1003 

GO; GO: spermatozoa just treated with GO. On the color bar, red is the high spectral 1004 

count and green is the low count. Patterns of m/z signals were classified into clusters by 1005 

hierarchical clustering based on different phenotypes of sperm cells.  1006 

Figure 7. Protein-protein interaction network. Network illustrating the 1007 

associations between the proteins that matched with the peptides identified 1008 

(https://string-db.org/) 1009 

Table captions 1010 

Table 1. In vitro fertilization and embryo development outcomes. Means ± 1011 

SD of cleavage rate at Day 2, blastocyst rates at Days 7 and 8 pi and hatching at Day 8 1012 

of bovine in-vitro matured oocytes with control spermatozoa (CTRL), spermatozoa 1013 

released after P4 (BOEC-P4) and GO  (BOEC-GO)  action. COCs: total number of 1014 
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cumulus oocyte complexes (COCs); % cleavage from the total COCs number; % of 1015 

blastocyts from the cleaved embryos; % hatching/hatched from the number of blastocyst 1016 

at Day 8.  *Significantly different compared to CTRL (p<0.05). 1017 

 1018 

Supplementary Data 1019 

Supplementary Material 1. Spermatozoa released by heparin, P4 or GO 1020 

action. Mean ± SD of spermatozoa released by P4 (BOEC-P4) and GO (BOEC-GO), 1021 

normalized with the number of spermatozoa released by Heparin (BOEC-HEP), 1022 

considered to release the 100% of sperm cells (n=5 replicates). 1023 

Supplementary Material 2. Representative spectra from lipidomic and 1024 

proteomic analysis by ICM-MS. A) Representative spectra of the CTRL group 1025 

derived from lipidomic analysis with m/z ranging from 400 to 900; B) Representative 1026 

spectra of the CTRL group derived from proteomic analysis with m/z ranging from 1027 

1,000 to 20,000. Both spectra were obtained after calibration and application of lock 1028 

mass.  1029 

Supplementary Material 3. List of masses found in lipidomic analysis by 1030 

ICM-MS. List of masses obtained by confronting the main experimental groups 1031 

(CTRL, BOEC-GO, GO and BOEC-P4) in the lipidomic analysis after the spectral 1032 

processing and analysis performed with ClinProTools v3.0 software. Columns from left 1033 

to right: mass (m/z); area under the curve (AUC); p value  obtained after Kruskal-Wallis 1034 

analysis (PWKW); average value of the first group (Ave1); average value of the second 1035 

group (Ave2); fold change of group 1 against group 2 (FC1/2); fold change of group 2 1036 

against group 1 (FC2/1); standard deviation of group 1 (StdDev1); standard deviation of 1037 

group 2 (StdDev2); coefficient of variation group 1 (CV1); coefficient of variation 1038 
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group 2 (CV2). Color code: red, p value < 0.01; blue, p value < 0.01 and area under the 1039 

curve (AUC) > 0.8; green, p value < 0.01, AUC > 0.8 and FC > 1.5 or < 0.67. 1040 

Supplementary Material 4. List of masses found in proteomic analysis by 1041 

ICM-MS. List of masses obtained by confronting the main experimental groups (CTRL, 1042 

BOEC-GO, GO and BOEC-P4) in the proteomic analysis after the spectral processing 1043 

and analysis performed with ClinProTools v3.0 software. Columns from left to right: 1044 

mass (m/z); area under the curve (AUC); p value  obtained after Kruskal-Wallis analysis 1045 

(PWKW); average value of the first group (Ave1); average value of the second group 1046 

(Ave2); fold change of group 1 against group 2 (FC1/2); fold change of group 2 against 1047 

group 1 (FC2/1); standard deviation of group 1 (StdDev1); standard deviation of group 1048 

2 (StdDev2); coefficient of variation group 1 (CV1); coefficient of variation group 2 1049 

(CV2). Color code: red, p value < 0.01; blue, p value < 0.01 and area under the curve 1050 

(AUC) > 0.8; green, p value < 0.01, AUC > 0.8 and FC > 1.5 or < 0.67.  1051 

Supplementary Material 5. List of identified lipids among the differential 1052 

m/z detected by ICM-MS. Observed MALDI masses (m/z) ICM-MS, theoretical mass 1053 

(Da) and % of delta mass are exposed. Fold changes (FC) are ratios of mean normalized 1054 

intensity values between experimental groups: spermatozoa released from BOEC by 1055 

GO action (BOEC-GO), treated with GO without BOEC (GO) or just manipulated 1056 

(CTRL).  1057 

Supplementary Material 6. List of identified proteins among the differential 1058 

m/z detected by ICM-MS.  Observed MALDI masses (m/z) ICM-MS, theoretical mass 1059 

(Da) and % of delta mass are exposed. Fold changes (FC) are ratios of mean normalized 1060 

intensity values between experimental groups: spermatozoa released from BOEC by 1061 

GO action (BOEC-GO), treated with GO without BOEC (GO) or just manipulated 1062 

(CTRL).  1063 
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 1064 

Supplementary Material 1. Spermatozoa released by heparin, P4 or GO 1065 

action. Mean ± SD of spermatozoa released by P4 (BOEC-P4) and GO (BOEC-GO), 1066 

normalized with the number of spermatozoa released by Heparin (BOEC-HEP), 1067 

considered to release the 100% of sperm cells (n=5 replicates).  1068 

  1069 
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 1070 

Supplementary Material 2. Representative spectra from lipidomic and 1071 

proteomic analysis by ICM-MS. A) Representative spectra of the CTRL group 1072 

derived from lipidomic analysis with m/z ranging from 400 to 900; B) Representative 1073 

spectra of the CTRL group derived from proteomic analysis with m/z ranging from 1074 

1,000 to 20,000. Both spectra were obtained after calibration and application of lock 1075 

mass.   1076 
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