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Abstract 
A complex extracellular matrix (ECM) assembles around the mammalian oocyte during maturation and ovulation, comprising 
hyaluronan as well as proteoglycans. These proteoglycans are hypothesised to carry heparan and chondroitin sulfate side chains. 
This matrix is essential for ovulation, mediates signalling, and regulates solute diffusion to control the oocyte environment. In 
vivo, ECM formation is initiated by epidermal growth factor-like peptides released within the follicle, acting together with oocyte-
derived growth factors. Although proteoglycans are known components, the specific glycosaminoglycan (GAG) composition remains 
poorly understood. Here, we characterised GAG abundance in murine cumulus-oocyte-complexes and assessed differences between 
in vivo and in vitro maturation. The latter is an assisted reproductive technology that requires less drugs than IVF, but oocytes have 
reduced developmental potential. We found that sulfated GAG abundance increased significantly in vivo but not during in vitro oocyte 
maturation. We also employed high performance liquid-chromatography to measure the abundance of specific GAGs—hyaluronan, 
chondroitin sulfate, and heparan sulfate—in this matrix at different stages of maturation. These were enriched within the ECM during 
in vivo maturation but reduced or undetectable in vitro. Reduced GAG abundance following in vitro maturation was associated with
poorer oocyte developmental potential. GAG deficiency following in vitro maturation likely arises from the failure of in vitro conditions
to replicate the signalling milieu that occurs in vivo. Altered GAG abundance during in vitro maturation may impair functions of the
ECM, including growth factor binding and activity or the regulated diffusion of solutes, potentially contributing to decreased oocyte
developmental potential.
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Introduction 
The mammalian oocyte is enclosed by compact layers of 
specialised somatic cells known as cumulus cells. Just prior to
ovulation, these cells synthesise and secrete a large, viscoelastic
extracellular matrix (ECM) (Russell and Salustri 2006). The 
production of this ECM causes the tightly packed cumulus 
cells to expand outwards, away from the oocyte, removing 
their cell-cell connections with the oocyte and each other in 
the process. This results in a dramatic enlargement (more than 
20-fold in volume) of this cumulus oocyte complex (COC).
This process, known as cumulus expansion, occurs concur-
rently with oocyte maturation—a prerequisite for successful
fertilisation—and is essential for ovulation (Robker et al. 
2018). In vivo, oocyte maturation and cumulus expansion are 
triggered by a surge of luteinising hormone released from the 
pituitary gland, which stimulates the expression and secretion 

of epidermal growth factor (EGF)-like peptides from somatic 
(granulosa) cells within the ovarian follicle. These peptides 
activate EGFR signalling in cumulus cells, which, together
with growth factors secreted by the oocyte, drive ECM forma-
tion and expansion. The stimulated cumulus cells synthesise
key ECM components (Arroyo et al. 2020; Turathum et al. 
2021). Importantly, the assembly and stabilisation of this 
structurally complex ECM also requires serum-derived factors 
and additional components produced and s ecreted by the
granulosa cells and incorporated into the cumulus matrix
(Russell et al. 2003; Turathum et al. 2021). 

The in vitro maturation of COCs is an important repro-
ductive technology used for fertility preservation and assisted 
reproduction. It is particularly important for p atients with
polycystic ovary syndrome (PCOS) or those undergoing ovar-
ian stimulation-free cycles (Das and Son 2023). During in
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vitro maturation, COCs are aspirated from the ovarian follicle 
at an immature stage and cultured in vitro with stimuli to
promote ECM formation and oocyte maturation (Yang and 
Chian 2017; Gilchrist and Smitz 2023). However, the compo-
sition of the cumulus ECM differs between in vitro and in vivo 
oocyte maturation. Specifically, in vitro maturation results in
a reduced abundance of key ECM components, including the
chondroitin sulfate proteoglycan versican and its associated
enzyme Adamts1 (Dunning et al. 2007), as well as the heparan 
sulfate proteoglycans Syndecan (1 and 4) and Glypican 1
(Watson et al. 2012a) . Importantly, oocytes matured in vitro 
have a lower developmental potential compared to their in
vivo matured counterparts: fewer embryos result following
fertilisation (Rizos et al. 2008; Gilchrist et al. 2024). 

The cumulus ECM is known to function as a molecular 
filter and reservoir, selectively excluding metabolites from 
the local environment and retaining cumulus cell synthesised
products such as prostaglandins that are essential for oocyte
maturation (Dunning et al. 2015). However, this function 
is significantly compromised following in vitro maturation, 
potentially disrupting key signalling pathways and reducing
oocyte developmental potential (Dunning et al. 2015). In 
other cell types, growth factors and signalling molecules 
are known to bind glycosaminoglycans (GAGs) in the ECM,
modulating their localisation, stability and activity (Hacker 
et al. 2005). Additionally, the degree of GAG sulfation is 
known to impact growth factor binding and signalling (Soares 
da Costa et al. 2017). In the COC, signalling by the oocyte 
secreted TGFß family member GDF9 is dependent on heparan 
sulfate action as evidenced by disruption of oocyte signalling
by heparin or heparin-like GAGs (Watson et al. 2012a). Thus, 
the composition and sulfation patterns of GAGs within the 
cumulus ECM likely play an important role in modulating 
growth factors known to be crucial for oocyte maturation.
While the abundance of chondroitin and heparan sulfate
proteoglycans, along with the neutral GAG hyaluronan, have
been studied (Salustri et al. 1989; Salustri et al. 1992; Dunning 
et al. 2007; Watson et al. 2012a), little is known about the 
presence of other GAGs or their sulfation patterns in the 
cumulus ECM, and whether they differ between in vivo and
in vitro matured COCs.

In the current study we characterised the abundance of 
GAGs with varying sulfation patterns within the cumulus 
ECM. We characterised these during both in vitro and in 
vivo maturation. We first measured the total abundance of 
sulfated GAGs in maturing murine COCs, using a biochem-
ical assay. Using high performance liquid-chromatography 
(HPLC), we next quantified the abundance of specific GAG 
species: hyaluronan, chondroitin sulfate and heparan sul-
fate. For chondroitin sulfate and heparan sulfate, we quan-
tified the abundance of several common disaccharide forms, 
each with distinct sulfation patterns. Overall, we found that 
these GAGs were enriched in the cumulus ECM during in
vivo maturation but were markedly reduced or below the
limit of detection following in vitro maturation. Interest-
ingly, heparan sulfate was undetectable when COCs were
matured in vitro, which was similarly reflected at the gene
expression level. Lastly, we investigated whether the mat-
uration conditions employed here affected cumulus expan-
sion, fertilisation, and embryo development post-fertilisation:
In vitro matured COCs had poorer outcomes in all these
measures compared to those matured in vivo. Overall, our
study shows that dysregulation of GAG abundance within

cumulus ECM is associated with poorer oocyte developmental
potential.

