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Abstract
Purpose Zona pellucida-free (ZP-free) embryos often fail to achieve good developmental outcomes and are routinely dis-
carded in assisted reproductive laboratories. Existing attempts to rescue ZP-free embryos are not widely used due to opera-
tional complexity and high technical requirements. To handle cases with missing ZP, we applied modified sodium hyaluronate 
gel (MSHG) to embryo culture to determine if it can function as a substitute for human zona pellucida.
Methods The developmental process and the blastocyst formation rate of embryos were analyzed in both mouse and human. 
The first clinical application of MSHG was reported, and the pregnancy outcome was continuously followed up.
Results Human and mouse ZP-free embryos cultured with MSHG showed a blastocyst formation rate similar to ZP-intact 
embryos. MSHG improves blastocysts formation rate by maintaining blastomere spatial arrangement at early stages. Com-
pared to ZP-free embryos, the proportion of tetrahedrally arranged blastomeres at the 4-cell stage increased significantly in 
embryos cultured with MSHG in humans. A ZP-free blastocyst cultured in MSHG with the highest score was successfully 
implanted after day 5 transplantation and developed normally.
Conclusion These data demonstrate that MSHG can substitute the function of zona pellucida and rescue human ZP-free 
embryos during assisted reproductive technology.
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Introduction

As a hard shell encircling oocytes, zona pellucida plays an 
essential protective role during fertilization and early embry-
onic development, including recognition of and binding to 
the spermatozoa, induction of the acrosome reaction, block-
ing of polyspermy [1–4]. Also, zona pellucida helps to keep 
the adhesion among blastomeres, as blastomeres are loosely 
attached to each other and can easily be dissociated before 
compaction occurs [5]. In assisted reproduction laborato-
ries, the existence of zona pellucida is good for perform-
ing fine micromanipulation on oocytes. However, during 
micromanipulation, such as oocyte retrieval or cumulus 
cell removal, zona pellucida are sometimes damaged acci-
dentally, resulting in zona pellucida-free (ZP-free) oocytes. 
Such ZP-free oocytes are routinely discarded in patients with 
many oocytes retrieved. However, in low ovarian response 
patients or patients with only ZP-free oocytes, these oocytes 
need to be kept for transplantation.
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In fact, some ZP-free human oocytes are still able to be 
normally fertilized and further develop to the blastocyst 
stage without adversely affecting subsequent pregnancy 
rates [6–9]. Also, one blastocyst from a ZP-free egg was 
reported to be able to undergo biopsy and have a normal 
chromosome complement [10]. Furthermore, the first live 
births of singleton and twins from ZP-free oocytes were 
reported in several case reports [11, 12]. However, the 
problem of loosely attached blastomeres and the risk of 
blastomere separation before compaction still exists in 
ZP-free embryos. Time-lapse imaging clearly showed 
this development process [13]. It has also been shown 
in mice that the developmental potential of ZF ZP-free 
embryos directly correlates with the number of cell con-
tacts observed in a 4-cell-stage embryo[14].

To solve this problem, many attempts have been made 
to protect ZP-free embryos, such as alginate encapsulation 
[15], Well of the Well (WOW) system [16], “GO” culture 
system[17], and agarose capsules [18]. These attempts 
have achieved improvement, but they all have the charac-
teristics of either operational complexity or high technical 
requirements. There are also concerns about insufficient 
exchange of nutrients and toxicity of materials, as embryos 
constantly consume nutrients from their surroundings and 
secrete factors that affect development [19, 20]. Therefore, 
there is a lack of methods for human ZP-free embryo cul-
ture and manipulation that can be widely used in the clinic.

