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ABSTRACT

The aim of this study was to evaluate the effect of multilamellar vesicles (MLVs) of 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) in co-culture with in vitro-produced bovine embryos (IVPEs). The stability of
five concentrations of MLVs (1.0, 1.25, 1.5, 1.75, and 2.0mM) produced using ultrapure water or embryonic
culture medium with 24 or 48h of incubation at 38.5 �C with 5% CO2 was assessed. In addition, the tox-
icity of MLVs and their modulation of the lipid profile of the plasma membrane of IVPEs were evaluated
after 48 h of co-culture. Both media allowed the production of MLVs. Incubation (24 and 48h) did not
impair the MLV structure but affected the average diameter. The rate of blastocyst production was not
reduced, demonstrating the nontoxicity of the MLVs even at 2.0mmol/L. The lipid profile of the embryos
was different depending on the MLV concentration. In comparison with control embryos, embryos cul-
tured with MLVs at 2.0mmol/L had a higher relative abundance of six lipid ions (m/z 720.6, 754.9, 759.0,
779.1, 781.2, and 797.3). This study sheds light on a new culture system in which the MLV concentration
could change the lipid profile of the embryonic cell membrane in a dose-dependent manner.
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Introduction

Although the use of in vitro-produced (IVP) bovine embryos

has grown exponentially in the last 20 years, the number of

cryopreserved IVP embryos transferred to recipients remains

proportionally lower than that of in vivo counterparts [1,2].

Embryonic development and quality are crucial factors associ-

ated with cryotolerance and the establishment of pregnancy.

Cryopreservation exposes embryos to physical, chemical, and

biological processes that cause osmotic, thermal, and mech-

anical stresses. Therefore, procedures such as cryopreserva-

tion can damage cell structures, especially the plasma

membrane [1,3].

The plasma membrane may rupture and undergo severe

changes in volume due to the entry and exit of cryoprotec-

tants and intracellular water. Cell membranes that exhibit

higher fluidity, permeability, and thermal phase properties suf-

fer less damage during cryopreservation [4,5]. The main

membrane lipids are glycerophospholipids (GPs), sphingoli-

pids, and sterols (usually cholesterol in mammals).

Phospholipids (PLs) may be present as different molecular

species, such as phosphatidylcholine (PC), phosphatidyletha-

nolamine (PE), phosphatidylinositol (PI), sphingomyelin (SM),

and phosphatidylserine (PS) [6–8]. Depending on the level of

lipid saturation, the interaction between PLs and cholesterol

molecules in the cell membrane can affect bilayer organisa-

tion and biophysical [7] and physicochemical [9–11] proper-

ties, including phase fluidity and permeability.

The properties of lipid vesicles have been examined to

understand the interactions between cells and vesicles and

apply them in clinical settings as a carrier for drug delivery

[12–15]. Furthermore, the formation techniques for multila-

mellar vesicles (MLVs) have been investigated, and these

vesicles have been compared in terms of efficiency with uni-

lamellar vesicles [13,15]. A better understanding of the inter-

action between MLVs and IVP bovine embryos can provide

CONTACT Marcelo F�abio Gouveia Nogueira marcelo.fabio@unesp.br Department of Biological Sciences, School of Sciences and Languages, S~ao Paulo
State University (UNESP), Campus Assis, S~ao Paulo, Brazil
�These authors contributed equally to this study: HDR, CBC, GZM, PHBA, and MFGN.

Supplemental data for this article is available online at https://doi.org/10.1080/21691401.2022.2088545.

� 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY

2022, VOL. 50, NO. 1, 158–167

https://doi.org/10.1080/21691401.2022.2088545



an alternative method for lipid transfer to the embryonic

plasma membrane to modify its lipid composition and pro-

vide better conditions for cryopreservation. MLVs can be

used as biocompatible carriers or transport vectors. When

vesicles are produced using the same substances present in

the cell membrane, the vesicles can be released into the

extracellular environment to fuse with the cell mem-

brane [16,17].

