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Aim: To investigate exosomes as a noninvasive delivery tool for mammalian sperm. Materials & Methods:
Exosomes were isolated from HEK293T cells and co-incubated with boar sperm in vitro. Results: Inter-
nalised exosomes were detected within 10 min of co-incubation. Computer-assisted sperm analysis and
flow cytometry demonstrated that even after 5-h of exposure to exosomes, there were no significant
deleterious effects with regard to sperm motility, viability, membrane integrity and mitochondrial mem-
brane potential (p > 0.05), thus indicating that exosomes did not interfere with basic sperm function.
Conclusion: HEK293T-derived exosomes interacted with boar sperm without affecting sperm function. Ex-
osomes represent a versatile and promising research tool for studying sperm biology and provide new
options for the diagnosis and treatment of male infertility.
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Advances in nanomedicine have led to the targeted delivery of diagnostic and therapeutic agents to single tissues or
cell types, thereby fostering a noninvasive treatment that rivals the ability of engineered nanomaterials. Infertility
is defined as the inability to conceive after 1 year of unprotected sexual intercourse and affects approximately 15%
of couples worldwide [1]. According to the Human Fertilisation and Embryology Authority (HFEA), up to 50% of
human infertility cases are male-related [2,3]. In many cases, male infertility has a genetic origin leading to critical
abnormalities in sperm function [4–6]. Consequently, there is an urgent need to develop appropriate technologies
with which to investigate, diagnose and treat, abnormal sperm. However, our ability to design such methodologies
is restricted by the inherent resistance of sperm to the uptake of exogenous compounds [7,8]. Therefore, if we
are to stand any chance of understanding and targeting the aberrant molecular mechanisms responsible for male
infertility, it is vital that we develop a system capable of delivering biological agents into sperm without causing
detrimental effects on basic sperm function, such as the ability to swim and undergo the capacitation process prior
to oocyte fertilization.

Several approaches have been developed to treat sperm-borne abnormalities. Thus far, synthetic lipid and
polymer-based carrier systems have been proven useful for reproductive purposes, successfully targeting mammalian
sperm [9,10]. More specifically, these studies have demonstrated the ability of these nanocarriers to penetrate the
inert envelope of sperm. Najafi and colleagues reported that the effects of an antioxidant in rooster sperm were
enhanced when delivered by liposomes when compared with incubation with the agent alone, consequently proving
that such delivery systems could introduce beneficial molecules that can enhance sperm functionality [10].

However, these artificial systems have raised several concerns relating to their non-biodegradability and immuno-
genic effects [11,12]; thus paving the way for the development of cell-friendly alternatives such as extracellular vesicles
(EVs) [13]. There are many different types of these enclosed lipid-bilayer structures that serve as a powerful form of
intercellular communication for proteins, nucleic acids and lipids [14,15]. EVs can also act as a therapeutic tool since
they are capable of crossing tissue barriers [16] and have higher rates of cellular uptake than their synthetic coun-
terparts [17]. The cargo and composition of the EVs is dependent on the mother cell type and physiological state.
There have been identified specific membrane protein markers and intraluminal molecules for each classified EV
subtype [14,15,18,19].

EVs are secreted by all human tissues, and have been isolated from several sources, including widely available cell
lines, such as human embryonic kidney (HEK293T) cells, which for instance have been shown to lack cancer-related
and immunogenic-induction mechanisms, thus representing a safe source of EVs to work with under in vitro and
in vivo conditions [20–22]. These cell types also allow a scalable manufacturing system for the mass production of
EVs, having been cultured inside specific bioreactors for this purpose [23]. Finally, EVs derived from HEK293T
cells have also been demonstrated to exhibit significant versatility in terms of their cell targeting ability [24].

The present literature shows that EVs are currently being developed for a range of biomedical applications due
to their potential for in vivo and in vitro delivery [24–28]. In particular, exosomes, the smallest form of EVs (size
ranging from 30 to 200 nm) [29], are becoming very popular from a diagnostic and therapeutic point of view in a
wide spectrum of cells, including induced pluripotent stem cells and tissues [24–34].

Several studies have incubated mammalian sperm with exosomes that were isolated from seminal fluid [35–39];
these exosomes are sometimes referred to as prostasomes [40]. A previous study reported that prostasomes were
successfully able to transfer proteins into sperm [35]. However, there has been no attempt to investigate the safety
and feasibility of deploying exosomes isolated from a commercially available cell line, with scalable options and
manufacturing opportunities, as an efficient tool for the delivery of compounds into mammalian sperm. Moreover,
it is important to consider that there are certain clinical scenarios were it is not possible to collect or use seminal
fluid from male patients, such as cases involving testicular cancer or those suffering from obstructive or ejaculatory
problems [41,42]. Therefore, there is an urgent need to evaluate whether cell line based exosomes can be used to
deliver compounds to gametes in a safe manner; further research is urgently required.