Double-phase modified sodium hyaluronate gel 
(MSHG) is a medical product used for human facial der-
mal tissue injection. It is composed of crosslinked and free 
hyaluronic acid (HA). Hyaluronic acid is present in almost 
all biological fluids and tissues. It is particularly abun-
dant in embryonic tissues and in the extracellular matrix 
(ECM) of adult soft connective tissues [21]. In physiologi-
cal conditions, HA takes the form of a sodium salt that is 
negatively charged and highly hydrophilic [22, 23]. HA 
possesses exceptional physicochemical properties such as 
biocompatibility and biodegradability, non-inflammatory, 
non-toxicity, and non-immunogenic behavior [24]. It is 
widely used in osteoarthritis [25, 26], ophthalmological 
surgeries [27, 28], cosmetic regeneration, and reconstruc-
tion of soft tissue [29, 30]. Considering its non-toxicity 
and gel state, we use MSHG to assist the culture of ZP-free 
embryos and substitute the function of zona pellucida.

In this study, we first tested MSHG in a mouse embryo 
culture medium. The blastocyst formation rate of ZP-
free embryos with MSHG was analyzed. We then applied 
MSHG in human embryos, and the blastocyst formation rate 
and the 4-cell-stage blastomere spatial arrangement were 
analyzed. Lastly, we reported the first case of pregnancy 
outcome from a patient who sought assisted reproduction, 
whose embryo was ZP-free and treated with MSHG.

Materials and methods

Human oocytes and embryos

Human oocytes were derived from clinically useless imma-
ture MI oocytes donated by patients after signing informed 
consent from May 2021 to November 2021. The MI oocytes 
were cultured in vitro maturation (IVM) medium at 37 ℃ in 
an atmosphere with 6%  CO2 and 5%  O2 for 18–24 h [31]. 
Intracytoplasmic sperm injection (ICSI) was performed 
on mature MII oocytes with donated sperm. A total of 156 
zygotes with two pronuclei were included in this study, of 
which 116 ZP-free zygotes were produced with a microma-
nipulation system (NARISHIGE, Japan), following the steps 
below. After the zygotes were fixed by a holding pipette 
(Sunlight Medical, USA), two openings of different sizes 
were cut on zona pellucida with a PZD pipette (Sunlight 
Medical, USA). The small opening was in the 2 o’clock 
direction, and the size was about 20 μm; the large opening 
was located in the 6 o’clock direction, in the shape of a cross, 
with a size of about 100 μm. Then, the pressure in the blas-
tomere biopsy pipette (35 μm, beveled tip, Sunlight Medi-
cal, USA) was released from the small opening to make the 
zygote escape from the large opening. At last, all the zygotes 
were cultured under 6%  CO2 and 5%  O2 in 16-well dishes 
(HUCHUANG Life Sciences, China) to the blastocyst stage. 
K-SICM and K-SIBM culture media (Cook, Australia) were 
used sequentially for embryo culture. The scoring of blas-
tocysts was based on the expansion state of blastocysts and 
the consistency of inner cell mass and trophoblast cells. Only 
embryos with a score of 4BC, 5BC, 6BC, or above (AA, 
AB, BA, BB) are high-quality blastocysts [32]. Blastocyst 
formation rate was defined as the number of high-quality 
blastocysts/the number of 2PN zygotes.

Mouse oocytes and embryos

ICR mice purchased from Charles River were used in this 
experiment. All mice were housed under standard 12-h 
light–dark cycle conditions in a specialized and certified 
animal facility. Additional information about handling and 
injecting mice, as well as embryo recovery techniques, can 
be found in other resources [33]. To induce superovulation, 
6- to 8-week-old female mice were injected intraperitoneally 
with 10  IU pregnant mare serum gonadotropin (PMSG) 
(#110,914,564, Ningbo Sansheng Biological Technology 
Co., LTD), followed by 10 IU human chorionic gonadotropin 
(hCG) (#110,911,282, Ningbo Sansheng Biological 
Technology Co., LTD) 48 h later. Oocytes were collected at 
15 h after hCG injection. First, the collected oocytes were 
fertilized in G-IVF (#10,136, Vitrolife) with epididymal 
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sperms from adult males capacitated in G-IVF for 1 h. A 
total of 720 zygotes with two pronuclei were included in the 
study, of which 480 ZP-free zygotes were produced in a way 
similar to humans. At last, all the zygotes were cultured in G1 
medium (Vitrolife, Sweden) to the blastocyst stage under 6% 
 CO2, 5%  O2 at 37 ℃.