Although lipid vesicles are a potential tool for modulating

IVP embryos, there is limited information on their use and

effects. In the present study, we aimed to evaluate the use of

MLVs in co-culture with bovine embryos in vitro, assess the

potential embryotoxicity of the vesicles, and verify vesicle sta-

bility during embryonic culture (medium and environment of

incubation). The effect of 1,2-dipalmitoyl-sn-glycero-3-phos-

phocholine (DPPC)-produced MLVs on the lipid profile of the

plasma membrane of IVP bovine embryos was also evaluated

by matrix-assisted laser desorption/ionisation mass spectrom-

etry (MALDI-MS).

Material and methods

Unless otherwise indicated, all chemicals used in this study

were purchased from Sigma-AldrichVR (St. Louis, MO, USA).

For this study, review and approval by the ethics committee

was not necessary since the use of bovine ovaries from a

commercial slaughterhouse in Brazil does not require prior

approval from any committee. The samples were collected

from a slaughterhouse (Assiscarnes Distribuidora de Carnes

Ltda., located at �Agua do Cervo, Bairro Cervinho, Assis, S~ao

Paulo state, Brazil) which is privately owned, so we have

obtained previously the appropriate permission from the

owner for sample collection.

Experiment I: preparation, size, and stability of MLVs

The MLVs were prepared by the lipid hydration method

[18,19]. Briefly, a DPPC chloroform solution (10�3mol/L) was

placed in a glass vial, followed by the chloroform evaporation

under nitrogen flow. The MLVs were prepared by adding the

appropriate aqueous solution to the DPPC film containing

vial at 55 �C, stirred for 1 h before cooling down to room

temperature. MLV stability was investigated by measuring

the vesicle size with different media and time intervals. The

film was resuspended in ultrapure water (Milli-Q, Direct-QVR

3UV) and SOFaaci medium (synthetic oviduct fluid) in the

absence or presence of 2.5% foetal bovine serum (FBS; v/v),

5mg/mL bovine serum albumin (BSA), and 13mmol/L pyru-

vate. For each resuspension medium, three different lipid

concentrations were used: 1.0, 1.5, or 2.0mmol/L. In addition,

the MLVs were evaluated immediately after production (refri-

gerated at 4 �C) and after incubation at 38.5 �C in a con-

trolled gas atmosphere (5% O2, 5% CO2, and 90% N2) for 24

and 48 h.

Vesicle stability under in vitro culture (IVC) was evaluated

by dynamic light scattering (DLS; Brookhaven Instruments

Corporation, Holtsville, NY, USA) using a He-Ne laser (wave-

length 633 nm) operating with a maximum adjustable power

of 15mW [20]. The scattered light was detected by a photo-

multiplier at a scattering angle of h ¼ 90� measured using a

goniometer. The samples were thermostated at 25 �C in a

toluene bath placed at the goniometer centre. The hydro-

dynamic diameter (DH) was determined using the Stokes-

Einstein equation [20].

Experiment II: evaluation of the embryotoxicity and lipid

profile of the membrane of embryos co-cultured

with MLVs

Collection of cumulus-oocyte complexes (COCs)

Bovine ovaries, predominantly from Bos taurus indicus

females and their crossbreeds, were obtained from a local

commercial slaughterhouse and transported to the laboratory

(30min at maximum) in a thermal pool containing sterile

saline solution (0.9% NaCl) at 37 �C. Follicles (3–8mm in

diameter) were aspirated with the aid of a 10ml syringe

attached to an 18G hypodermic needle [21]. The pellet was

recovered after sedimentation, and COCs were recovered

using a stereomicroscope. The COCs were classified as

described by Seneda et al. [22]. Only quality grade I and II

COCs were selected.

In vitro maturation (IVM)

The selected and washed COCs were transferred to 4-well

plates (Nunclon Delta 4-Well Treated IVF Dish; Nunc, Roskilde,

Denmark) containing 500 mL of IVM medium (25–30 struc-

tures per well) without mineral oil and incubated for 22 h at

38.5 �C in an atmosphere of 5% O2, 5% CO2, and 90% N2 at

maximum humidity.