In the present study, we aimed to develop an alternative mammalian-based manufacturing system with scalable
applications, for the isolation and exploitation of exosomes as a noninvasive approach for mammalian sperm. We
isolated exosomes from a commonly used cell line and describe the results of a number of experiments designed
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to evaluate whether incubation with exosomes would cause deleterious effects on key aspects of sperm function.
We chose boar sperm as an animal model due to its morphological and biological similarities with human sperm.
We isolated and fluorescently labelled HEK293-derived exosomes to investigate their potential for interaction with
boar sperm during simple in vitro co-incubation. We also found that exposure to exosomes had no detrimental
effect upon the functionality of boar sperm in terms of viability and ability to undergo in vitro capacitation. Our
data show that exosomes derived from HEK293T spontaneously interact with boar sperm in vitro and provides
proof-of-concept for the future exploitation of this tool in a noninvasive manner and may help us to develop novel
options for the diagnosis and treatment of male infertility.

Materials & methods
Additional information is provided in the Supplementary data.

Mass production of exosomes from HEK293T cells
A total of 500–600 ml of culture media from HEK293T cell culture were collected; this was centrifuged (500×g
at 4◦C for 10 min) and the resulting supernatant was filtered through a 0.20-μm filter. The filtrate was then
centrifuged at 150,000×g for 2 h at 4◦C in a Beckman Coulter L-80 UC ultracentrifuge equipped with a SW 32
Ti Swinging-Bucket Rotor (Beckman Coulter, UK), as previously described [43].

Exosome labelling
Exosomes were fluorescently labelled with 2 μg/ml of wheat germ agglutinin WGA-AlexaFluor488 conjugate
(Thermo Fisher Scientific, UK). A negative control, phosphate-buffered saline (PBS), was stained and washed in
parallel.

Exosome characterisation
A number of techniques were carried out to prove that samples contained exosomes, including nanoparticle tracking
analysis (NTA), the bicinchonic acid assay (BCA) for total protein quantification, western blotting and transmission
electron microscopy (TEM). These techniques were carried out in strict accordance with the Minimal Information
for Studies of Extracellular Vesicles 2018 (MISEV2018) guidelines to ensure that each sample was evaluated
accurately with respect to sample purity and exosome integrity [19].

Nanoparticle tracking analysis

The concentration and size profiles of each exosome sample (n = 3) were determined with a NanoSight NS500
equipped with a 488 nm laser (Malvern, UK), by following a previously described protocol [44].

Protein quantification

The BCA protein assay kit (Pierce, Paisley, UK) was used to determine the total protein content in each exosome
sample, each assay was performed in triplicate. Protein concentrations were extrapolated from a standard curve
using a linear equation.

Western blotting

Western blotting was carried out by loading exosome samples in triplicate alongside their source material lysate
(HEK293T cell lysate). Each sample contained an equivalent amount of total protein (10 μg) in order to com-
pare different markers between the exosome samples and the cells from which they were derived. Membranes
were incubated with primary antibodies against specific exosome markers (ALIX, SYNTENIN-1 and CD9). As
negative controls, membranes were also incubated with primary antibodies against other cellular compartments
(CALNEXIN, CYTOCHROME-C and LAMIN A). Further details relating to these protein markers are given in
Supplementary Table 1. Specific details for the primary and secondary antibodies are detailed in Supplementary
Table 2. The relative amount of protein in each lane was normalised against the band intensities obtained in cell
lysates.

Transmission electron microscopy

High-resolution TEM images were acquired with a FEI Tecnai 12 microscope operating at 120 kV, and equipped
with a Gata OneView camera (Electron Microscopy Facility, Dunn School of Pathology, University of Oxford).
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Preparation & in vitro incubation of sperm samples

All boar semen samples were obtained from two suppliers (Servicios Genéticos Porcinos; Masies de Roda, Barcelona,
Spain and JSR Genetics, Cambridge, UK). A total of ten ejaculates from ten different boars were collected, and
for each replicate two different seminal doses were pooled together (n = 5) in order to reduce the effect of
interindividual variation. The capacitating buffer used for the in vitro incubation of sperm samples was prepared
fresh with 20 mM 4-(2-hydroxyethyl)-1-pipe-razineethanesulfonic acid (HEPES), 112 mM NaCl, 3.1 mM KCL,
5 mM glucose, 21.7 mM L-lactate, 1 mM sodium pyruvate, 0.3 mM Na2HPO4, 0.4 mM MgSO4, 4.5 mM CaCl,
19 mM of NaHCO3 and 5 mg/ml of bovine serum albumin (pH = 7.4) as described previously but with some
modifications [45]. Further in vitro capacitation was enhanced by triggering acrosome exocytosis with the addition
of progesterone (10 μg/ml), as previously described [46,47].

Evaluation of exosome-sperm interaction by total internal reflection fluorescent microscopy
The evaluation of exosome interaction with sperm was performed using five different boar ejaculates (n = 5).
Each semen sample was split into two aliquots: one for exosome-treatment and one as to act as control. The
exosome-treatment aliquot was mixed with WGA-labelled exosomes to a final concentration of 108 EV/ml; this
created an exosome to sperm working ratio of 100:1 in capacitating buffer. Incubation was carried out for 5 h and
progesterone was added 4 h post incubation. Aliquots from exosome-treated and control samples were evaluated at
10 min and 2 h after incubation began, and at 30 and 60 min after the addition of progesterone (4 h 30 min, and
5 h after incubation began, respectively).