Preparation of culture medium with MSHG

For humans, the culture media K-SICM (Cook, Australia), 
paraffin oil (Vitrolife, Sweden), and double-phase modified 
sodium hyaluronate gel (MSHG, Bloomage Biotechnology 
Corporation Limited, China) were taken out from a 4 ℃ 
refrigerator and restored 30 min to room temperature. Double-
phase MSHG is composed of modified sodium hyaluronate, 
sodium chloride, phosphate buffer, and water for injection. 
It has been approved by China National Medical Products 
Administration for facial dermal tissue injection. In the 
meanwhile, the mouth of a Pasteur pipette (ORIGIO, USA) was 
pinched into a flat shape with tweezers and a high-temperature 
flame. Then about 10 mg MSHG was added to each well of 
the 16-well dish and tiled gently at the bottom of the dish with 
the flat Pasteur pipette until the gel blocks are filled with the 
bottom of the culture dish. At last, 25 μl K-SICM was added to 
each well, covered with 3 ml paraffin oil. The culture medium 
was pre-equilibrated in an incubator under 6%  CO2, 5%  O2 at 
37 ℃ for at least 5 h. Bubbles were removed from the culture 
medium with a new Pasteur pipette before use. When using, 
zygotes were transferred to the space between the gel blocks, 
one zygote per well. The culture medium was changed on 
D4 when the morula was formed. Approximately 80% of the 
existing medium was removed, then pre-equilibrated K-SIBM 
medium was added without disturbing the embryos.

For the mouse, 30 embryos were cultured together in each 
well of 4-well dishes (Thermo Scientific), with about 200 mg 
MSHG and 600 ul G1 in each well. The preparation procedure 
of the culture medium was similar to that of the human.

Statistical analysis

Proportional data were analyzed using the Fisher exact test 
or GraphPad. Differences were considered significant when 
p-values were less than 0.05.

Results

MSHG substitutes the function of zona pellucida 
in mouse embryos

The gel blocks vary in size and resemble angular stones 
in shape. In the culture medium, 2–3 layers of gel blocks 
were uniformly deposited at the bottom of the culture dish. 

The embryo was placed in a proper position to ensure that 
the gel blocks can be well stacked around the embryo. 
When there was no external force, the relative position 
among the gel blocks was fixed, and a stable supporting 
structure was formed (Fig. 1B).

To address if MSHG could substitute the function 
of zona pellucida, we first tested the developmental 
potential of mouse embryos. The shape and size of mouse 
zygotes, as well as the pronuclear morphology, were not 
changed when placed in the culture medium with MSHG 
(Fig. 1A), meaning the hydrostatic pressure and osmotic 
pressure were kept balanced. When a zygote began to 
undergo divisions, MSHG performed its main function 
by surrounding the embryos and forming a barrier that 
prevented the dispersion of embryos (Fig. 1C). To test 
if nutrients can be efficiently exchanged among culture 
medium and MSHG gel blocks, blastocyst formation 
rate, which could reflect the developmental potential of 
embryos, was analyzed. The blastocyst formation rate of 
embryos with MSHG was slightly lower than in ZP-intact 
embryos, but still significantly higher than that in ZP-free 
embryos (Fig. 1D).

In conclusion, as a substitution for zona pellucida, 
MSHG is safe and functional for the culture of ZP-free 
embryos in the mouse.

Application of MSHG in human embryo culture

Having validated the usage of MSHG in mouse embryo 
culture medium, we employed MSHG in donated human 
embryos to test whether it can be used for clinical appli-
cation. We first cultured ZP-intact embryos in a culture 
medium with MSHG, and those embryos had similar mor-
phological status and high-quality blastocyst formation 
rate compared with ZP-intact embryos (Fig. 2A). Similar 
to mouse embryos, the high-quality blastocyst formation 
rate was low in ZP-free embryos and was largely res-
cued in embryos with MSHG. All embryos of the four 
groups showed normal developmental speed (4-cell stage, 
44 ± 1 h; 8-cell stage, 68 ± 1 h; morula, 92 ± 2 h; blasto-
cyst, 116 ± 2 h) [34].

