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Abstract  18 

Ovary disease is a major cause of female infertility and could disrupt the hormone 19 

balance, which may cause multi-organ disorders in the long-term effect. However, 20 

conventional artificial ovary techniques usually encapsulate follicles in 3D hydrogels 21 

and block the ovulation ability. In this study, we fabricated a biomimetic micro-cavity 22 

ovary by a microsphere-templated technique to recapitulate the ovulation process, 23 

where sacrificial gelatin microspheres were mixed with photo-crosslinkable gelatin 24 

methacryloyl (GelMA) to engineer an open cavity niche for follicle growth. The 25 

microcavity’s parameters were optimized to be suitable for follicle growth. With that, 26 

we showed that the micro-cavity ovary could support the follicle growth to antral stage 27 

and the ovulation of meiosis-matured oocytes out of the micro-cavity ovary without 28 

extra manipulation. The ovulated oocyte was characterized in a great quality. This 29 

technique would be of great advantage to be further applied in clinics that recover 30 

natural conception after in vivo transplantation of the biomimetic ovary.  31 

 32 

Introduction 33 

The artificial ovary has been developed for decades to replace the diseased organ caused 34 

by polycystic ovarian syndrome (PCOS) or be disrupted by chemotherapy and 35 

radiotherapy. The requirement of a functional artificial ovary includes supporting 36 

follicle maturation, recovering hormone levels, and ultimately restoring ovulation. 37 

Although assisted reproductive technologies (ARTs) can assist patients in getting 38 



pregnant, ARTs do not meet the increasing clinical demands such as long-term hormone 39 

restoration or recovery of natural conception. Usually, the artificial ovary consists of 40 

germ cells that are implanted or encapsulated in biomaterials. Conventional culture 41 

methods use hydrogel to encapsulate premature follicles that supply a 3D environment 42 

for follicle growth and maturation. Natural hydrogel, semi-natural hydrogel, or 43 

synthetic hydrogels, including Matrigel1-3, collagen 4, Calcium alginate matrix2,3,5,6, 44 

Hyaluronan7, Polyethylene glycol (PEG)8 can be chosen as candidates for fabricating 45 

the artificial ovary. However, these culturing methods did not restore the ovulation 46 

ability since the rupture of oocytes was blocked by the enclosed hydrogel.  47 

 48 

Ovulation is defined as the ovary releasing mature oocytes into fallopian tubes, waiting 49 

for fertilization. After puberty, immature follicles respond to gonadotropic hormone 50 

(FSH/LH) levels9,10 begin to increase the follicle size, and develop a cavity filled with 51 

follicular fluid. The process was also known as folliculogenesis. At the late stage of 52 

folliculogenesis, the oocyte resumes from meiosis arrest resulting in the extrusion of 53 

the first polar body and arrests again at the meiotic metaphase II stage (MII). Meanwhile, 54 

the MII oocyte is ruptured out of the ovary stimulated by the LH surge9,11-13. Besides of 55 

the growth factor signal, the mechanical signaling or mechanotransduction plays an 56 

essential role throughout the dynamic lifespan of the ovarian follicle including oocyte 57 

growth, meiotic maturation, and ultimately ovulation14. An in vitro follicle 3D culturing 58 

study used alginate-fibrin network hydrogel to mimic the ovarian rigidity, giving a hint 59 

that the maturation ratio of oocytes would be enhanced by mimicking the ovarian 60 

mechanical enviroment15. Furthermore, we noticed that many matured follicles grow 61 

near the surface of ovaries16,17 . Apparently, this physiological structure assists the ovary 62 

to release MII oocytes directly into fallopian tubes. Since the ovulation process is a 63 

combination of coordinated cellular processes, it emerges as one of the challenging 64 

problems to be recapitulated in an artificial ovary.   65 

 66 

To build a biomimetic organ, a micro-mold approach was applied. The mold approach 67 

was widely used in 3D tissue construction18-22 due to its precise control of the mold 68 

shape and size. However, the molding approach alone has little effort in building 69 

internal structures of tissues. To build a sophisticated tissue, microfluidic technology is 70 