For total internal reflection fluorescent microscopy (TIRFM) imaging, treated and control sperm samples were
fixated with 10% formalin. After fixation, sperm was labelled for 10 min with 10 μg/ml of WGA-AlexaFluor647
conjugate to visualise the exosomes and sperm membrane. This protocol allowed us to distinguish exosomes that
had been internalised by the sperm, as it relies on the fact that the WGA-AlexaFluor488 label will stain the
previously labelled exosomes with WGA-AlexaFluor647, by filling up the gaps in the exosome’s surface, but only
those that have not been internalised inside the sperm, thus exhibiting both red and green fluorescence. All of the
sperm cells undergoing imaging exhibited at least one exosome, either bound or internalised.

Effects of exosome–sperm interaction during in vitro capacitation & progesterone-induced
acrosome reaction
Semen samples were split into four aliquots: one served as a control, whereas the other three were for different
exosome treatments: 107, 108 and 109 EV/ml (exosome to sperm working ratios of 1:1, 10:1 and 100:1, respectively).
Incubation was carried out for 5 h and progesterone was added 4 h after incubation began. At 10 min, 2 h and
4 h after incubation began and at 10, 30 and 60 min after the addition of progesterone (4 h 10 min, 4 h 30 min
and 5 h after incubation began, respectively), we evaluated sperm motility, viability, membrane lipid disorder and
mitochondrial membrane potential.

Analysis of sperm motility

Sperm motility was assessed using a Hamilton Thorne Computer Assisted Sperm Analyser (CASA) system (software
version 12.3; Hamilton-Thorne Research, USA) using a Nikon Eclipse 80i microscope (Nikon, Japan). This system
allowed us to objectively classify individual sperm according to different kinematic parameters that were measured
from digital images extracted from recorded sperm tracks [48]. For this study, we considered the parameters assessed
by the system that are descriptive of the sperm sample’s motion and trajectory; total motility (%), progressive
motility (%), smooth path velocity (VAP, μm/s), straight line velocity (VSL, μm/s), track velocity (VCL, μm/s),
straightness (STR: VSL/VAP, %), linearity (LIN: VSL/VCL, %) and wobble (WOB: VAP/VCL, %).

Flow cytometry analysis

Sperm viability, membrane lipid disorder or membrane fluidity (MF) and mitochondrial membrane potential
(MMP) were determined by a Cell Laboratory QuantaSC™ cytometer (Beckman Coulter; CA, USA; Serial Number:
AL300087) using single-line visible light (488 nm) from an argon laser.
Sperm viability was assessed using a SYBR-14/propidium iodided (PI) assay according to the protocol described
by Garner and Johnson (1995) [49]. Sperm that were positive for SYBR-14 and negative for PI (SYBR-14+/PI-)
were classified as viable. MF was evaluated by co-staining with Merocyanine 540 (M-540) and YO-PRO R©−1 as
described by Harrison et al. (1996) [50]. Sperm that were negative for M-540 and YO-PRO (M-540-/YO-PRO-)
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were viable and had low levels of membrane lipid disorder. MMP was analysed by incubation with JC-1 [51]. Two
emission filters (FL-1 and FL-2) were used to detect and differentiate two sperm populations; JC-1 aggregates
(JC-1agg) and JC-1 monomers. Sperm from the JC-1agg population were classified as presenting with high MMP.

Statistical analysis
Results from CASA and flow cytometry were analysed using the SPSS statistical package for Windows (Ver. 25.0;
NY, USA). Data were first evaluated for normality (Shapiro-Wilk test) and homogeneity of variances (Levene test).
Following this, we applied a mixed model (between-subjects factor: treatment; within-subjects factor: incubation
time) followed by a post-hoc Sidak test for pair-wise comparisons. Each sperm parameter was considered as an
independent variable. The level of significance was set at p ≤ 0.05, and data are shown as mean ± standard error of
the mean (SEM).

Results
Production, characterization & quality assessment of HEK293-derived exosomes
NTA, BCA, western blotting and TEM were used to quantify and determine the quality and efficiency of the
isolation protocols designed for the synthesis and enrichment of HEK293T-derived exosomes.

Nanoparticle tracking analysis

Size profiles for the samples of HE293-derived exosomes were obtained by NTA and are shown in Figure 1A. In
all three profiles, the larger peaks showed a mean modal size of 167.1 nm (153.7 ± 6.6 nm, 171 ± 6.0 nm; and
176.7 ± 8.1 nm), and an average percentage of 72.3 of particles with a size <200 nm. Additional smaller peaks,
representing larger particle sizes, were also apparent, and are most likely to correspond to aggregates of exosomes.
The total mean concentration represented by the area under all three curves is 1.23 × 1010 EV/ml.

Degree of purity

Protein assays showed a mean total protein concentration of 0.26 mg/ml. These results, together with the total
concentration of exosomes obtained by NTA were used to determine the degree of purity of the exosome samples,
as described by Webber and Clayton (2013) [52]. These authors concluded that ratios >3 × 1010 EV/mg equate
to high vesicular purity, ratios of 2 × 1010 to 2 × 109 EV/mg represent low purity, and any ratios below
1.5 × 109 EV/mg represent that were not pure. The EV:protein ratio for our exosome samples was determined to
be 4.73 × 1010 EV/mg (1.23 × 1010 EV/ml), indicating that our samples had high vesicular purity.