Blastomere arrangement was found to be associated 
with blastocyst formation rate in ZP-intact human 
embryos [35, 36]. In fact, the blastomeres of ZP-free 
embryos tended to move at the 4-cell stage, resulting in 
a variety of arrangements [6, 14, 37]. We hypothesized 
that, in addition to its main role in preventing the 
dispersion of embryos, MSHG plays a critical role 
in maintaining the spatial arrangement of blastomere 
during early embryo development, especially from 4-cell 
to the blastocyst stage. Considering that some embryos 
degenerated at early stages, we only analyzed blastomere 
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spatial arrangement of the 4-cell stage in 23 high-quality 
blastocysts from ZP-free and ZP-free with MSHG groups. 
The blastomere spatial arrangement was classified into 3 
types according to their blastomere contact (Fig. 2B). In 
the ZP-free with MSHG group, the proportion of type A 
was significantly higher than in the ZP-free group, while 
the proportion of type B was significantly lower than the 
ZP-free group. Both groups had a low proportion of type 
C, which was hardly seen in ZP-intact embryos (Table 1).

In conclusion, MSHG does not affect the morphological 
status and development speed of embryos, and it improves 
the high-quality blastocysts formation rate by maintaining 
blastomere spatial arrangement at early stages.

Clinical treatment by MSHG during assisted 
reproductive technology

A 25-year-old secondary infertility female patient sought 
assisted reproductive treatment in our center due to fallo-
pian tube obstruction. Her husband was 26 years old with 
relatively normal semen analysis (sperm concentration, 
141 ×  106/ml; motility, 42.2%; normal morphology, 2.87%). 
Controlled ovarian hyperstimulation was performed using 

a long GnRH-agonist protocol. During the egg retrieval, a 
total of 5 oocytes with cumulus complexes were obtained, 
and the common in vitro fertilization (IVF) was carried out 
later. When removing granulosa cells 5 h after insemination, 
one oocyte escaped from the ruptured zona pellucida and 
became ZP-free. The next morning, only 3 oocytes showed 
two pronuclei, including the ZP-free one. Considering the 
scarcity of embryos in this patient, the ZP-free zygote was 
transferred to a new culture medium with MSHG after sign-
ing informed consent by the patient. On day 5, the ZP-free 
embryo developed into a blastocyst with the highest score 
(4AB) (Fig. 3A), and the remaining two embryos developed 
both into low-grade blastocysts (4BC). After communica-
tion with the clinical doctor and the patients, the ZP-free 
blastocyst was chosen for transplantation. During the embryo 
transfer, the ZP-free blastocyst was picked from the culture 
medium with MSHG and cleaned several times with K-SIBM 
to ensure no gel blocks remained on the surface.

Embryo transfer was carried out on November 23, 2021, 
and 12 days after embryo transfer, pregnancy was confirmed 
with a β-HCG value of 2092 IU/L. On January 11, 2022, a 
gestational sac was detected in the uterine cavity by ultra-
sound, with a size of about 6.2 × 5.1 cm. A fetal bud echo 

Fig. 1  The validity of MSHG 
in mouse embryo culture. 
A Bright-field microscope 
shows an overview of MSHG in 
a culture medium under differ-
ent microscope magnifications. 
B A schematic diagram of a 
mouse oocyte and gel blocks in 
the culture medium. C Bright-
field microscope shows the 
developmental process of 
embryos from ZP-free, ZP-
intact, and ZP-free with MSHG. 
D Comparison of blastocyst 
formation rate of ZP-free, ZP-
intact, and ZP-free with MSHG. 
**p < 0.01; ns, not significant. 
Scale bar = 100 um
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was detected in the gestational sac, with a length of 3.0 cm. 
Cardiac pulsation was clearly visible. On January 27, 2022, 
a fetal echo was detected in the uterine cavity. The head hip 
length was about 8.9 cm, and the fetal heartbeat was 149 
times/min (Fig. 3B).

In our study, for the first time, MSHG was applied in the 
clinic.