The IVM medium was TCM-199 supplemented with

0.2mmol/L pyruvate, 25mmol/L sodium bicarbonate, 50 lg/

mL amikacin, 0.5 lg/mL follicle-stimulating hormone (FSH;

Folltropin-V; Bioniche Animal Health, Ontario, Canada),

100 IU/mL human chorionic gonadotropin (hCG; Vetecor;

Hertape Calier, Juatuba, Minas Gerais, Brazil), and 10% FBS

(Gibco BRL, Grand Island, NY, USA).

In vitro fertilisation (IVF)

Matured COCs were removed from the IVM medium, trans-

ferred to 90 mL of IVF medium composed of Tyrode’s albumin

lactate pyruvate (TALP) containing 0.2mmol/L pyruvate,

25mmol/L sodium bicarbonate, 13mmol/L of sodium lactate,

50 lg/mL amikacin, 6mg/mL fatty acid-free BSA, 10 lg/mL

heparin, 20 lmol/L penicillamine, 10 lmol/L hypotaurine, and

2 lmol/L epinephrine (TALP-IVF medium), and covered with

silicone oil. For insemination, straws of cryopreserved semen

from Nellore bulls (previously tested) were used. The straws

were thawed at 37 �C for 30 s, and the contents were sub-

jected to centrifugation using a Percoll discontinuous density

gradient (45% and 90%; GE Healthcare, Uppsala, Sweden) at

2500� g for 7min at room temperature. The supernatant

was discarded, and the pellet was resuspended in 500lL of

TALP medium and centrifuged again at 5000� g for 5min.

Sperm cells (2� 106 cells/mL) were added to a drop of the

TALP-IVF medium. COCs and sperm cells were co-incubated
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for 18 h under the same conditions as in the maturation

stage. The start of IVF was defined as day 0 (D0).

In vitro culture (IVC)

After 18 to 20h of insemination, the presumptive zygotes

were subjected to the denudation process to remove the sur-

rounding cumulus cells. Repeated gentle pipetting of the pre-

sumptive zygotes created a vortex in the fertilisation medium,

which resulted in the detachment of the cumulus cells.

For the cultivation of the presumptive zygotes, the

medium used was changed to synthetic oviduct fluid (mSOF)

supplemented with 0.2mmol/L L-glutamine, 0.34mmol/L

sodium citrate, 2.8mmol/L myo-inositol, 2% essential amino

acids, 1% non-essential amino acids, 0.2mmol/L pyruvate,

50lg/mL amikacin, 5mg/mL BSA fraction V, and 2.5% FBS.

The presumptive zygotes were transferred to 500lL of the

mSOF medium without mineral oil (25 to 30 structures per

well) and cultured at 38.5 �C with 5% O2, 5% CO2, and 90%

N2 at maximum humidity for up to 7 days. The cleavage rate

was evaluated 72h after insemination (D2). On the 5th day of

cultivation (D5), feeding was performed, and the rate of mor-

ula production was evaluated. On the last day of culture (D7),

the embryos were examined to verify the total blastocyst pro-

duction rate and developmental kinetics. Blastocyst samples

(only expanded and grade I [excellent or good quality] blasto-

cysts according to the International Embryo Transfer Society

(IETS) [23]) were collected from the experimental groups.

Embryotoxicity evaluation

The embryos described above were cultured in the absence

or presence of MLVs. MLVs were included during the 2nd

feeding (D5) for ease of handling so that the embryos were

not exposed to unnecessary temperature and O2 changes in

other stages of the IVC. Furthermore, the stability of the

MLVs was considered on the day of inclusion. If they were

stable only for 24 h, the addition of MLVs on D5 and D6

would be necessary for their effect to last until D7. As the

stability of the MLVs was verified for 24–48 h, they were

added on D5, and the effect lasted until D7. The MLV-free

control group (CG) was compared with the MLV-treated

groups with the following MLV concentrations: 1.0mmol/L

(G1), 1.25mmol/L (G2), 1.5mmol/L (G3), 1.75mmol/L (G4),

and 2.0mmol/L (G5).