Transmission electron microscopy

TEM revealed membranous vesicles present in the exosome samples. Further analysis, using Image J software,
indicated that these structures were approximately 40 nm in diameter (Figure 1B).

Western blotting

Western blotting was performed with 10 μg of total protein and used to determine the relative expression levels of
protein markers in our exosome samples. The mean density of each band was quantified from chemiluminiscent
blots using the GeneTools software.

The negative control markers (CALNEXIN, LAMIN-A and CYTOCHROME C) were expressed in the
HEK293T cell lysates. However, no bands for CYTOCHROME-C and LAMIN A were present in the exo-
some lysates (Figure 1C). While CALNEXIN was present in both HEK293T cell lysates and exosome lysates, the
mean band density corresponding to this protein was 0.36 times higher in cell lysates that in the exosome lysates.

Specific-exosomal protein markers (ALIX, SYNTENIN-1 and CD9) were expressed in all exosome samples
(Figure 1D); lane 1 shows that there were no bands in the HEK293T cell lysate for either ALIX or SYNTENIN-1.
There was a weak band for CD9 in the HEK293T cell lysate (lane 1); the mean band density for this protein
marker in exosome lysates (lanes 2, 3 and 4) was 0.20-times higher than in the HEK293T cell lysate.

Experiment 1: evaluation of exosome-sperm interaction by TIRFM
The efficiency of exosome-sperm interaction, including the binding and internalization of exosomes within indi-
vidual sperm was determined qualitatively by TIRFM.
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Figure 1. Characterization of exosome-enriched samples derived from HEK293T cells. (A) Size and concentration
profile, as analysed by nanoparticle tracking analysis, showing three peaks with a modal size of 153.7 ± 6.6 nm,
176.7 ± 8.1 nm and 171 ± 6.6 nm (n = 3). (B) Image taken by transmission electron microscopy (120 kV) showing
exosome-like vesicles of ∼50 nm diameter (white arrow head), exosome-like vesicles of ∼40 nm diameter (white
arrow) and exosome-like vesicles with a diameter of ∼30 nm (black arrows). Scale bar: 500 nm. (C & D) Show western
blotting images of the protein expression levels for negative control markers (CALNEXIN, LAMIN-A and
CYTOCHROME-C) at ∼90, ∼69 and ∼12 kDa, respectively, and the exosomal markers (ALIX, SYNTENIN-1 and CD9) at
∼97, ∼35 and ∼25 kDa, respectively. Lane 1 corresponds to HEK293T cell lysates, lane 2–4 correspond to exosome
samples (n = 3) and lane 5 corresponds to the protein marker. The density of protein bands was identified and
manually selected for quantification on chemiluminescent blots using GBOX Chemi XX6/XX9 equipped with
GeneTools software, by normalizing the relative protein amount in each lane against the band intensities obtained
from HEK293 T cell lysates. Strong bands can be seen for CYTOCHROME-C and LAMIN-A in HEK293T cell lysate (lane
1), while no bands are present in the exosome samples shown in lanes 2, 3 and 4. CALNEXIN expression can be seen as
fainter bands in the exosome lysates (lanes 2, 3 and 4) with a mean band density that is 0.36-times lower when
compared with the HEK293T cell lysate (lane 1). With regard to the exosomal markers, no bands are visible for ALIX
and SYNTENIN-1 in the HEK293T cell lysates shown in lane 1, and stronger bands can be seen for exosome lysates
(lanes 2, 3 and 4). CD9 was clearly evident in lane 1; the mean band density for this protein marker in the exosome
lysates (lanes 2, 3 and 4) was 0.20-times higher than in the HEK293T cell lysates.
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Images acquired by TIRFM showed the HEK293-derived exosomes as green fluorescent particles that were either
associated or internalised inside the sperm portions, being observed such an association being more localised in the
sperm tail and mid-piece at 10 min, 2 h, 4 h, 30 min and 5 h post incubation (Figure 2A). Exosomes associated
with sperm exhibited both green and red WGA labelling giving a slightly orange signal (yellow arrow heads),
while exosomes that had been internalised only exhibited green WGA labelling (white arrow heads). The untreated
control at 5 h post incubation showed no presence of green WGA-AlexFluor488 dye. At 10 min post incubation
both surface bound and internalised exosomes in orange and green fluorescence, respectively, can be seen.
During analysis, we paid particular attention to exosome internalization. Figure 2B and C shows two TIRFM
images presenting two distinct sperm cells at 5 h post incubation; the exosomes are shown within the white
squares. Figure 2B is a high resolution image and shows attached exosomes as an orange-like color; this is due to
the combination of the red and green signals in the composite channel that can also be seen individually in the
WGA-AlexaFluor647 (white arrows) and WGA-AlexaFluor488 channels, respectively. Similarly, Figure 2C shows
a close-up of a signal display for internalised exosomes; here, only the green dye is evident, both in the composite
and WGA-AlexaFluor488 channels.