Results 
Abundance of sulfated glycosaminoglycans in 
cumulus oocyte complexes during oocyte
maturation

We first investigated whether the abundance of sulfated GAGs 
in murine COCs varied across oocyte maturation and whether 
they differed between in vivo and in vitro maturation con-
ditions. For this, COCs were matured either in vivo or in 
vitro for 6 or 16 h. These timepoints were chosen to capture 
early (6 h) and late (16 h) stages of oocyte maturation and
cumulus expansion, corresponding to the dynamic period of
extracellular matrix synthesis and assembly. A significant 1.5-
fold increase in total sulfated GAG abundance was observed
at the end of in vivo maturation (16 h) compared to the 6
h time point (P < 0.05; Fig. 1). In contrast, no significant 
change in abundance occurred during in vitro oocyte matu-
ration (P > 0.05). Furthermore, at the 16 h time-point, COCs 
matured in vitro had a 2.1-fold lower abundance of sulfated 
GAGs compared to those matured in vivo (P < 0.05). These
findings indicate that the in vitro culture environment does not
recapitulate the signalling cues and conditions of in vivo mat-
uration, resulting in a reduced abundance of sulfated GAGs.

Abundance of glycosaminoglycan species within 
the COC during oocyte maturation in vivo and in
vitro

Given the important roles of GAGs in the extracellular matrix, 
we next sought to characterise the types of GAGs in the 
murine COC prior to and during oocyte maturation. To 
achieve this, we employed zwitterionic hydrophilic interaction 
liquid chromatography (ZIC-HILIC) to examine the abun-
dance of hyaluronic acid (HA), and the different sulfation 
states of chondroitin sulfate (CS), and heparan sulfate (HS) 
disaccharides in COCs. GAG abundance was assessed in 
immature COCs (0 h) and in COCs collected during in vivo 
and in vitro oocyte maturation at 6, 12, and 16 hours. These
time points were selected to represent key stages of oocyte
maturation and cumulus expansion: the immature state (0 h),
early expansion (6 h), and later stages of expansion at the
peri-ovulatory (12 h) and post-ovulatory (16 h) phases, with
16 hours also corresponding to the approximate time of
fertilisation in vivo.

In vivo maturation resulted in a significant increase in HA
abundance within COCs (Fig. 2). At 6 h of in vivo maturation, 
HA abundance remained not significantly different from the 
immature control (0  h). However, after 12 h of in vivo 
maturation there was a significant 7.1-fold increase in the
abundance of HA when compared to the 6 h time-point, and a
further 1.6-fold enrichment after 16 h (Fig. 2). In comparison, 
HA abundance remained low during in vitro maturation, 
with levels significantly lower at the 12- and 16-hour time 
points compared to in vivo maturation. To confirm that our 
in vitro maturation conditions induced cumulus expansion we
examined the expression of Has2, which encodes the enzyme
responsible for hyaluronan synthesis by cumulus cells (Fulop 
et al. 1997). Has2 was significantly upregulated—84-fold— 
after 4 hours of in vitro maturation compared to immature
COCs (0 h; Supplementary Fig. 1A). This was followed by
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Fig. 1. Sulfated glycosaminoglycan (GAG) abundance within cumulus 
oocyte complexes (COCs) increases during in vivo maturation but remain 
static during in vitro maturation. The abundance of sulfated GAGs in 
COCs was quantified using a Blyscan assay during oocyte maturation at 6 
and 16 h timepoints in response to hCG administration in vivo (in vivo 
maturation) or EGF+FSH in vitro (in vitro maturation), as described in 
Materials and Methods. Dat a were analysed by a two-way ANOVA with 
Tukey’s post hoc test. Different superscripts indicate a statistically 
significant difference (P < 0.05). n = 3 independent experimental
replicates with 25 COCs collected per time point, per maturation
condition. Data are represented as mean ± SEM. 

Fig. 2. Hyaluronic acid (HA) levels increase significantly during in vivo but 
not in vitro oocyte maturation. The abundance of HA in COCs was 
quantified using HPLC, as described in the Materials and methods 
section. The abundance of HA was quantified in immature COCs (0  h) 
and in COCs during oocyte maturation (6, 12 and 16 h). Oocyte 
maturation was stimulated by hCG administration in vivo (in vivo 
maturation) or EGF+FSH in vitro (in vitro maturation). Data were analysed 
using a two-way ANOVA with Tukey’s post hoc test. Different 
superscripts indicate a statistically significant difference (P < 0.05) within 
a treatment group over time (differences within the in vivo group denoted 
with black superscripts and grey for in vitro matured), while asterisks 
indicate a significant difference bet ween treatment groups at a particular
time-point. n = 3 independent experimental replicates, with 10 COCs
collected per time point, per maturation condition. Data are represented
as mean ± SEM. ∗∗∗∗P < 0. 0001. 

a gradual decline as maturation progressed, a pattern con-
sistent with previous literature (Dunning et al. 2007). Fur-
thermore, when HA abundance during in vitro maturation
was plotted separately (Supplementary Fig. 1B), a significant 
increase became apparent—previously obscured when shown 
alongside in vivo data due to scale differences. Together, these 
results indicate that our in vitro maturation conditions were
sufficient to induce partial cumulus expansion, although to a
markedly lesser extent than observed in vivo.

For chondroitin sulfate (CS), we examined eight common 
forms of CS disaccharides (CS-0, CS-2S, CS-4S, CS-6S, CS-
2S6S, CS-2S4S, CS-4S6S, and CS-2S4S6S), and found that four 
of these were present within the mouse COC, namely CS-
0, CS-4S, CS-6S, and CS-4S6S (Fig. 3). When assessing the 
combined abundance of these four CS forms, COCs matured 
in vivo for 6 h had similar and not significantly different
levels compared to immature COCs (0 h) (Fig. 3A; P > 0.05). 
After 12 h of in vivo maturation there was a significant 4.6-
fold increase in the abundance of total CS when compared
to immature COCs (0 h; Fig. 3A; P < 0.05). Interestingly, 
by 16 h of in vivo maturation the abundance of total CS 
decreased significantly (1.5-fold) compared to the 12 h time-
point yet remained significantly higher (3-fold) than the levels 
measured in immature COCs (0  h). In contrast, throughout 
in vitro maturation, the abundance of CS within COCs were
similar and not significantly different from the immature
control (0 h). When comparing maturation conditions, in vitro
matured COCs had 7.5- and 4.8-fold lower levels of CS at the
12- and 16 h time-points, respectively, when compared to their
in vivo matured counterparts (P < 0.0001; Fig. 3A). 