Each experiment was performed with eight replicates. In

each replicate, each group had between 40 and 80 COCs.

The same batch of FBS was used in all experimental groups

to avoid variations in the membrane lipid composition.

Embryotoxicity was evaluated by comparing blastocyst pro-

duction in the five treated groups (G1–G5) with that in the

CG. The concentration that prevented the production of blas-

tocysts was considered lethal and embryotoxic, which could

reduce the formation of complete blastocysts [24].

Analysis of the lipid profile of the plasma membrane by

mass spectrometry

To determine the lipid profile of blastocysts co-cultured with

MLVs, only the G1, G3, and G5 groups were used in addition

to the group without MLVs (control). Blastocysts (D7; 9 BL/

group) (only expanded and grade I blastocysts according to

the IETS [excellent or good quality] [23]) were collected for

MALDI-MS analysis as described by Ferreira et al. [25]. The

blastocysts were randomly selected, washed three times with

PBS þ 0.1% PVA (to eliminate any lipids that might originate

from the culture medium), transferred to microtubes contain-

ing 200mL of methanol (grade ACS/HPLC; Burdick and

Jackson, Muskegon, MI, USA), diluted in ultrapure water

(Millipore, Bedford, MA, USA), and stored overnight at �20 �C.

For MALDI-MS analysis, each embryo was washed again

with methanol and ultrapure water (1:1). Each embryo was

placed in a given spot of the target plate under a stereomicro-

scope together with 1lL of dihydroxybenzoic acid (1mol/L)

diluted in methanol. The samples were dried at room tempera-

ture until crystallisation was complete and examined under a

stereomicroscope to confirm their presence and location.

MALDI-MS data were acquired in positive ion and reflec-

tron modes using an Autoflex III MALDI time-of-flight mass

spectrometer (Bruker Daltonics, Bremen, Germany) equipped

with smart beam laser technology. The acquisition range for

the MS data was m/z 700–1200; consecutive laser shots were

averaged at a frequency of 200 until the region of interest

was observed and disappeared as the sample was consumed.

Argon was used as the collision gas, and the data were proc-

essed using flexAnalysis software (version 3.0; Bruker

Daltonics). The most intense ions (distinct from possible tech-

nical noise arising from the exclusion of isotopic peaks) were

considered for each spectrum and used as a starting point to

determine m/z values that corresponded to the lipids of

interest [25,26]. Lipid attribution of the significant ions was

performed using the LIPID MAPS (http://www.lipidmaps.org)

and LipidomeDB databases and was based on the results of

previous studies [27–31].

Statistical analysis

The normal distribution and homogeneity of variance of the

data (preparation and stability of MLVs) were evaluated.

Subsequently, ANOVA was performed using the statistical

software JMP
VR
version 5.0.1a (SAS Inst. Inc., Cary, NC, USA),

followed by Tukey’s post-hoc test.

Embryotoxicity was also assessed using the same software

(JMP
VR
). A statistically significant decrease in the blastocyst pro-

duction rate (treated groups vs. control group) was considered

to indicate embryotoxicity. The data were tested for normal dis-

tribution and homogeneity of variance. If the data were nor-

mally distributed, one-way ANOVA was applied. If they were

nonparametric, data transformation (log10) was applied. Each

experiment was performed with eight replicates. Differences

with p< .05 were considered significant. The data are pre-

sented as mean values and standard errors of the mean (SEM).

Lipid profiles were evaluated by MALDI-MS with multivari-

ate and univariate statistical models. Data processing was

performed using MetaboAnalyst 3.6. The data input consisted

of a .csv file with a list of ion peaks (m/z) and intensities for

each isolate analysed. The ions were realigned with 0.4Da

mass tolerance. Data filtering was performed based on the
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standard deviation. Normalisation among samples was per-

formed by sum and autoscaling among the individual fea-

tures. Statistical analysis was performed by partial least

squares-discriminant analysis (PLS-DA). The variable import-

ance in projection (VIP) values of PLS-DA were obtained

using auto-scaled data, and for visualisation, the top 15 ions

were selected. A boxplot was used to show the difference in

the relative abundance of the six significant ions in the CG

compared with the G5. Univariate analysis by t-test was per-

formed to show featured ions according to the threshold

(p< .05) and Fisher’s least significant difference.