Discussion

In this study, we examined if MSHG can functionally sub-
stitute zona pellucida in human embryos. Double-phase 
MSHG was composed of crosslinked sodium hyaluronate gel 
and free sodium hyaluronate. The free sodium hyaluronate 

is water-soluble, allowing nutrients exchange, and the 
crosslinked sodium hyaluronate gel can form numerous 
independent micro-spaces to provide the supporting struc-
ture for the embryo. Besides, it has been widely used in 
medical products [38]. Thus, MSHG has the property of 
biocompatibility and non-toxicity and is suitable for in vitro 
culture of ZP-free embryos.

After embryo division, the most important role of zona 
pellucida is to prevent the dispersion of embryos and fur-
ther to maintain the spatial arrangement of blastomeres, 
especially at the 4-cell stage. In ZP-intact embryos, most 
of the 4-cell embryos were tetrahedrally arranged, and only 
a small number of embryos were planarly arranged [36]. 
Tetrahedrally arranged embryos have more cell–cell contacts 
than the other two spatial arrangements. Critical develop-
mental benchmarks, such as the 8-cell stage, compaction, 
morula formation, and developing to an extended blastocyst, 
are aided by closer proximity of blastomeres and increased 
cell–cell contacts [39–43]. Embryos with planarly arrange-
ment were associated with either a poor prognosis for blas-
tocyst formation or a low implantation rate after the transfer 
[35, 44, 45]. When using MSHG, 2–3 layers of gel blocks 
are stacked around the embryos, which form a three-dimen-
sional space like zona pellucida to keep the adhesion among 

Fig. 2  Application of MSHG 
in human embryo culture. 
A Bright-field microscope 
shows the development process 
of embryos from ZP-free, ZP-
intact, ZP-free with MSHG, 
and ZP-intact with MSHG. And 
comparison of blastocyst forma-
tion rate among the four groups. 
***p < 0.01; ns, not significant. 
B Classification criteria of 
blastomere spatial arrangement. 
Type A, tetrahedrally arranged 
blastomeres, with 6 points 
of contact. Type B, planarly 
arranged blastomeres, with 
5 points of contact. Type C, 
linearly arranged blastomeres, 
with 4 points of contact. Scale 
bar = 100 um
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Table 1  Comparison of the proportion of type A, type B, and type C 
in ZP-free and ZP-free with MSHG

ZP-free ZP-free with MSHG P value

Type A 20 (2/10) 69.2 (9/13) 0.036
Type B 70 (7/10) 23.1 (3/13) 0.040
Type C 10(1/10) 7.7 (1/13) NS
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blastomeres and further to maintain the spatial arrangement 
of blastomeres. In this study, we show that blastomeres 
without zona pellucida form closer contact with the help of 
MSHG, and thus, the proportion of tetrahedral arrangement 
is improved, increasing the blastocyst formation rate of ZP-
free embryos.

Meanwhile, the application of MSHG is feasible in the 
clinic for human ZP-free embryo culture since it does not 
require any additional manipulation of the embryo and the 
preparation of the culture dish is conventional. The embry-
ologist only needs to lay the gel on the bottom of the dish 
before adding the culture medium and confirm that the 
gel blocks are completely filled with the culture dish and 
that the position of the gel blocks is fixed. The numerous 
spaces formed between the gel blocks allow multiple ZP-free 
embryos to be cultured in one culture dish. When changing 
the culture medium, the gel blocks sometimes move as the 
culture medium decreases or increases. Therefore, the culture 
medium was changed only when the morula was formed.

Remarkably, we reported the first live fetus from a ZP-free 
embryo cultured with MSHG. This embryo developed into 
a higher-quality blastocyst compared with the other two ZP-
intact embryos. The successful implantation of the blastocyst 
proves that MSHG can be applied in clinical conditions.

To conclude, our study proposed a novel method for the 
culture of ZP-free embryos. MSHG maintained the tight 
contact of blastomeres at the early embryo stage and sig-
nificantly improved the development potential of ZP-free 
embryos. This gives embryologists another option when 
dealing with ZP-free embryos.
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