Next, we analysed the abundance of the individual forms 
of CS identified in the murine COC: CS-0, CS-4S, CS-6S, and 
CS-4S6S. For CS-0, small differences in abundance w ere noted
during in vivo maturation but these were not significantly
different from the immature control at any of the time-
points investigated (Fig. 3B; 0 h vs. 6, 12 or 16 h of in vivo 
maturation; P > 0.05). For in vitro matured COCs, there was 
a small but significant decrease in the abundance of CS-0
by 6 h of in vitro maturation compared to immature COCs
(0 h; P < 0.05), which remained consistent throughout the
remainder of in vitro maturation (Fig. 3B; 6  vs  12  vs  16  h  of 
in vitro maturation; P > 0.05). The abundance of CS-4S was 
not significantly different from immature COCs (0 h) after 6 h
but was significantly (27-fold) increased at 12 h (Fig. 3C, 12 h 
vs 0 h in vivo maturation; P < 0.05). After 16 h this reduced
significantly (1.8-fold) yet remained significantly higher than
immature COCs (Fig. 3C, 16 h vs 12 h and 0 h; P < 0.05). 
The abundance of CS-4S within in vitro matured COCs
however, remained unchanged throughout maturation and
not significantly different from the immature state (Fig. 3C). 
As a result, the abundance of CS-4S was 75- and 30-fold 
lower in COCs matured in vitro for 12 and 16 h, respec-
tively, when compared to their in vivo matured counterparts
(P < 0.0001).

Although smaller in magnitude, a similar pattern of abun-
dance was observed for CS-6S and CS-4S6S in the in vivo
matured group (Fig. 2D and E, respectively). Specifically, there 
was a significant increase in the level of both CS-6S and CS-
4S6S by 12 h of in vivo maturation compared to the immature
COC, which similarly decreased significantly at 16 h but
remained higher than the immature control (Fig. 3D and E; 
12 h vs 0 vs 16 h in vivo maturation;  P  < 0.05). Again, there 
were no changes in abundance for either CS-6S or CS-4S6S
when COCs were matured in vitro (Fig. 3D and E, in vitro 
maturation). Differences between the maturation conditions 
were again significant at the 12 and 16 h time-points. In fact, 
CS-4S6S was undetectable in immature COCs and in vitro 
maturated COCs, and only detectable in the in vivo matured
COC at the 12 and 16 h timepoints. Thus, the majority of CS
found within COCs after 12 and 16 h of in vivo maturation
can be attributed to CS-4S, with the other forms having a
smaller contribution.
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Fig. 3. Chondroitin sulfate (CS) abundance in COCs is altered during in vitro maturation compared to in vivo maturation. The abundance of CS in COCs 
was quantified using HPLC, as described in the Materials and methods section. The abundance of CS was quantified in immature COCs (0  h)  and  in  
COCs during oocyte maturation (6, 12 and 16 h). Oocyte maturation was stimulated by hCG administration in vivo (in vivo maturation) or EGF+FSH in 
vitro (in vitro maturation). The combined abundance of all CS species analysed is shown in (A). Eight common forms of CS disaccharides were assessed 
(CS-0, CS-2S, CS-4S, CS-6S, CS-2S6S, CS-2S4S, CS-4S6S, and CS-2S4S6S), with four of these found within the mouse COC: CS-0 (B), CS-4S (C), CS-6S 
(D), and CS-4S6S (E). Data were analysed using a two-way ANOVA with Tukey’s post hoc test. Different superscripts indicate a statistically significant 
difference (P < 0.05) within a treatment group over time (differences within the in vivo group denoted with black superscripts and grey for in vitro 
matured), while asterisks indicate a significant difference between treatment groups at a particular time-point. n = 3 independent experimental replicates
with 10 COCs collected per time point, per maturation condition. Data are represented as mean ± SEM. ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001. CS-0:
�HexA-1-3GalNAc; CS-2S: �HexA(2S)-1-3GalNAc; CS-4S: �HexA-1-3GalNAc(4S); CS-6S: �HexA-1-3GalNAc(6S); CS-2S6S: �HexA(2S)-1-3GalNAc(6S); 
CS-2S4S: �HexA(2S)-1-3GalNAc(4S); CS-4S6S: �HexA-1-3GalNAc(4S,6S); and CS-2S4S6S: �HexA(2S)-1-3GalNAc(4S,6S). 

We also examined eight common HS disaccharides species 
(HS-0, HS-2S, HS-6S, HS-NS, HS-2S6S, HS-2SNS, HS-NS6S, 
and HS-2SNS6S), and found two of these within the murine 
COC, namely HS-NS and HS-2SNS. Analysis of the combined 
(total) abundance of these two forms revealed a very simi-
lar pattern to total CS. The abundance of HS significantly
increased after 12 h of in vivo maturation compared to the

immature COC (0 h) and COCs that had undergone in vivo
maturation for 6 h (Fig. 4A). Levels of total HS subsequently 
decreased after 16 h of in vivo maturation but remained higher 
than the immature state (P < 0.05; Fig. 4A; 16  h  vs  12  h  vs  
0  h). Interestingly, HS was undetectable within COCs matured
in vitro. Both HS-NS and HS-2SNS displayed a similar pattern
to total HS (Fig. 4B and C, respectively). The majority of HS
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found within the in vivo matured COC can be attributed to the 
HS-NS species, with the abundance at 12 h of maturation 2-
fold higher than HS-2SNS at the same time-point (abundance 
at  1  2 h of in vivo maturation in B vs C).

Expression of Ext1 and Ext2 in COCs during in vivo
and in vitro maturation.