Results

Preparation and stability of MLVs

DLS showed the presence of structures with a mean diameter

consistent with that of MLVs in the embryonic culture

medium. In addition, the incubation of the vesicles did not

impair the MLV structure. However, the incubation time

(24 and 48 h) affected the mean diameter of MLVs

(Supplementary Table S1 and S2) in a nonlinear model (i.e.

not predicted by the time of incubation or used medium).

The mean DH values of the MLVs in ultrapure water and

embryonic culture medium for three lipid concentrations and

in three storage forms (without incubation and with 24

and 48 h of incubation) are shown in Table 1.

Embryotoxicity assessment of MLVs

Data on the kinetics of embryonic development in the pres-

ence and absence of MLVs during the culture of IVP bovine

embryos are presented in Table 2. There was no difference in

the kinetics of embryonic development between the treated

groups with different concentrations of MLVs (G1, G2, G3, G4,

and G5) and the CG (p> .05).

Embryonic lipid profile analysis by mass spectrometry

The results of mass spectroscopy (Figure 1) demonstrated

that embryos treated with MLVs showed a change in the

lipid profile of the plasma membrane compared with that of

the non-treated embryos. The PLS-DA graphs in 2D and 3D

(Figure 2) show the separation of MLV-free embryos (control

group) from embryos exposed to different MLV concentra-

tions (G1, G3, and G5). There was also a marked difference in

the lipid profile between G1 and G5 (Figure 3A) after the

exclusion of the CG. In PLS-DA, a comparison of the CG with

G5 demonstrated a complete separation (Figure 3B).

Following PLS-DA, six lipid ions were selected according

to their statistical significance by comparing the extreme

groups, i.e. CG and G5 (Supplementary Figure S1). The m/z

values for the selected ions, lipid ions, and possible attribu-

tions are shown in Table 3.

As shown in Table 3, ions were assigned according to the

smallest mass difference observed in the MALDI-MS spectra

(Figure 1), the calculated value in the LIPID MAPS database

(http://www.lipidmaps.org), and the results of previous stud-

ies [27–31]. Table 3 shows the distribution of lipid ions

according to the CG and G5 (Figure 4). All lipid ions showed

a greater relative abundance in G5 than in the CG.

Discussion

In our study, we attempted to modulate the lipid profile of

the embryonic plasma membrane using MLVs. The effect of

Table 1. Effect of different forms of storage on the average diameter of MLVs at different concentrations. Results are presented
as the mean (in nm) ± SEM, as previously published [32].

Storage form

Treatment

DPPC conc. No incubation 24 h incubation 48 h incubation
(mmol/L) DH ± SEM (nm) DH ± SEM (nm) DH ± SEM (nm)

Ultrapure Water 1.0 1146 ± 111.3a A 998 ± 125.0b A 860 ± 63.0a A

1.5 1073 ± 141.7a A 684 ± 57.9bcd B 716 ± 49.1ab B

2.0 621 ± 44.0b A 358 ± 35.0d B 388 ± 37.1d B

Embryonic culture medium 1.0 414 ± 43.6b B 1490 ± 202.5a A 454 ± 32.1 cd B

1.5 704 ± 88.7b A 848 ± 129.0bc A 604 ± 62.4bc A

2.0 500 ± 39.2b AB 380 ± 34.9 cd B 539 ± 37.8bcd A

Lowercase letters (column) indicate a difference (p< .05) between different concentrations for the same form of storage.
Uppercase letters (line) indicate a difference for the same concentration stored in different forms.
DH: hydrodynamic diameter; SEM: standard error of the mean.

Table 2. Evaluation of the embryonic development rate (after 7 days of culture; D7) with or without MLVs added on the 5th day of culture (D5).