integrated with the molding approach to increase the complexity and geometry of the 71 

fabricated structure, for example, by providing microcavities. Microfluidic technology 72 

was defined as producing and manipulating fluids in a small volume of particles as 73 

limited as 1018 liters23,24. In recent perspectives, living organisms are built followed a 74 

bottom-up fashion since all lives start based on cellular behaviors such as cell 75 

proliferation, migration, and differentiation. The microfluidic technology was of great 76 

advantage in fabricating at the bottom-up level, for it can manipulate the microparticles 77 

even at a single-cell level25,26.  78 

 79 

In this study, we assumed that mimicking the pattern of follicles growing near the 80 

surface of the ovary might assist in retaining the ovulation ability in a bio-engineered 81 

ovary. Herein, we manipulated the microsphere to fabricate a biomimetic micro-cavity 82 



ovary using a microfluidic and mold approach. We used gelatin methacryloyl (GelMA), 83 

a biocompatible hydrogel widely used to fabricate artificial organs27-30, to construct the 84 

micro-cavity structure. To mimic the ovarian mechanical environment, we first 85 

investigated the effects of GelMA properties and cavity size on follicle growth, and 86 

optimized the concentration of GelMA to 10%, the substitution of methacryloyl to 90%, 87 

and the cavity size to 600 μm. As a result, we successfully recorded that the oocyte was 88 

ovulated out of the micro-cavity ovary and confirmed that the ovulated oocyte was of 89 

good quality and fertilized. We also investigate the mechanoresponsive gene Yap1 was 90 

1.2-fold increase in the micro-cavity ovulated oocyte, indicating multiple mechanical 91 

cues should be considered to optimize the micro-cavity ovary. By applying the new 92 

technology, we solved the challenging obstacle of ovulation in the field of artificial 93 

ovary construction, and our model was promising for future clinic transplantation. 94 

 95 

Results  96 

Bio-fabrication of the micro-cavity ovary and characterization 97 

The strategy of fabricating and characterizing the micro-cavity ovary is shown in Figure 98 

1. GelMA is synthesized through the reaction of gelatin with methacrylic anhydride 99 

(MA). The percentage of replaced amino groups on the side chains of gelatin and the 100 

concentration of GelMA affected the stiffness, then ultimately affected the follicle 101 

quality. Therefore, the replaced percentage and the concentration of GelMA should be 102 

determined before the final fabrication (Fig. 1a). Then the microfluidic was employed 103 

to produce gelatin microspheres for casting the surface morphology of GelMA to create 104 

microcavities. The size of the microsphere was also waited for optimization to avoid 105 

restricting the follicle growth (Fig.1b). To mimic the psychological size and shape of 106 

the ovary, we produced a positive photosensitive resin mold where the PDMS was 107 

poured and dried. Then, the PDMS mold was dissociated and filled with gelatin 108 

microspheres to cast GelMA. After crosslinking of GelMA, the hydrogel with gelatin 109 

microspheres was dissociated and incubated at 37℃ to dissolve the gelatin 110 

microspheres. The micro-cavity ovary was accomplished, followed by implanting 111 

immature follicles. Under appropriate culture conditions, the micro-cavity ovary would 112 

recapitulate the in vivo ovary development from 3 weeks to puberty (Fig.1c). Multiple 113 

biological evaluations at organ-cellular levels (Fig.1d) and single-cell levels (Fig.1e) 114 

were employed to prove that the micro-cavity ovary enabled follicles to mature, ovulate, 115 

and fertilize. 116 



        117 

Figure 1. The strategy of the micro-cavity ovary fabrication and function analysis. a. Optimization 118 

of GelMA concentrations and substitution of degrees of methacryloyl for the micro-cavity ovary, 119 

G60 and G90: GelMA 60 and GelMA 90. b. Optimization of the size of gelatin microspheres for 120 

the micro-cavity ovary. c. The fabrication scheme of the micro-cavity ovary and the corresponding 121 

in vivo ovary stages. MCO: micro-cavity ovary; PR: photosensitive resin; GM: gelatin microsphere; 122 