To determine whether the absence of detectable HS during 
in vitro maturation resulted from a failure to induce key 
GAG synthesis genes, we examined the expression of the rate-
limiting HS-synthesis genes Ext1 and Ext2 (Busse et al. 2007). 
After in vivo stimulation, we found that Ext1 expression 
was significantly upregulated in COCs at 16 h when com-
pared to unstimulated immature COCs (P < 0.05; Fig. 5A; 
16  h  vs  0  h  in vivo maturation). However, no signif icant
changes in Ext1 expression occurred during in vitro matura-
tion (P > 0.05; Fig. 5A; in vitro). At 16 h, COCs matured in 
vitro had a 3.7-fold lower abundance of Ext1 compared to
their in vivo matured counterparts (P < 0.0001; Fig. 5A). For 
Ext2, expression was significantly higher from 8 h onwards 
of in vivo maturation when compared to immature COCs
(P < 0.05; Fig. 5B; 0  h  vs  8,  12  and  16  h), with no signif icant
changes noted in Ext2 expression for in vitro matured COCs
(P > 0.05; Fig. 5B; in vitro). For in vivo matured COCs, Ext2 
abundance was 1.8- and 1.7-fold higher at the 8 and 16 h
time points, respectively, compared to COCs matured in vitro
(Fig. 5B; P < 0.05).

Impact of maturation condition on oocyte
developmental potential

To confirm the impact of vitro maturation, and associated loss 
of GAGs in the COC on oocyte developmental potential, we 
examined meiotic status, cumulus expansion, as well as the 
capacity of the matured oocytes to undergo fertilisation and
complete preimplantation embryo development. The kinetics
of meiotic progression were largely comparable between in
vivo and in vitro maturation (Supplementary Fig. 2), with 
only a small proportion of oocytes in the in vitro maturation 
group remaining at the GVBD (immature) stage at 12 and 
16 h. However , as expected, cumulus expansion was visibly
and significantly reduced following in vitro maturation when
compared to in vivo matured COCs (Fig. 6A-D; P < 0.01). 
Interestingly, the ability of in vitro matured oocytes to undergo 
fertilisation was higher than those matured in vivo (Fig. 6E; 
P < 0.01). However, embryos derived from in vitro matured 
oocytes had a significantly (5.6-fold) reduced capacity to
reach the blastocyst stage of preimplantation embryo develop-
ment when compared to in vivo (Fig. 6F; P < 0.01). A dramat-
ically reduced ability of these embryos to reach the blastocyst-
stage of development indicates that oocytes matured in vitro 
have a lower developmental potential. We postulate that the
loss of HA, CS and HS in COCs following in vitro maturation
contributes to the reduced developmental potential of these
oocytes.

To expand our analysis of developmental potential beyond 
blastocyst rate, we examined the expression of two cumulus 
cell genes, Has2 and Ptgs2, which have been proposed as
markers of oocyte and embryo quality (Massoud et al. 2024). 
In addition, we analyzed the expression of Sdc1 and Gpc1, 
which encode proteoglycan core proteins modified by HS and 
CS GAGs, to investigate whether altered GAG biosynthesis

Fig. 4. Heparan sulfate (HS) abundance in COCs significantly increases 
during in vivo maturation but is undetectable during oocyte maturation in 
vitro. The abundance of HS in COCs was quantified using HPLC, as 
described in the Materials and methods section. The abundance of HS 
was quantified in immature COCs (0  h) and in COCs during oocyte 
maturation (6, 12 and 16 h). Oocyte maturation was stimulated by hCG 
administration in vivo (in vivo maturation) or EGF+FSH in vitro (in vitro 
maturation). The combined abundance of all the HS species analysed is 
shown in (A). Eight common HS disaccharides species were investigated 
(HS-0, HS-2S, HS-6S, HS-NS, HS-2S6S, HS-2SNS, HS-NS6S, and 
HS-2SNS6S), with only two expressed in mouse COCs: HS-NS (B) and 
HS-2SNS (C). Data were analysed using a two-way ANOVA with Tukey’s
post hoc test. Different superscripts indicate a statistically significant
difference (P < 0.05) within a treatment group over time (differences
within the in vivo group denoted with black superscripts and grey for in
vitro matured), while asterisks indicate a significant difference between
treatment groups at a particular time-point. n = 3 independent
experimental replicates with 10 COCs collected per time point, per
maturation condition. Data are represented as mean ± SEM. ∗∗P < 0.01;
∗∗∗∗P < 0.0001. HS-0: �HexA-1-4GlcNAc; HS-2S: �HexA(2S)-1-4GlcNAc; 
HS-6S: �HexA-1-4GlcNAc(6S); HS-NS: �HexA-1-4GlcNS; HS-2S6S:
�HexA(2S)-1-4GlcNAc(6S); HS-2SNS: �HexA(2S)-1-4GlcNS; HS-NS6S:
�HexA-1-4GlcNS(6S); and HS-2SNS6S: �HexA(2S)-1-4GlcNS(6S).
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Fig. 5. Significant induction of Ext1 and Ext2 mRNA in COCs during in 
vivo but not in vitro oocyte maturation. The expression levels of the two 
isoforms responsible for HS production in mice, Ext1 (A) and Ext2 (B), 
were quantified in immature COCs (0  h) and in COCs during oocyte 
maturation (4, 8, 12 and 16 h). Oocyte maturation was stimulated by hCG 
administration in vivo (in vivo maturation) or EGF+FSH in vitro (in vitro 
maturation). Data were analysed using a two-way ANOVA with Tukey’s 
post hoc test. Different superscripts indicate a statistically significant 
difference (P < 0.05) within a treatment group over time (differences 
within the in vivo group denoted with black superscripts and grey for in 
vitro matured), while asterisks indicate a significant difference bet ween
treatment groups at a particular time-point. n = 3 independent
experimental replicates with 10 COCs collected per time point, per
maturation condition. Data are represented as mean ± SEM. ∗P < 0.05;
∗∗P < 0.01; ∗∗∗∗P < 0.0001 .

in IVM COCs is associated with changes in proteoglycan
expression.

Gene expression was measured in COCs collected at 4, 
8, 12, and 16 hours after hCG stimulation in vivo or dur-
ing in vitro maturation and were compared to immature 
COCs (0  h  ). Has2 expression increased at 4 hours in both
in vivo and in vitro matured COCs compared to immature
COCs, with higher levels observed in the in vitro group
(Supplementary Fig. 3A). This pattern is consistent with pre-
vious findings (Dunning et al. 2007). Notably, the differences 
in Has2 transcript levels did not mirror the signif icant low
abundance of HA measured within in vitro matured COCs
(Fig. 2), indicating that reduced matrix stability, rather than 
diminished transcription, may underlie this difference. Inter -
estingly, Ptgs2 was strongly induced in both conditions, with
similar kinetics (Supplementary Fig. 3B). 