Treatment COCs

Embryonic development

Cleavage
(% mean ± SEM)

Early blastocysts
(% mean ± SEM)

Blastocysts
(% mean ± SEM)�

Expanded
blastocysts

(% mean ± SEM)

Hatched
blastocysts

(% mean ± SEM)
Total blastocysts
(% mean ± SEM)�

Control 272 85 ± 2.2 6 ± 2.1 15 ± 2.5 20 ± 3.3 4 ± 1.8 47 ± 5.8
G1 273 88 ± 2.1 3 ± 1.5 15 ± 2.1 24 ± 1.3 2 ± 1.0 43 ± 2.8
G2 281 89 ± 2.6 3 ± 0.7 15 ± 2.9 21 ± 3.4 4 ± 1.5 44 ± 4.2
G3 270 85 ± 2.6 4 ± 1.3 13 ± 2.8 17 ± 3.5 3 ± 0.9 39 ± 2.9
G4 287 79 ± 3.5 2 ± 0.6 10 ± 1.7 16 ± 1.5 3 ± 1.3 33 ± 2.8
G5 274 84 ± 4.3 1 ± 0.8 14 ± 2.9 20 ± 3.7 0.9 ± 0.6 38 ± 4.8

�The data presented were transformed (log10) to a parametric distribution prior to statistical analysis.
COCs: cumulus-oocyte complexes; SEM: standard error of the mean.
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MLVs in co-culture with IVP embryos was investigated. The

lipid composition of IVP embryos is relevant for physiological

embryonic development and survival after cryopreservation

processes [34]. Molecules that alter or reduce the lipid con-

tent and profile of IVP embryos may contribute to an

increase in embryonic survival rates and development similar

to their physiological counterparts. Modification of the lipid

profile involves the transport of molecules into cells via lipid

vesicles [14,15].

Initially, based on DH measurements, the stability of MLVs

in the Mili-Q and SOFaaci media was evaluated. The forma-

tion of MLVs was possible in both media, with the mean DH

being influenced by the incubation time (24 or 48 h). MLVs

were used in the present study because they can be formed

Figure 1. MALDI-MS spectra in the positive ion mode for blastocysts co-cultured with MLVs (G1, G3, and G5) or without MLVs (control; CG).
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simply by hydrating PL films with no extra mechanical effort

(sonication or extrusion) to transform the MLVs into large or

small unilamellar vesicles (LUVs or SUVs) [18,19]. The mean

size (DH) of DPPC MLVs ranges from 0.5 to 10 mm depending

on the temperature (below the melting temperature, Tm) and

ionic strength. Overall, the temperature, added salt (ionic

strength), vesicle size, and electrostatic potential affect the

MLV structure and stability [35,36].

The largest MLVs were observed with 1.0 and 1.5mmol/L

DPPC (with or without incubation) in water compared with

SOFaaci medium. After 24 h of incubation, MLVs with the

largest diameter (approximately 1.5mm) were obtained with

1.0mmol/L DPPC in the culture medium. However, the

in vivo use of MLVs has some limitations, such as stability in

biological fluids, scale-up, and sterilisation (known as “Triple

S”) [37]. The embryonic culture medium contains salts and

minerals (sodium chloride, calcium chloride, magnesium sul-

phate, and potassium), amino acids (L-glutamine and essen-

tial and non-essential amino acids), and hormones that help

the embryo to develop until the blastocyst stage. In addition

to these components, incubation conditions mimic the ani-

mal’s physiological state/environment such as temperature

(38.5 �C) and humidity (maximum saturation in air). These fac-

tors can alter the lipid bilayer and phase transition. MLVs

Figure 2. PLS-DA for embryos cultured without MLVs (CG) or with different concentrations of MLVs (G1, G3, and G5). (A) PLS-DA 2 D and (B) PLS-DA 3D score plots.