IF: immature follicle; Pre-AF: pre-antral follicle; MF: matured follicle; MO: MII oocyte. d. The 123 

characterization of follicle maturation. The scale bar was 20 μm. e. The characterization of the 124 

quality of ovulated oocytes. The scale bar was 50 μm. 125 

 126 

Optimization of GelMA concentrations and substitution of degrees of 127 

methacryloyl 128 

Ovaries consist of lots of round-shape follicles aligned in an organized manner near the 129 

surface, and each follicle grows independently in the ovary. These follicles were 130 

supported by a complex extracellular matrix (ECM) which maintained a constant 131 

mechanical strength; thus, the mechanical property of GelMA should be optimized to 132 

be suitable for follicles. The concentration and degree of substitution of methacryloyl 133 

of GelMA will dramatically affect its mechanical strength, thus, it should be optimized. 134 

For evaluating GelMA conditions, we employed microfluidic technology to produce 135 

gelatin spheres with the size of 600 μm, which was larger than antral follicles, to create 136 

the culturing cavity for individual follicles in a 12-plate (Fig. 2a). Before culturing 137 

follicles in microcavities, we compared the stiffness of mouse ovary to GelMA for pre-138 

optimization. The elastic modulus of the ovary was obtained by atomic force 139 

microscope (AFM) indentation (the indentation points > 80). We used it as a reference 140 



to optimize the GelMA concentration and substitution of the degree of methacryloyl 141 

(the indentation points > 100). We divided the GelMA samples into six groups: the 142 

concentration was 5%, 10%, and 15% associated with the substitution of the degree of 143 

60% methacryloyl (GelMA 60, G60) and 90% methacryloyl (GelMA 90, G90). By 144 

fitting the curve to the distribution of indented elastic modulus, the result revealed the 145 

elastic modulus peak of the ovary located between 10% - G60 and 15% - G60 in Figure 146 

2b, or between 10% - G90 and 15% - G90 in Figure 2c. The individual fitting curve is 147 

represented in Figure S1. Meanwhile, the average modulus of ovary was 1.511 ± 0.357 148 

kPa which also located between 10% - G60 (0.253 ± 0.128 kPa) and 15% - G60 (2.62 149 

± 0.766 kPa), or between 10% - G90 (0.904 ± 0.155 kPa) and 15% - G90 (1.91 ± 0.041 150 

kPa) (Fig. S2). The result indicated that 10% or 15% of GelMA might be suitable for 151 

follicle culture. To confirm this finding, we created a cavity for culturing follicles by 152 

using microspheres with the six different conditions of GelMA. Follicles obviously 153 

increased their sizes in 10% - G60, 15% - G60, 10% - G90, and 15% - G90 conditions 154 

(Fig. 2d and 2e). The statistical analysis of follicle sizes and live/death ratio showed 155 

that follicles cultured in either 5% - G60 or 5% - G90 conditions had smaller sizes and 156 

a higher death rate than those cultured in 10% or 15% conditions (Fig. 2f and 2g). 157 

Although there was no significant difference in follicle sizes among 10% - G60, 10% - 158 

G90, 15% - G60, and 15% - G90 (Fig. 2f), the 10% - G90 condition was better than 159 

others since the percentage of large follicles (> 300 μm diameters) was mildly higher 160 

while the death rate was slightly lower than other conditions after ten days culture (Fig. 161 

2g). According to our data, 10% - G90 was screened out for further fabrication of the 162 

micro-cavity ovary to retain the ovulation ability. 163 

 164 

 165 



Figure 2. Optimization of different GelMA conditions for the fabrication of micro-cavity ovary. a. 166 

The strategy for optimizing GelMA conditions in a 12-well plate. b. The fitting curve of elastic 167 

modulus distribution of mouse ovary and GelMA 60. c. The fitting curve of elastic modulus 168 

distribution of mouse ovary and GelMA 90. d. The follicle was cultured in different GelMA 169 

conditions on day 2. The scale bar was 200 μm. e. The follicle was cultured in different GelMA 170 

conditions on day 10. The scale bar was 200 μm. f. The follicle diameter in 10% and 15% GelMA 171 

conditions was larger than that in 5% GelMA, n > 11, the error bar stands for standard error of mean, 172 

the p-value passed two-way ANOVA test, ns: p > 0.05; ****: p < 0.0001. g. The follicle size 173 

distribution in different GelMA conditions, the p-value passed Chi-square test, ****: p < 0.0001. 174 