Expression of Sdc1 and Gpc1 were consistently higher 
within in vitro matured COCs compared to those matured
in vivo (Supplementary Fig. 3C, D). Relative to immature 
COCs, Sdc1 expression was elevated at 4, 8, 12, and 
16 hours during in vitro maturation, and at 4, 8, and

16 hours of in vivo maturation (Supplementary Fig. 3C). 
Gpc1 expression increased only during in vitro maturation, 
specifically at 12 and 16 hours (Supplementary Fig. 3D). 
Despite this upregulation of core proteoglycan genes, levels 
of chondroitin sulfate (CS) and heparan sulfate (HS) GAGs
remained low or undetectable during in vitro maturation
(Fig. 3 and 4). This indicates that while transcription of 
Sdc1 and Gpc1 is maintained or elevated, associated GAG 
chain biosynthesis or post-translational modification may 
be impaired under in vitro maturation conditions. As these 
proteoglycans are involved in matrix structure and cell sig-
naling, their uncoupling from proper GAG attachment could
contribute to the altered extracellular matrix and disrupted
cumulus–oocyte communication observed during in vitro
maturation.

Discussion 
In vitro oocyte maturation is a viable clinical procedure 
for a subset of patients, but it typically results in poorer 
developmental outcomes than in vivo maturation, and the 
underlying mechanisms for this remain poorly understood. As 
secreted growth factors are essential for cumulus expansion 
and oocyte maturation, and GAGs regulate growth factor 
localisation and activity in other extracellular matrices, 
this study aimed to quantify GAG abundance–including 
subtypes with varying sulfation patterns–during both in 
vivo and in vitro maturation. Using ZIC-HILIC-HPLC, we 
measured the abundance of HA, CS, and HS disaccharides 
in cumulus oocyte complexes. We found that GAGs with 
defined sulfation patterns are enriched in the cumulus matrix
during in vivo maturation but are markedly reduced or
undetectable following in vitro maturation. Notably, HS
was undetectable during in vitro maturation, consistent with
reduced expression of Ext1 and Ext2, while both CS and HA
were significantly decreased. In parallel, in vitro maturation
resulted in impaired cumulus expansion, fertilisation, and
embryo development. These findings suggest that the in vitro
environment fails to support the synthesis or retention of
sulfated GAGs, potentially limiting growth factor binding
and signalling within the cumulus matrix and contributing to
reduced oocyte developmental potential.

To our knowledge, this is the first study to characterise 
the dynamics of GAG abundance within the mouse cumulus 
oocyte complex across the period of oocyte maturation. Our 
findings reveal that HA, CS, and HS levels increase during in 
vivo maturation, while in vitro maturation results in markedly
lower HA accumulation—approximately one order of magni-
tude less—and little to no change in CS and HS levels, which
remained unchanged or below the limit of detection. This
aligns with previous research showing that HA abundance
is lower following in vitro maturation (Salustri et al. 1992). 
Similarly, the reduced abundance of CS in vitro is consistent 
with our prior findings that in vitro matured COCs lack the
core proteoglycan versican and show dysregulated expression
of additional CS proteoglycans, including betaglycan and
syndecan 1 (Dunning et al. 2007; Watson et al. 2012a). 

To investigate whether reduced GAG abundance in vitro 
reflects changes in transcription of associated core proteins, 
we measured expression of Sdc1 and Gpc1, which encode 
proteoglycans substituted with HS and CS chains. Both
genes were upregulated during in vitro maturation, while
induction was lower during in vivo maturation. This increased



Glycobiology, 2026, Vol, 36, Issue 2 7

Fig. 6. Oocyte maturation condition affects subsequent developmental potential. Representative images of mouse COCs that were immature (A; 0 h 
maturation) or matured in vivo (B; 14 h maturation) or in vitro (C; 16 h maturation) are shown. Cumulus expansion index was scored as described in the 
Materials and methods (D). Fertilisation rate (E) and blastocyst r ate (F) are calculated over the initial number of oocytes. As data did not follow a normal 
distribution, a Mann Whitney test was used. Asterisks denote a statistical difference between treatment groups. Data are represented as mean ± SEM. 
n = 3 independent experimental replicates with a total of 391 COCs collected for in vivo and 153 f or in vitro maturation (initial numbers of oocytes within 
each group). Scale bar = 40 μm. ∗∗P < 0.0 1. 

expression despite reduced HS and CS levels suggests a 
disconnect between transcription of these proteoglycans and 
their post-translational modification with GAGs, possibly 
representing a compensatory response to impaired matrix 
formation. This interpretation is supported by studies show-
ing that supplementation with recombinant versican during
in vitro maturation improves cumulus expansion and upregu-
lates key cumulus matrix genes, including Ptgs2, Tnfaip6, and
Has2, effects attributed to the EGF-like motifs present in the
C-terminus of versican (Dunning et al. 2015). Together, these 
findings suggest that disrupted GAG and proteoglycan regula-
tion contributes compromised extracellular matrix formation 
during in vitro maturation, and highlights the potential
of targeted supplementation strategies to restore ECM
composition and improve oocyte developmental competence.

Of the CS species investigated, CS-4S and CS-4S6S were the 
predominant sulfated forms within the cumulus matrix, sug-
gesting these play important roles in matrix organisation and 
function. This sulfation pattern resembles that of specialised
extracellular matrices such as the perineuronal net, where CS-
4S and CS-4S6S contribute to structural stability, selective
barrier formation, and growth factor regulation (Sorg et al. 

2016; Huang et al. 2023). Their presence in the cumulus 
matrix may similarly support structural integrity and mod-
ulate the availability of oocyte-derived factors such as GDF9 
and BMP15. The marked reduction of CS-4S and CS-4S6S 
following in vitro maturation may disrupt these functions,
compromising cumulus expansion and oocyte quality. Future
studies should explore whether restoring specific CS GAGs in
vitro can improve the cumulus matrix environment and better
support oocyte maturation.

Remarkably, HS was not detected within COCs maturated 
in vitro, despite a significant increase during in vivo matura-
tion. This absence may be attributed, in part, to the failure 
to significantly upregulate Ext1 and Ext2, the rate limiting
enzymes required to initiate HS chain synthesis, and to the
known reduced abundance of the HS proteoglycan glypican
1, following in vitro maturation (Watson et al. 2012a). Given 
that HS plays a crucial role in regulating growth factor sig-
nalling pathways within other extracellular matrices (Billings 
and Pacifici 2015; Li and Kusche-Gullberg 2016), the fact it is 
undetectable during in vitro maturation suggests a potential 
disruption in ECM-mediated signalling. This may contribute
to impaired maturation and developmental outcomes.