Experiment 2: effects of exosome-sperm interaction during in vitro capacitation &
progesterone-induced acrosome reaction
Boar sperm were exposed to exosomes and co-incubated in vitro under capacitating conditions. Exogenous pro-
gesterone was added 4 h post incubation in order to mimic the environment experienced by sperm in the female
reproductive tract. We then tested a range of key functional parameters, including motility, viability, MF and MMP
to indicate whether exposure to exosomes had any deleterious effects on the sperm.

With regard to sperm motility, none of the exosome treatments had any significant effects upon total sperm
motility when compared with the control. However, a slight, but not significant, increase in sperm motility was
observed for the 1:1 exosome treatment; this was the case at all time points except at 4 h 30 min post incubation
(Figure 3A). This effect was even more pronounced with the 1:1 treatment for progressive motility, which was
significantly higher when compared with the 100:1 treatment (p < 0.01) at 10 min post incubation (Figure 3B).
At this particular time point, the progressive motility in the 100:1 treatment was also significantly lower than that
of the control (p < 0.05).
As far as the other kinematic parameters are concerned, no significant differences were observed between the
controls and the exosome treatments at any given time point (Supplementary Table 3), except for LIN and WOB.
Our analysis showed that in the 100:1 exosome treatment, LIN was significantly (p < 0.05) lower than in the 1:1
treatment after 4 h 30 min of incubation (Figure 3C). After 4 h 10 min of incubation, WOB was significantly
higher in the 100:1 exosome treatment than in the rest of the treatments including the control (p < 0.01 when
compared with the control; p < 0.01 when compared with the 1:1 treatment; and p < 0.05 when compared with
10:1). WOB was inversely proportional to the concentration of exosomes at 4 h 10 min (Figure 3D). On the other
hand, we observed a decreasing trend for all treatments, and the control, for most sperm kinematic parameters as
the period of incubation progressed. However, LIN was seen to increase after 4 h 10 min of incubation, in both
the control, and all treatments; this increase was more pronounced at the 1:1 ratio (Figure 3C).

With regard to sperm viability, membrane lipid disorder and mitochondrial membrane potential, we observed
no significant differences between the control and treatments (100:1, 10:1 and 1:1) at any of the tested time
points (Table 1–Table 3). As expected, there was a reduction in the proportion (%) of viable spermatozoa (SYBR-
14+/PI-), viable spermatozoa with low membrane lipid disorder (M540-/YO-PRO-1-) and viable spermatozoa
exhibiting high mitochondrial potential (JC-1agg), in the controls and treatments, as the incubation time progressed.
Supplementary Figures 1–3 show these different sperm populations analysed by flow cytometry after 10 min and
4 h 10 min as examples of short-term incubation and long-term incubation, respectively, following the addition of
progesterone.

Discussion
Exosomes have been widely used as an in vivo and in vitro vehicle for biological compounds by virtue of their
natural properties, in comparison to other forms of delivery systems. However, their application as a nanotool is
only just beginning in the field of reproductive medicine, and further research is required to explore the feasibility,
reproducibility and safety issues of this approach before being able to consider this methodology for future clinical
purposes.
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Figure 2. Visualization of exosome-sperm interaction after in vitro co-incubation of boar sperm with 100:1
HEK293-derived exosome treatment using total internal reflection fluorescence microscope. Total internal reflection
fluorescence microscope images of exosome samples (WGA-AlexaFluor488, green) that were incubated with sperm
samples for the indicated times. After fixation, sperm were labeled with wheat germ agglutinin (WGA-AlexaFluor647,
red) to visualise the sperm membrane. (A) The presence of an intact sperm is indicated by the bright field image (BF).
Images show different sperm cells. Control sperm samples at 5 h post incubation and exosome treated samples at
10 min, 2 h, 4 h 30 min and 5 h post incubation. White arrow heads indicate internalized exosomes within the sperm
cells, yellow arrow heads indicate attached exosomes outside the sperm cells. Scale bar = 8 μm. (B & C) Total internal
reflection fluorescence microscope images show two different sperm cells treated with exosomes after 5 h incubation.
Regions delineated by white squares have been magnified (z = 0, 500- and 1000-times) to show signal displays in the
composite, WGA-AlexaFluor647 (red) and WGA-AlexaFluor488 (green) channels. (B) shows a sperm representative to
those sperm with an attached exosome; note the green and red signals that are evident in the red (white arrows) and
green channels, respectively. (C) shows a sperm representative to those sperm with internalized exosomes, as it is
visible from only a green signal display in the green and composite channels. Scale bars are 5 and 2 μm.
BF: Bright field.
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Figure 2. Visualization of exosome-sperm interaction after in vitro co-incubation of boar sperm with 100:1
HEK293-derived exosome treatment using total internal reflection fluorescence microscope (cont.). Total internal
reflection fluorescence microscope images of exosome samples (WGA-AlexaFluor488, green) that were incubated
with sperm samples for the indicated times. After fixation, sperm were labeled with wheat germ agglutinin
(WGA-AlexaFluor647, red) to visualise the sperm membrane. (A) The presence of an intact sperm is indicated by the
bright field image (BF). Images show different sperm cells. Control sperm samples at 5 h post incubation and exosome
treated samples at 10 min, 2 h, 4 h 30 min and 5 h post incubation. White arrow heads indicate internalized exosomes
within the sperm cells, yellow arrow heads indicate attached exosomes outside the sperm cells. Scale bar = 8 μm. (B &
C) Total internal reflection fluorescence microscope images show two different sperm cells treated with exosomes
after 5 h incubation. Regions delineated by white squares have been magnified (z = 0, 500- and 1000-times) to show
signal displays in the composite, WGA-AlexaFluor647 (red) and WGA-AlexaFluor488 (green) channels. (B) shows a
sperm representative to those sperm with an attached exosome; note the green and red signals that are evident in
the red (white arrows) and green channels, respectively. (C) shows a sperm representative to those sperm with
internalized exosomes, as it is visible from only a green signal display in the green and composite channels. Scale bars
are 5 and 2 μm.
BF: Bright field.