The culture cavity created by large gelatin microspheres supported follicle growth 175 

and ovulation 176 

The mouse ovarian follicle size ranged from ~100 μm (secondary follicles) to 400 – 177 

500 μm (antral follicles)31,32 after puberty. The antral cavity occurs when the size is 178 

larger than 200 μm, and it is essential for the maturation of oocytes. Therefore, the 179 

culture cavity size should be optimized to support the occurrence of the antral cavity. 180 

Herein, we used a T-shape microfluidic chip (Fig. S3) to produce gelatin microspheres 181 

with diameters of 200 μm, 400 μm, and 600 μm, standing for a small, middle, and large 182 

culturing cavity. The same culturing method in Figure 2a was reused to compare their 183 

differences. A non-cavity condition was included to evaluate the indispensability of 184 

culturing follicles in cavities. Surprisingly, follicles did not attach to the surface of 185 

GelMA at the beginning. Even more, granulosa cells dissociated from the follicles after 186 

several days of culture (Fig. S4). It might be owing to the horizontal surface of GelMA 187 

did not supply ideal physical struts to support follicle attachment. The result of follicle 188 

growth in cavities revealed that the average size of follicles cultured in 400 μm and 600 189 

μm cavities were larger than those in 200 μm cavities after ten days of culture. Most 190 

importantly, the oocyte was only ovulated in 600 μm cavities after the ovulation 191 

induction (Fig. 3a). Although all cavity sizes supported follicle growth, the average size 192 

of follicles in 600 μm cavities was larger than other sizes (Fig. 3b). In addition, we 193 

found the distribution of sizes was different. All follicles were less than 200 μm when 194 

cultured in 200 μm cavities, and the death rate in 200 μm cavities was higher than in 195 

others. Large follicles (> 300 μm) were only observed in 600 μm cavities (Fig. 3c). 196 

These results implied that the growth and ovulation of follicles required a 600 μm 197 

culturing cavity that might be owing to less restriction to granulosa cells expansion. 198 

 199 



200 

Figure 3. Optimization of the size of gelatin microspheres for the micro-cavity ovary fabrication. a. 201 

Follicle maturation and ovulation in different sizes of cavities created by gelatin microspheres, the 202 

bar was 200 μm. b. The statistical summary of the follicle size cultured in different sizes of cavities, 203 

n > 8, the error bar stands for standard error of mean, the p-value passed two-way ANOVA test, ns: 204 

p > 0.05; ****: p < 0.0001. c. The follicle size distribution cultured in different sizes of cavities, the 205 

p-value passed the Chi-square test, ****: p < 0.0001.  206 

 207 

Fabrication of the micro-cavity ovary scaffold by 10% - G90 and 600 μm 208 

microspheres 209 

To mimic the physiological morphology of the ovary for fabrication, the location of 210 

follicles was labeled by the Anti-müllerian hormone (Amh) antibody. The staining 211 



result revealed that the follicle grew near the surface in a spotty manner (Fig. 4a, movie 212 

S1). To recapitulate the psychological structure, and since the parameter of GelMA and 213 

the size of the sphere were determined, mold technology was employed to mimic the 214 

morphology of the ovary (Fig. 4B). The gelatin microsphere was labeled by red 215 

fluorescence and aligned into the PDMS mold. Then the GelMA was conjugated with 216 

green fluorescence and poured into the PDMS mold to cover the microsphere. After 217 

gelation, the major volume of the sphere was buried into the GelMA (Fig. 4c). A GelMA 218 

structure with microcavities was fabricated by dissolving the microsphere (Fig. 4d). To 219 

further identify the growing location of follicles, an intact adult mouse ovary was 220 

scanned by scanning electron microscope (SEM) (Fig. S5a). By tearing off a small piece 221 

of the surface epithelium of the ovary, the inside cavity was exposed and visualized by 222 