8 Chow et al.

Previous research has shown that heparan sulfate proteogly-
cans function as essential coreceptors for the oocyte-secreted 
growth factor, growth differentiation factor 9 (GDF9), 
which is critical for cumulus cell function. Inhibition of 
HS proteoglycan signalling with exogenous heparin blocked
cumulus expansion and downregulated key ECM genes, such
as Has2 and Tnfaip6, while simultaneously increasing mural
granulosa cell-specific genes, Lhcgr and Cyp11a1 (Watson 
et al. 2012a). This disruption was associated with reduced 
phosphorylated SMAD2, the transducer of GDF9 action, 
further supporting the role of HS proteoglycans in mediating 
GDF9 signalling through cumulus-matrix interactions.
Similarly, mouse oocytes secrete BMP15 into the cumulus
matrix during in vivo maturation, while BMP15 is absent in
COCs matured in vitro (Mester et al. 2015), suggesting the 
oocyte-secreted BMP15 may not be able to be captured by 
the cumulus ECM due the absence of HS. Thus, the unde-
tectable levels of HS following in vitro maturation observed
here, may disrupt the establishment of the cumulus cell
phenotype.

Of the heparan sulfate species investigated in our study, 
only HS-NS and HS-2SNS were detected within the in vivo 
cumulus matrix. Heparan sulfate GAGs are known to pro-
mote interactions with various growth factors through sulfate-
dependent binding, particularly within families such as FGF
and VEGF (Xu and Esko 2014). Additionally, N-sulfated 
heparan sulfate species have been shown to regulate bind-
ing and signalling of transforming growth factor-β (TGF-β)
superfamily members (Lee et al. 2015). Given that the oocyte-
secreted factors GDF9 and BMP15 are members of the TGF-
β superfamily and are essential for cumulus expansion and 
oocyte developmental competence, the presence of N-sulfated 
heparan sulfate in vivo suggests that the cumulus matrix is 
structured to facilitate the binding and enhance the activity of 
these growth factors during oocyte maturation. The loss of N-
sulfated heparan sulfate species following in vitro maturation
may therefore impair the ability of the matrix to sequester and
present oocyte-secreted factors, thereby negatively affecting
cumulus expansion and compromising oocyte quality. This
is supported by demonstrations that the developmental out-
comes from in vitro matured oocytes is improved by sup-
plementation of oocyte-secreted factors (Hussein et al. 2006; 
Sudiman et al. 2014a; Sudiman et al. 2014b). As HS-6S is also 
known to be important for TGF-β binding and activity (Lee 
et al. 2015), and was undetectable within the cumulus matrix, 
the binding of oocyte secreted factors may only rely on the
N-sulfated heparan sulfate species. This would be interesting
to investigate in future studies.

The reduction in GAGs during in vitro maturation was 
associated with impaired cumulus expansion, consistent with 
the decreased abundance of HA, the primary component of 
the cumulus ECM. Although Has2 expression during in vitro
maturation was comparable to, or even higher than, that
observed in vivo both here and in a previous study (Dunning 
et al. 2007), HA levels were markedly reduced. This suggests 
that matrix stability and HA retention, rather than synthesis, 
are compromised under in vitro conditions. Similarly, while 
the mechanism behind reduced Ext1 and Ext2 expression 
remains unclear, their downregulation may further impair
heparan sulfate synthesis and matrix integrity. As noted above,
Sdc1 and Gpc1 were upregulated during in vitro matura-
tion, potentially reflecting a compensatory response to altered
ECM composition.

In line with dysregulated matrix compostion, oocytes 
matured in vitro had a higher fertilisation rate than in 
vivo matured oocytes but showed reduced developmental 
competence, with fewer progressing to the blastocyst stage.
This is consistent with previous findings showing that in
vitro maturation compromises oocyte quality (Gilchrist and 
Thompson 2007; Luciano et al. 2018). The higher fertilisation 
rate for in vitro matured oocytes may be attributed to a 
compromised ECM structure, weakening the selective barrier
of the cumulus matrix, allowing fertilisation by a broader
range of spermatozoa (Salustri et al. 2019). Indeed, we have 
demonstrated ECM barrier function is deficient in in vitro
compared to in vivo matured COCs (Dunning et al. 2012). A 
compromised barrier likely affects sperm selection, potentially 
contributing to the lower proportion of fertilised oocytes that 
develop to the blastocyst stage. Poor quality sperm that would 
normally be excluded from penetrating the fully expanded
matrix in vivo may still fertilise in vitro matured oocytes but
fail to support subsequent embryo development.

This study presents the first evidence that CS and HS 
synthesis is actively induced during COC expansion, and 
identifies CS-4S, CS-4S6S, and HS-NS as predominant 
sulfated GAGs in the matrix. Further we showed that GAG 
composition within the cumulus ECM is significantly altered 
during in vitro maturation, with a striking reduction in 
sulfated GAGs, particularly heparan sulfate. Given the estab-
lished role of GAGs in regulating growth factor signalling, 
these findings suggest that their dysregulation during oocyte 
maturation in vitro may contribute to impaired cumulus 
expansion and embryo development post-fertilisation. By
identifying key differences in ECM composition between
in vivo and in vitro maturation, this work suggests that
disruptions in ECM signalling properties and/or barrier
integrity may be factors influencing oocyte developmental
potential. Future studies should investigate how specific GAG
modifications impact signalling pathways essential for oocyte
quality and whether supplementation strategies can restore
ECM integrity and improve in vitro maturation outcomes.
Such approaches may lead to improved efficacy of this assisted
reproductive technology.

Materials and methods

Materials 
All other reagents were purchased from Sigma-Aldrich Pty.
Ltd. unless otherwise stated.

Animals and Ethics

Female (21-23 days) and male (6-8 weeks old) CBA x 
C57BL/6 first filial (F1) generation (CBAF1) mice were 
obtained from Laboratory Animal Services (LAS; University 
of Adelaide, SA, Australia) and maintained on a 12 h light:12 
h dark cycle with rodent chow and water provided ad libitum.
All experiments were approved by the University of Adelaide’s
Animal Ethics Committee (M-2016-147) and were conducted
in accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes.

Collection of immature cumulus-oocyte complexes 
(44 h eCG treatment)

Female mice were administered with intraperitoneal (i.p.) 
injection of 5 IU of equine chorionic gonadotropin (eCG;
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Folligon, Intervet, The Netherlands) as previously described
(Watson et al. 2012b) with some differences. Briefly, mice were 
culled by cervical dislocation 44 h post-eCG and their ovaries 
placed in HEPES buffered alpha MEM medium (Gibco by Life 
Technologies, CA, USA) supplemented with 50 mg/L gentam-
icin sulfate, 2 mM glutamax (Gibco by Life Technologies, CA, 
USA), 3 mg/ml fatty acid free bovine serum albumin (BSA; 
MP Biomedicals, Albumin NZ, Auckland, NZ) and 1 mg/ml
fetuin, hereafter referred to as Handling Medium. Immature
COCs were isolated from the ovaries by puncturing large
antral follicles with a 29-gauge insulin syringe with needle
(Terumo Australia Pty Ltd, NSW, Australia).