Figure 3. (A) PLS-DA 2D for embryos cultured with MLVs (G1, G3, and G5). (B) PLS-DA 2D for comparing embryos cultured without MLVs (CG) and with the highest
concentration of MLVs (G5).
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have been suggested to be more stable than unilamellar

giant and large vesicles until they reach their Tm (in water,

Tm ¼ 41.4 �C for DPPC MLVs [38]. Brooks and Moggridge [39]

reported that vesicles prepared at 60 �C were more stable

than vesicles formed at lower temperatures. Our DLS results

demonstrated that DPPC MLVs were relatively stable in differ-

ent environments. Even in embryonic culture medium at a

lower temperature (38.5 �C), MLV integrity was maintained up

to 48 h of incubation.

Although amino acids, carbohydrates, proteins, lipids, and

PLs are present in the oviduct fluid [40] during embryonic

development, the use of MLVs in co-culture with bovine

embryos has never been assessed in terms of toxicity or

lethality. Nevertheless, despite being an exogenous substance

that is unusual for conventional IVC methods, they are not

harmful to blastocyst production.

In the literature, there is no information on an in vitro

embryonic culture method that can modify the lipid compos-

ition of the embryonic cell membrane using MLVs. More

studies on the stability of MLVs in different culture environ-

ments are needed. MLVs have been useful as models for the

study of cell membranes (PL bilayers) and as vectors for drug

delivery to target cells [41]. MLVs exhibit low toxicity when

used in vivo [42] or in vitro [43]. Therefore, MLVs are a desir-

able vehicle for the delivery of cytoactive agents, and in

some cases, they are more effective than co-incubation with

a high concentration of the free drug [44]. In addition, they

have been used in cattle as a vehicle for the delivery of hor-

mones such as FSH [45].

MLVs have been the subject of several review articles;

they are widely used in medicine [46] as vectors for intracel-

lular transport [47] and cellular interactions [48]. The vesicles

have a high potential for transporting various bioactive mole-

cules and could be used for therapeutic applications in

humans and animals. However, research on animal reproduc-

tion (especially IVP embryos) and the use of lipid vesicles has

not been carried out consistently.

Recent studies have indicated that embryonic quality and

viability are directly associated with the intracellular lipid con-

tent. Excess intracellularly accumulated lipids can increase the

sensitivity of embryos to oxidative stress and cryopreservation

[49]. In this study, MLVs did not affect embryo production;

there was no change in embryo production in the MLV-

treated groups compared with the group cultivated without

MLVs. However, our results showed that the concentrations of

PC, ether-linked PC (PCe), and GPs were higher in embryos

cultured with MLVs at 2.0mmol/L from day 5. Nevertheless,

Table 3. Tentative identification of discriminant ions in the CG and MLV-
treated group (G5) based on the MALDI-MS profile.

m/z Lipid ion (carbons:unsaturations)a Reference

720.6 [PCe (32:0) þ H]þ Belaz et al. [27]
754.9 [PC (32:1) þ Na]þ; [PC (34:4) þ Na]þ Belaz et al. [27]
759.0 [PC (34:2) þ H]þ Razza et al. [33]
779.1 [GP (42:4) þ H]þ �LMGP04010091
781.2 [PC (34:2)þNa]þ; [PC (36:5) þ H]þ Ferreira et al. [25]
797.3 [GP (44:5) þ H]þ �LMGP04010225
aThe attribution of the ions in the table was performed according to the
smallest mass difference observed in the MALDI-MS spectra and the distribu-
tion value of the compounds in the LIPID MAPS ID database (http://www.lip-
idmaps.org). Isomeric lipid species cannot be determined by high-resolution
mass spectrometry. Assignments are based on previously recorded MS-MS
data and literature reports and are thus tentative. �Possible assignment as
indicated in the LIPID MAPS ID database (http://www.lipidmaps.org). PC:
phosphatidylcholine; GP: glycerophospholipid; PCe: alkyl ether PC.

Figure 4. Boxplots showing the difference in the relative abundance of six significant ions in the CG compared with G5.
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the changes in the embryonic lipid profile with the inclusion

of MLVs did not prevent the embryos from undergoing cavita-

tion (assessed based on the total blastocyst production rate)

and hatching.