The present work evaluates human-derived exosomes for their future potential as a noninvasive delivery system
for mammalian sperm. We demonstrate that exosomes derived from HEK293 T cells can be used in vitro with
mammalian sperm without causing detrimental effects on sperm structure or function and may be developed further
to deliver selective compounds. The rationale behind isolating exosomes from HEK293T cells relies upon their
proven capability for the mass production of exosomes, thus allowing the manufacturing process to be scaled-up
for future industrial and clinical applications.

At the present time, there is no specific consensus regarding the size range, morphology, or exosomal markers.
This is because these parameters depend on the source and biogenesis pathway from which they originate and also
because different theories have been put forward to explain the biogenesis of exosomes; these theories differ with
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Figure 3. Motility parameters of boar sperm, as determined by computer assisted sperm analysis after in vitro
co-incubation with different HEK293-derived exosome treatments (1:1, 10:1, and 100:1 exosome to sperm ratios)
compared with controls. Data are shown as (means ± scanning electron microscopy from 5 replicates in the control
and treatment groups, n = 5). Progesterone was added at 4 h post incubation. (A) Total motility declines over time in
all the treatments including the control with no significant differences between them (p > 0.05). (B) Progressive
motility is significantly lower for the 100:1 treatment when compared with the time-matched control and 1:1
treatment (p < 0.05 and p < 0.01, respectively) at 10 min post incubation. (C) Linearity was significantly lower for the
100:1 treatment when compared with the time-matched 1:1 treatment at 4 h 30 min post -incubation (p < 0.05) and
finally wobble. (D) was significantly increased for the 100:1 treatment when compared with the time-matched
control, 1:1 and 10:1 treatments at 4 h 10 min post incubation (p < 0.01; p < 0.01 and p < 0.05, respectively).
*p < 0.05; **p < 0.01.

regard to the specific molecular machinery involved [14,15,18,19]. Moreover, several previous studies have shown
that exosomes are associated with high levels of morphological heterogeneity [53,54]. Despite this variability, most
authors recognise exosomes as small rounded vesicles with a membrane of 30–200 nm in size [19]. In accordance
with this size range, and by using existing isolation techniques, it is impossible to solely isolate or purify one single
subtype of EV, as they share common physical and biological properties [55]. Nonetheless, quality validations of
our HEK293-derived exosome samples carried out using standardised techniques for exosome detection, revealed
high concentrations of functional exosomes of high purity and with homogeneous morphology and size. It is
worth mentioning that the size difference in the exosomes by TEM compared with NTA (∼40 and ∼170 nm,
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Table 1. Descriptive data for the population of viable sperm (SYBR-14+/PI-) by flow cytometry for the different
treatments (control, 1:1, 10:1 and 100:1 exosomes to sperm cell ratios) at different incubation times (n = 5).
Treatment Viable sperm (SYBR-14+/PI-)

Control 1:1 10:1 100:1

Mean ± SEM* (%) Mean ± SEM* (%) Mean ± SEM* (%) Mean ± SEM* (%)

Incubation time 10 min 55.61 ± 6.32 54.32 ± 6.65 52.58 ± 5.79 41.70 ± 10.59

2 h 29.19 ± 9.40 13.03 ± 5.71 25.71 ± 3.41 19.67 ± 4.77

4 h 23.08 ± 3.67 22.42 ± 1.79 24.41 ± 4.06 25.93 ± 3.51

4 h 10 min 13.28 ± 2.80 10.97 ± 2.94 17.40 ± 3.94 14.73 ± 6.36

4 h 30 min 15.98 ± 2.35 14.84 ± 3.23 13.18 ± 2.73 13.18 ± 2.95

5 h 14.81 ± 3.11 13.90 ± 1.45 20.34 ± 1.68 16.44 ± 2.04

Table 2. Descriptive data for the population of viable sperm with low membrane fluidity (M-540-/YO-PRO-) by flow
cytometry for the different treatments (control, 1:1, 10:1 and 100:1 exosomes to sperm cell ratios) at different incubation
times (n = 5).
Treatment Viable sperm with low membrane fluidity (M-540-/YO-PRO-)

Control 1:1 10:1 100:1

Mean ± SEM* (%) Mean ± SEM* (%) Mean ± SEM* (%) Mean ± SEM* (%)