In vitro maturation of COCs (eCG + EGF/FSH
treatment)

To mature COCs in vitro, immature COCs (harvested as 
described above) were cultured as previously described
(Watson et al. 2012b). Briefly, immature COCs were cultured 
within bicarbonate buffered alpha MEM medium (Gibco 
by Life Technologies, CA, USA) supplemented with 50 
mg/L gentamicin sulfate, 2 mM glutamax, 3 mg/ml BSA, 1 
mg/ml fetuin, 50 mIU/ml follicle stimulating hormone (FSH;
Organon, Schering-Plough Corporation, USA), and 3 ng/ml
epidermal growth factor (EGF). Cumulus oocyte complexes
were cultured at a density of 10 COCs per 100 μl  of  medium  
that was overlaid with paraffin oil (Merck Group, Darmstadt, 
Germany) in a humidified incubator maintained at 37◦C, with 
6% CO2 in air. Cumulus oocyte complexes were harvested at 
various time points of the maturation process (as described
in the figure legends). In vitro matured COCs were either
used for in vitro fertilisation or snap frozen in liquid nitrogen
for RNA/protein extraction or heat-treated for ZIC-HILIC
chromatography.

In vivo maturation of COCs (eCG + hCG treatment)

For in vivo collection, female mice were administered 5 
IU of eCG via intraperitoneal (i.p.) injection as previously
described (Watson et al. 2012b). At 44 hours post-eCG, 
they received an additional i.p. injection of 5 IU human 
chorionic gonadotropin (hCG) sourced from Merck (Kilsyth, 
VIC, Australia). Post-hCG administration, mice were culled 
via cervical dislocation at various time-points of the in vivo 
maturation process (as described in the figure legends) and 
their ovaries or oviducts dissected in pre-warmed Handling 
Medium. For preovulatory time-points (4-12 h post-hCG
administration), COCs were collected from large antral
follicles on ovaries by puncture with a 29-gauge insulin
syringe with needle. Postovulatory COCs (16 h post-hCG)
were isolated from the ampulla of the oviduct. In vivo matured
COCs were either used for in vitro fertilisation or snap frozen
in liquid nitrogen for RNA/protein extraction or heat-treated
for ZIC-HILIC chromatography.

Quantification of sulfated glycosaminoglycans

Total sulfated glycosaminoglycan (GAG) abundance was mea-
sured using a commercially available assay (Blyscan, Biocolor 
Ltd., Northern Ireland), as previously described (Bhattacharya 
et al. 2008). Sulfated GAG abundance was measured in COCs 
at 6 and 16 h of in vitro or in vivo maturation. These 
time-points were selected due to relation to developmental
stages: shortly after activation of cumulus cell gene expression

required for extracellular matrix production, and comple-
tion of oocyte maturation/cumulus expansion, respectively
(Dunning et al. 2015). 

Glycosaminoglycan (GAG) disacc haride labelling

To release GAGs for disaccharide labelling, aliquots of 
10 COCs per tube were washed with purified water 
(MiliQ) and then heat denatured at 80oC for 15 mins
followed by air-drying at room temperature. An enzyme
mixture (20 μl) containing 5 mU chondroitinase ABC from 
Proteus vulgaris, 2.5 mU heparinase I, II and III from 
Flavobacterium heparinum (Ibex Pharmaceuticals) in 100 
mM ammonium acetate, pH 7 with 5 mM CaCl2 was added 
directly to each sample for incubation at 37 ◦C for 16 h. 
A glycosaminoglycan mixture containing heparan sulfate
from bovine kidney, chondroitin sulfate from bovine trachea
and hyaluronic acid from Streptococcus was digested in
parallel as an enzyme activity control, and as a retention
time standard for hyaluronic acid. Released disaccharides
were dried under vacuum and resuspended in 10 μl  of  
water and labelled with 2-aminobenzamide (2-AB) according 
to manufacturer protocol (Ludger LT-KAB-VP24-Guide-
v2.0), using 2-picoline borane complex as a reducing agent. 
A standard mix of 8 common heparan sulphate (HS)
and 8 common chondroitin sulphate (CS) disaccharides
(Iduron) were also labelled with 2-AB and used as retention
time standards. Specifically, these were: HS-0 (�HexA-1-
4GlcNAc); HS-2S (�HexA(2S)-1-4GlcNAc); HS-6S (�HexA-
1-4GlcNAc(6S)); HS-NS (�HexA-1-4GlcNS); HS-2S6S
(�HexA(2S)-1-4GlcNAc(6S)); HS-2SNS (�HexA(2S)-1-
4GlcNS); HS-NS6S (�HexA-1-4GlcNS(6S)); HS-2SNS6S
(�HexA(2S)-1-4GlcNS(6S)); and CS-0 (�HexA-1-3GalNAc); 
CS-2S (�HexA(2S)-1-3GalNAc); CS-4S (�HexA-1-3GalNAc 
(4S)); CS-6S (�HexA-1-3GalNAc(6S)); CS-2S6S (�HexA(2S)-
1-3GalNAc(6S)); CS-2S4S (�HexA(2S)-1-3GalNAc(4S)); CS-
4S6S (�HexA-1-3GalNAc(4S,6S)); CS-2S4S6S (�HexA(2S)-
1-3GalNAc(4S,6S)). Excess 2-AB was removed according to
Chu et al. (2018), using octanal as a water insoluble aldehyde 
reactant to conjugate excess 2-AB. In brief, the labelling
reaction was topped up to 100 μl with deionized water and 
added with 400 μl of octanal and vigorously mixed. Phase 
separation was aided by centrifugation (60 s at 10000 rpm).
The octanal layer was carefully removed, and 80 μl  of  the  
bottom aqueous layer was carefully removed, dried under 
vacuum and reconstituted in 70% (v/v) acetonitrile with 10
mM ammonium acetate (pH 6.8) to a concentration of 0.1
COC/μl equivalent. Injections equivalent to 0.2 COC were
applied onto the ZIC-HILIC column.