It is likely that the conditions of the co-cultivation of MLVs

with embryos induced a dynamic change in the average

diameter of the vesicles with the rupture of outer bilayers or

the fusion of them (decreasing and increasing the diameter,

respectively). MLVs with a decreased diameter (the inner

core) could pass through the pores of the zona pellucida and

reach the embryonic cells. In this theoretical scenario, lipid

exchange could occur via direct action, i.e. by the fusion of

MLVs and/or lipid bilayers with embryos [50,51] and/or indir-

ect action, i.e. by inducing an endogenous change in lipid

metabolism [52,53]. Vanroose et al. [54] found a difference in

the quantity and diameter of the outer pores of the zona pel-

lucida according to the embryonic developmental stage.

Although the blastocyst stage was not evaluated by

Vanroose et al. [54], the development of the morula (which

was predicted at D5 of the IVC in our study) was analysed. At

this stage (morula), the average outer pore diameter was

155 nm, and 19% of the pores were larger than 200 nm [54].

The lipid content (composition and size of cytoplasmic

droplets) and the morphology of the organelles present in

the cells of IVP embryos are important markers for differenti-

ation from in vivo-derived bovine embryos [55–60]. Although

lipids may impair in vitro production, they are extremely

important in metabolic processes and are actively involved in

early embryonic development [28]. The plasma membrane

plays a fundamental role in this scenario. More than a simple

barrier, it is essential for the active functioning of cells, regu-

lating the passage of molecules and maintaining physiologic-

ally relevant concentration gradients in addition to metabolic

and biosynthetic activities [61].

GPs, the main lipid constituents in mammalian cells, are

important for maintaining membrane homeostasis and the

physical properties of membranes, which are crucial for their

functioning [62]. In our study, the embryos cultured with the

highest concentration of MLVs had the greatest relative

abundances of GP (42:4) and GP (44:5) at m/z 779.1 and

797.3, respectively.

GPs and sphingolipids are involved in a wide range of cell

signalling pathways and act as precursors for many biomole-

cules, such as lysophosphatidylcholines (LPCs), lysoPE (LPE),

and eicosanoids [63]. Recently, in a study of endogenous

extracellular vesicles of bovine oviduct fluid, LPCs, PC, LPE,

and SM were detected, strongly suggesting that these lipids

may be an important in vivo source of PLs for embryonic

cells [64,65]. In addition to GPs, PLs play a key role in deter-

mining the general characteristics of the embryo, including

several physical properties such as the fluidity and permeabil-

ity of the membrane [10]. The PL composition includes sev-

eral molecular species of PC, PE, PI, PCe, and ether-linked

phosphatidylethanolamine (PEe), as well as the small species

of PS or SM [6]. In embryos cultured with MLVs, we observed

higher relative concentrations of PCe (32:0), PC (32:1) or PC

(34:4), PC (34:2), and PC (34:2) or PC (36:5) at m/z 720.6,

754.9, 759.0, and 781.2, respectively. Furthermore, a higher

relative concentration of PC (34:2) was detected in in vivo

embryos compared with IVP embryos, suggesting that it may

be used as a biomarker for high quality embryos [26,30,33].

A higher abundance of unsaturated PC might increase

membrane fluidity in blastocysts and improve their resistance

to possible cryopreservation methods [66,67]. Therefore, strat-

egies to improve the cryotolerance of these embryos should

not attempt to remove lipids but rather change their compos-

ition and content closer to those observed in in vivo embryos.

In conclusion, this study is the first to evaluate a culture

system in which MLVs were co-cultured for 24 and 48 h with

bovine embryos in vitro. The lack of a toxic effect on the

embryos and the stability of the MLVs were observed in this

system. The exposure of IVP embryos to MLVs for 48 h

altered the lipid profile of the plasma membrane in a dose-

dependent manner. Further in vitro and in vivo studies should

be performed to assess embryonic cryotolerance and the

establishment of pregnancy with this new system, including

additional analysis for complete lipid identification.
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