SEM, which also indicated that mouse follicles grew under the surface epithelium of 223 

the ovary (Fig. 4e, Fig. S5b, and S5c). As for the micro-cavity ovary scaffold, the cavity 224 

created by the gelatin microsphere would serve as a nest to support follicle growth and 225 

maturation. Besides, an ovulatory opening was left for rupture of the oocyte once the 226 

follicle matured (Fig. 4f). All these data confirmed that the gelatin microsphere created 227 

a porous surface that would be used to support follicle growth in further study.  228 

  229 



 230 

Figure 4. Fabrication of the micro-cavity ovary scaffold. a. Amh antibodies identified the 231 

physiological structure of mouse ovary follicles. The scale bar was 200 μm. b. The strategy of 232 

fabricating the micro-cavity ovary scaffold. c. The structure of the micro-cavity ovary scaffold with 233 

gelatin microspheres, the scale bar was 500 μm. d. The structure of the micro-cavity ovary scaffold 234 

after the dissolution of gelatin microspheres, the bar was 500 μm. e. The SEM image of mouse ovary 235 

by tearing off a piece of the surface epithelium, the scale bar was 500 μm (left panel) and 100 μm 236 

(right panel). f. The SEM image of the micro-cavity ovary scaffold after the dissolution of gelatin 237 

microspheres, the scale bar was 1mm (left panel) and 100 μm (right panel). 238 

 239 

Folliculogenesis within the micro-cavity ovary 240 

Granulosa cell proliferation within the folliculogenesis will expand the follicle size and 241 

develop an antrum filled with follicle fluid. We seeded immature follicles into the 242 

micro-cavity ovary (Fig. 5a). The SEM was used to scan the cavity with follicles to 243 

prove the follicle adhering and sprouting inside the cavity rather than in other places 244 

(Fig. 5b). Then, the increased size and a clear antrum cavity were identified after seven 245 

days of culture (Fig. 5c). The histology results represented a complete stage of 246 

folliculogenesis from secondary follicles to antral follicles (Fig. 5d). Next, we 247 

questioned whether the marker of granulosa cells and oocytes was normally expressed. 248 

Amh and deleted in azoospermia like (Dazl) were stained for they are only expressed 249 

in granulosa cells and oocytes, respectively33,34. Our staining result showed that Amh 250 

and Dazl were expressed separately in granulosa cells and oocytes (Fig. 5e). As 251 

observed above, an antrum cavity was visualized by the 3D reconstitution through a 252 

confocal microscope scanning (Fig. 5f, movie S2). Several female hormones were 253 



analyzed to verify the micro-cavity ovary's hormone secretion ability. Estradiol was 254 

undetectable at onset, then increased to 36.3 ± 17.0 ng/ml on day 10 (Fig. 5g). Similarly, 255 

Amh was undetectable on day 1, then increased to 0.878 ± 0.418 ng/ml after ten days 256 

of culture (Fig. 5h). Other hormones, Inhibin-A, and Inhibin-B, which participated in 257 

the hypothalamic-pituitary-ovary (HPO) axis, also increased from an undetectable level 258 

to 1.745 ± 0.259 ng/ml (Fig. 5i) and 0.392 ± 0.103 ng/ml (Fig. 5j), respectively. 259 

According to our results, the data confirmed that follicle growth and hormone secretion 260 

occurred within the micro-cavity ovary.   261 

Figure 5. Characterization of folliculogenesis within the micro-cavity ovary. a. The scheme for 262 

culturing follicles within the micro-cavity ovary. b. SEM visualized the follicle to confirm its 263 

growing location within the cavities. The scale bar was 50 μm. c. The follicle increased their sizes 264 

within the micro-cavity ovary from day 1 to day 7. The scale bar was 200 μm. d. The H&E 265 

histological analysis of folliculogenesis from the secondary follicle to the antral follicle. GCs: 266 

granulosa cells; COC: cumulus-oocyte complex, the scale bar was 50 μm. e. Amh and Dazl were 267 

expressed by granulosa cells and the oocyte, respectively. The scale bar was 100 μm. f. The antral 268 

follicle was reconstituted by confocal images. g – j. Female hormones: mouse estradiol, mouse 269 