ZIC-HILIC separation of 2-AB GA G disaccharide

ZIC-HILIC chromatography was carried out according to
Moh et al. (2022). Briefly, chromatography was performed 
using Sequant ZIC-HILIC column (1 mm x 150 mm, 3.5um,
200 Å, Merck) on an Agilent 1260 Infinity HPLC at 50 μl/min 
flowrate in normal flow mode, with column oven set at 35 ◦C, 
with fluorescence detection of the 2-AB label at excitation 
330 nm/emission 420 nm. The gradient used was as follows: 
Buffer A: 10 mM ammonium acetate pH 6.8, Buffer B: 90% 
acetonitrile with 10 mM ammonium acetate pH 6.8, 0 min –
100% B, 2 min – 90% B, 45 min – 30% B, 48 min – 10% B,
60 min – 0% B. To re-equilibrate the column, a short 8 min
isocratic method of 100% B at 20 μl/min in microflow mode 
was used to trigger the fast-compositional change of the HPLC
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system. The fluorescence peak area of each disaccharide was 
calculated using Agilent Openlab software. A peak is excluded 
when it is not identified in more than half of biological
replicates for each time point.

Real-time PCR (R T-PCR)

RNA was extracted from COCs using RNeasy spin-column 
(Qiagen, Hilden, Germany) as previously described (Watson 
et al. 2012a). Total extracted RNA was treated with 2 U 
rDNase I (Ambion, Life Technologies, USA) to remove any 
contaminating DNA. Concentration of RNA was quanti-
fied using a Nanodrop spectrophotometer (Thermo Scien-
tific, Sydney, AUS). First-strand cDNA was synthesised using 
random hexamer primers (Geneworks, SA, Australia) and
Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA,
USA) as per manufacturer instructions. Controls included
omission of RNA template (non-template control) and reverse
transcriptase enzyme (-RT) in otherwise complete reaction
mixtures.

Commercially available Taqman-specific assays for Has2, 
Ext1, Ext2, Ptgs2, Sdc1 , Gpc1, and Rpl19 were utilised
(Applied Biosystems) (Supplementary Table 1). Real-time 
PCR was performed in triplicate as described previously
(Watson et al. 2012a). Real-time PCR controls included 
omission of the cDNA template (NTC-PCR) or -RT in 
otherwise complete reaction mixtures. Gene expression 
was normalized to the expression of Rpl19 housekeeping
gene control. All values were then expressed relative to
a calibrator sample (immature COCs isolated 44 h post-
eCG administration) using the 2−(��CT) method (Livak and 
Schmittgen 2001). 

Cumulus expansion 
Following in vivo or in vitro maturation, cumulus expansion 
was assessed by an observer blinded to the treatments and
according to the Vanderhyden scale, as previously described
(Vanderhyden et al. 1990). Using this scale, a score of 0 
indicates no expansion with cumulus cells lost from the oocyte 
and adhering to the culture dish. For score +1, cumulus cells 
remain attached to the oocyte with no visible expansion; score 
+2, only the outer layers of cumulus cells have expanded; 
score +3, all cumulus cells layers have expanded with the
exception of the layer immediately adjacent to the oocyte; and
a score of +4 indicates all layers have expanded. For each
treatment a mean cumulus expansion index was calculated.

Oocyte meiotic status

Meiotic status was assessed by an observer blinded to the 
treatments following in vivo or in vitro maturation. Prior 
to assessment, cumulus-oocyte-complexes were treated with 
hyaluronidase to denude the cumulus layers. Oocytes were 
examined under a microscope and classified into three stages 
based on nuclear morphology: germinal vesicle (GV; presence 
of a germinal vesicle), germinal vesicle breakdown (GVBD; 
absence of a germinal vesicle and polar body), and metaphase
II (MII; presence of a polar body). The number of oocytes at
each stage was expressed as a percentage of the initial num-
ber of oocytes analysed per maturation condition. For each
maturation condition, a percentage of oocytes at the specific
maturation stage is expressed over the starting number of
oocytes.

In vitro fertilisation (IVF) and embryo culture

All spermatozoa, fertilisation and embryo culture took place 
in media overlaid with paraffin oil (Merck Group, Darmstadt, 
Germany) in a humidified incubator maintained at 37 ◦C, with 
5% O2,  6%  CO2 and the remainder balanced with N2. All
media were pre-equilibrated for a minimum of 4 h prior to use.

Male mice with proven fertility were culled by cervical dis-
location 1 h prior to IVF. Spermatozoa were isolated from the 
vas deferens and caudal regions of the epididymis in 1 ml of 
Research Fertilisation Medium (ART Lab Solutions, Adelaide, 
Australia) supplemented with 4 mg/ml BSA. Spermatozoa 
were allowed to undergo capacitation for 45 min in the
incubator. In vitro fertilisation was carried out following 44-
46 h post-eCG treatment and 16 h of in vitro maturation or 14
h of in vivo maturation. In vitro fertilisation was carried out as
previously described (Yagoub et al. 2022). Briefly, capacitated 
spermatozoa were co-cultured with mature COCs in Research 
Fertilisation medium supplemented with 4 mg/ml BSA for 4 h 
in the incubator. Resulting presumptive zygotes were cultured
for 24 h in protein-free mouse embryo assay (MEA) media
(IVF Vet, Adelaide, Australia) supplemented with 5% human
serum albumin (10 embryos/20 μl). After 24 h of culture, 2-
cell stage embryos were transferred and cultured in serum- and 
protein-free MEA medium for a further 72 h. Fertilisation rate 
was expressed as number of 2-cell stage embryos at 24 h post-
IVF divided by the starting number of COCs. Blastocyst rate 
was determined as the number of blastocyst-stage embryos at 
96 h post-IVF divided by the starting oocyte number. Embryos
were classified as successfully reaching the 2-cell stage based
on the presence of two equally sized cells (blastomeres) at
24 h post-IVF, while the blastocyst stage was defined by the
presence of a blastocoel cavity occupying more than two-
thirds of the total blastocyst area at 96 h post-IVF.

Statistical analysis 
All statistical analyses were carried out using GraphPad Prism 
version 9 for Windows (GraphPad Holdings LLC, CA, USA). 
Data was subjected to normality testing prior to statistical 
analysis. Statistical testing for GAG quantification, disaccha-
rides species abundance, and gene expression were analysed 
using two-way ANOVA with either Tukey’s for comparison 
within groups (time point comparison) or Sidak’s post-hoc
test for comparison between groups (in vivo vs. in vitro)
as described in the figure legends. Oocyte developmental
data was analysed using Mann-Whitney test as the data did
not follow a normal distribution. Statistical significance was
designated at P value < 0.05.
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