Incubation time 10 min 58.18 ± 10.77 57.17 ± 11.03 60.19 ± 10.61 57.39 ± 10.10

2 h 33.30 ± 5.78 29.93 ± 6.58 27.30 ± 6.20 30.12 ± 5.15

4 h 19.19 ± 2.70 18.79 ± 3.08 17.68 ± 4.36 16.08 ± 2.69

4 h 10 min 15.41 ± 4.10 13.82 ± 4.75 16.61 ± 1.94 12.90 ± 4.18

4 h 30 min 26.78 ± 14.40 29.55 ± 14.80 28.53 ± 14.85 28.70 ± 14.60

5 h 24.88 ± 12.70 30.93 ± 11.34 25.53 ± 13.28 25.06 ± 12.93

Table 3. Descriptive data for the population of sperm exhibiting high mitochondrial membrane potential (JC-1agg) by
flow cytometry for the different treatments (control, 1:1, 10:1 and 100:1 exosomes to sperm cell ratios) at different
incubation times (n = 5).
Treatment Viable sperm exhibiting high mitochondrial membrane potential (JC-1agg)

Control 1:1 10:1 100:1

Mean ± SEM* (%) Mean ± SEM* (%) Mean ± SEM* (%) Mean ± SEM* (%)

Incubation time 10 min 65.46 ± 6.86 63.55 ± 5.29 55.19 ± 10.42 61.95 ± 6.16

2 h 50.16 ± 1.25 53.25 ± 1.80 51.85 ± 5.29 47.49 ± 7.27

4 h 44.80 ± 8.46 42.82 ± 7.40 45.13 ± 9.76 43.31 ± 7.91

4 h10 34.15 ± 4.67 41.06 ± 14.21 38.16 ± 9.85 39.56 ± 12.4

4 h30 43.65 ± 17.50 55.17 ± 13.18 42.89 ± 14.41 31.68 ± 8.53

5 h 31.85 ± 6.24 26.01 ± 7.09 33.33 ± 5.55 32.15 ± 5.03

respectively) may be due do to the fact that NTA can only detect particles above 70 nm [44], and also, may be due to
a possible exosome shrinkage previously reported as an artifact from TEM processing [14]. Furthermore, the absence
or reduced quantities of other cellular compartments (endoplasmic reticulum, nucleus and mitochondria), in the
samples used for Western blotting eliminates the possibility that larger EV subtypes such as oncosomes could be
present and confirm the presence of exosomes only.

Our experiments clearly demonstrated exosome-sperm interaction when boar sperm was co-incubated in vitro
with human WGA-labelled exosomes at a 100:1 exosome to sperm ratio at 10 min, 2 h, 4 h 30 min and 5 h
post incubation. Exosome binding and internalization was observed after only 10 min of incubation, suggesting
that exosome-sperm interaction is a rapid process, as previously highlighted in another study [37]. Interestingly,
we demonstrate that interaction takes place preferentially in the sperm’s tail and mid-piece over the sperm’s head,
yet exosome internalization was observed within 10 min of incubation, thus confirming that this interaction was
efficient and did not only take place on the outer surface of the sperm.
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It is worth noting that our experiments were carried out under capacitating conditions, with a pH of 7.4, in
order to trigger the sequence of structural and metabolic changes that the sperm must undergo in order to be able
to fertilise the oocyte. Some studies have shown that prostasome fusion with sperm cells can only take place in an
acidic environment, rather than at neutral pH or a slightly alkaline one [56,57].

As for the mechanisms governing exosome uptake, several studies support the fact that exosomes can undergo
endocytosis and that this may be the dominant method of EV uptake [58]. However, sperm cells lack endocytic
pathways; instead, there is some evidence for membrane fusion as the preferred mechanism of interaction between
prostasomes and sperm [40]. Nonetheless, there is a significant lack of understanding with regard to this interaction.
Indeed, a previous study, which described the use of prostasomes to transfer proteins into boar sperm, proposed
that the cytoskeleton might be involved in the uptake mechanism [35]. Further studies may elucidate the molecular
pathways by which HEK293-derived exosomes interact with sperm.

In addition, our study revealed that the incubation of boar sperm with exosomes at a ratio of 100:1 led to a
significant reduction in progressive motility after just 10 min of incubation. This effect was even more apparent
when compared with the lowest exosome:sperm ratio (1:1) at this time point, which appeared to have a positive
effect upon progressive motility compared with the untreated control. This effect may not be taken as deleterious,
since the progressive motility was observed to be back to normal throughout the rest of the incubation period,
and rather indicates to be in line with the observations made on the ability of HEK293-derived exosomes to
spontaneously interact with sperm after only 10 min of co-incubation. Moreover, as expected, LIN, which should
increase in response to capacitation, did show an increasing trend in all treatments, particularly after the addition of
progesterone [59]. Nonetheless, LIN was significantly lower in the 100:1 than in the 1:1 treatment when tested 30
min of the addition of progesterone, thereby suggesting that such a high exosome concentration may be interfering
with the sperm ability to undergo capacitation. However, it is also worth discussing that in this same treatment
(100:1), WOB was significantly higher than the control and other treatments; in fact, the pattern at 4 h 10 min
followed a proportional correlation to the concentration of exosomes. While no previous studies have correlated
WOB with capacitation, an increase in WOB, showing a smoother and more curvilinear motion, has been previously
described for fresh human and boar sperm samples in response to capacitating conditions [47,60]. Coupled with
these studies, our present data suggest that sperm with the highest exosome treatment (100:1) achieved a higher
capacitation status 10 min after the addition of progesterone than the control or other treatments.