AMH, mouse Inhibin-A, and mouse Inhibitin-B were expressed within the micro-cavity ovary, n = 270 

3, the error bar stands for standard error of mean, and the p-value passed the one-way ANOVA test, 271 

***: p < 0.001; ****: p < 0.0001.  272 



Ovulation within the micro-cavity ovary  273 

Ovulation is a dynamic tissue remodeling process that involves degradation of 274 

extracellular matrix (ECM), rupture of follicular layers, and release of mature oocytes, 275 

therefore, serving as a huge challenge for ovary fabrication. Distinguishing from the 276 

conventional scaffold, the micro-cavity ovary supported the rupture of matured MII 277 

oocytes in vitro. To verify the micro-cavity ovary restoring the ovulation ability, 278 

follicles were seeded in the ovary and cultured in a living cells workstation. After 279 

triggering the ovulation, the dynamic morphology of follicles was recorded per 25 min 280 

to monitor the ovulation process. Follicles did not change during the first 7 hours of 281 

cytokines’ treatment. It was clearly observed that the cumulus-oocyte complex (COC) 282 

was extruded out of the micro-cavity ovary within the next 6 hours (Fig. 6a). The 283 

released COC floated in the medium rather than encapsulated by the hydrogel (Fig. S6). 284 

These data indicated the ovulation function of the biomimetic ovary was recovered. 285 

Additionally, the extruded oocyte was collected to examine the competence of meiosis. 286 

The polar body and the spindle structure were identified, indicating the fully matured 287 

MII oocyte has been ovulated (Fig. 6b). To expand the potential application of the 288 

micro-cavity ovary, we questioned whether the ovulated oocyte was fertile. 289 

Spontaneous parthenogenesis occurred in a prolonged culture with the presence of hCG 290 

and mEGF (Fig. 6c). More directly, the IVF was performed. The result revealed that 291 

the ovulated oocyte started to cleave into a 2-cell stage around 12h after the end of IVF 292 

(Fig. 6d).  293 

294 

Figure 6. Characterization of the ovulation process within the micro-cavity ovary. a. The time-lapse 295 

record of the entire ovulation process, the bar was 100 μm. b. The ovulated oocyte was in the meiosis 296 

matured stage. The scale bar was 20 μm. c. The spontaneous parthenogenesis of the ovulated oocyte. 297 

The scale bar was 50 μm. d. The ovulated oocyte developed to the 2-cell stage after IVF. The scale 298 

bar was 50 μm. 299 



The single-cell RNA-seq revealed the transcriptome of the MCO-MII oocyte was 300 

similar to the corresponding stage of in vivo oocytes  301 

To characterize the ovulated oocytes from the micro-cavity ovary, we sequenced 22 302 

single MII oocytes from the micro-cavity ovary, 30 single MII oocytes from the super-303 

ovulated mouse, and 30 germinal vesicle (GV) oocytes from P16 mouse before 304 

transplantation to the biomimetic ovary. After stringent filtering, 21 micro-cavity ovary 305 

MII (MCO-MII) oocytes, 30 super-ovulated MII (SO-MII) oocytes and 30 GV oocytes 306 

were retained for further analysis. On average, 8812 genes, 8516 genes, and 12370 307 

genes were identified from MCO-MII, SO-MII, and GV oocytes as shown in Figure 308 

S7a. Oocytes samples obtained from different mice were mixed well and showed no 309 

batch effect in the uniform manifold approximation and projection (UMAP) plot (Fig. 310 

S7b). Unique molecular identifier (UMI) transcripts were examined in each sample, 311 

showing no obvious differences among the same group (Fig. S7c). We also examined 312 

the expression of mitochondrion genes to exclude the contamination (Fig. S7d). These 313 

data suggested the sequencing result was of great quality for further analysis. 2 clusters 314 

were identified in the UMAP plot. In this plot, MCO-MII oocytes and SO-MII oocytes 315 

were divided as cluster 1, while GV oocyte was divided as cluster 2 (Fig. 7a). Markers 316 

of ectoderm, mesoderm, endoderm and germ cells were examined to confirm the 317 

samples expressing oocyte markers as shown in feature plot (Fig. S7e). Early 318 

folliculogenesis genes, such as Nobox and Tnni3, were maintained at a higher level in 319 