In the last part of our study, we investigated sperm viability, membrane lipid disorder and mitochondrial
membrane potential in order to gain a more reliable prediction of the ability of sperm to undergo capacitation
when subjected to exosome treatment. Remarkably, the exposure of boar sperm to HEK293-derived exosomes had
no effect upon these three parameters, at least when evaluated by flow cytometry; this effect was evident when
comparisons were made between the control and treatments for all the three sperm: exosome ratios. Consequently,
despite the effects observed in some of the sperm motility parameters for the lowest and highest treatments (1:1 and
100:1, respectively), co-incubation of high concentrations of HEK293-derived exosomes with boar sperm did not
interfere with their ability to undergo the functional changes that occur during capacitation. These results differ from
previous studies, which found that cholesterol from prostasomes was transferred to the sperm membrane, thereby
decreasing their lipid disorder, and thus the membrane’s fluidity during the process of capacitation [61,62], resulting
in a reduction of the proportion of capacitated sperm [63]. In addition, others have found that prostasomes stimulate
the acrosome reaction when they fuse with sperm, thus rendering them to be more sensitive to progesterone [64–66].
In our study, however, there was no evidence for such an impact when using HEK293-derived exosomes. These
discrepancies may be related to the biological differences between HEK293-derived exosomes and prostatic EVs,
which have been shown to be more sperm-specific. That being said, this effect could also be explained by the fact
that other seminal components could inevitably be carried, together with EVs, by sperm, as other studies have
reported that such changes take place when adding seminal plasma to frozen-thawed boar sperm [67,68]. In any case,
further studies should address to which extent the particular nature of EVs, whether derived from epithelial cell
lines, such as HEK293T, or from the male reproductive tract, has a specific impact upon the ability of sperm to
capacitate and undergo acrosome exocytosis. Furthermore, our data warrant further research on the effects upon
sperm capacitation that are closely related with sperm motility, such as the phosphorylation of tyrosine residues in
sperm tail proteins, and the capacity of treated sperm to fertilise an oocyte in vitro. This would help to address the
differences observed between sperm motility and the other sperm parameters.

In addition, although some studies have successfully used HEK293-derived exosomes in vitro and in vivo on a
variety of different tissues from several animal species [25,27,28], it is worth considering whether the application of
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exosomes may evoke an immune response when applied to boar sperm in vivo. Consequently, we must remember
that the boar model is not entirely representative of the human, particularly with regard to the physiological
response.

Conclusion
In conclusion, the current study describes, for the first time, an assessment of the cytotoxicity and potential for
HEK293-derived exosomes to be applied in vitro as an efficient and noninvasive tool for mammalian sperm. Thus,
our results serve as a proof-of-concept for the use of HEK293T cells as a mammalian-based system with scalable
and commercial capabilities for exosome production. Hence, the further development of this approach toward its
future application as either a diagnostic or therapeutic system for mammalian gametes, may offer a wider range of
opportunities for infertile patients with compromised clinical scenarios, for instance by delivering protective agents
and/or essential molecules capable of enhancing or restoring normal functionality to a damaged gamete.

Future perspective
With the increasing trend for infertility to cause serious impact on global birth rates, both developed and non de-
veloped countries have declared this condition of national interest and established policies that encourage research
and development for new treatments. Male-related infertility problems account for up to 50% of infertility cases;
in many of these cases, we have only limited, or no options, for successful diagnosis or treatment. We believe that
the development of exosome-based delivery systems may provide us with a highly useful tool to develop new ways
of studying sperm biology and allow us new options for the diagnosis and treatment of male fertility.

Summary points

• This study for the first time, utilised a mammalian-based manufacturing system based on a commercial cell line
that allows the large-scale isolation of exosomes for their application in reproductive biology.

• In this study, we show for the first time the effects of in vitro short-term and long-term exposure of exosomes
previously isolated from a human cell line for their use with mammalian sperm under conditions that mimic the
fertilization scenario in vitro.

• This is the first time that super resolution microscopy techniques have been used to observe exosome interaction,
to the single level, with mammalian sperm.

• The results from this study have revealed that HEK293T cell-derived exosomes interact with boar sperm and get
internalised inside the sperm portions with 10 min of simple in vitro co-incubation.

• Computer Assisted Sperm Analysis has shown that 5-h in vitro exposure of HEK293T cell-derived exosomes does
not significantly impact boar sperm’s motility.

• Flow cytometry assays have revealed that 5-h in vitro exposure of HEK293T cell-derived exosomes does not
significantly impact boar sperm’s viability, membrane fluidity nor mitochondrial membrane potential.

• The present study shows that HEK293T cell-derived exosomes did not cause deleterious effect on any of the key
sperm parameters studied; collectively, these factors are informative of the ability of sperm to undergo in vitro
capacitation.

• This study can serve as a proof-of concept for the future development of exosomes as a novel therapeutic tool to
deliver proteins and other molecules that may enhance the functionality of sperm.
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