GV oocytes (Fig. S7f) whereas early embryo development-related genes were higher in 320 

MCO-MII and SO-MII oocytes (Fig. S7g). 321 

 322 

Next, the Pearson correlation was performed to evaluate the similarity among GV, SO-323 

MII, and MCO-MII oocytes (Fig. 7b). The result revealed that the correlation between 324 

SO-MII and MCO-MII oocytes was 0.97, higher than that of SO-MII versus GV 325 

(correlation was 0.72) and MCO-MII versus GV (correlation was 0.74). This result 326 

indicated a high similarity between SO-MII and MCO-MII oocytes. Furthermore, the 327 

putative chromosome ploidy (PCP) value was evaluated. Compared to the SO-MII 328 

oocyte, the MCO-MII oocytes showed the same chromosome ploidy, while the GV 329 

oocyte showed the ploidy was double (Fig. 7c), supporting MCO-MII oocytes finishing 330 

the first cleavage of meiosis as shown in Figure 6b. Moreover, for a particular oocyte 331 

stage, if some of the MCO-MII oocyte’s differential expressed genes (DEGs) and SO-332 

MII oocyte’s DEGs participated in the same biological process, these shared genes and 333 

biological processes would provide valuable information to evaluate the similarity 334 

between them. Therefore, we performed a scatter plot to show that the DEGs of SO-335 

MII versus MCO-MII oocytes (Fig. 7d) was less than that of DEGs obtained from SO-336 

MII versus GV oocytes (Fig. 7e) or MCO-MII versus GV oocytes (Fig. 7f). Furthermore, 337 

Heatmap based on DEGs of SO-MII versus GV (Fig. 7g, Table S1) or MCO-MII versus 338 

GV (Fig. 7h, Table S2) presented distinct cell types and indicated MCO-MII oocytes 339 

and SO-MII oocytes shared the major DEGs. In total, 1347 shared DEGs were 340 

identified between SO-MII and MCO-MII oocytes (Fig. 7i). To evaluate their 341 

similarities, we divided SO-MII or MCO-MII oocytes into 2 groups (10 oocytes each) 342 

and obtained the share DEGs between groups by separately comparing them to GV 343 



oocytes. Hundreds of DEGs were varied even in the same MII oocyte sample (Fig. S8a 344 

and S7b), supporting that 1347 shared DEGs reflecting a strong similarity between SO-345 

MII oocytes and MCO-MII oocytes. Then, we performed gene ontology (GO) and 346 

found that over half of GO terms were shared by MCO-MII and SO-MII oocytes (Fig. 347 

7j, Fig. S8c – S8f, Table S3 – S6). The shared DEGs between MCO-MII and SO-MII 348 

oocytes provided clear clues regarding whether they were in the same developmental 349 

stage. We found genes related to metabolic biological processes were degraded in 350 

MCO-MII and SO-MII oocytes (Fig. 7k). On the other hand, genes related to cell cycle 351 

and histone modification, etc., were accumulated in SO-MII and MCO-MII oocytes 352 

(Fig. 7l). These results indicated that MCO-MII oocytes were quite similar to SO-MII 353 

oocytes. 354 

  355 



Figure 7. Single-cell RNA-sequencing of GV, SO-MII, and MCO-MII oocytes. a. Cell cluster 356 

analysis by UMAP plot. b. Pearson correlation analysis of GV, SO-MII, and MCO-MII oocytes. c. 357 

The putative chromosome ploidy value of GV, SO-MII, and MCO-MII oocytes. d. Scatter plot 358 

between SO-MII and MCO-MII oocytes. e. Scatter plot between GV and SO-MII oocytes. f. Scatter 359 

plot between GV and MCO-MII oocytes. g. Heatmap of DEGs obtained from SO-MII versus GV 360 

oocytes. h. Heatmap of DEGs obtained from MCO-MII versus GV oocytes. i. VENN map of shared 361 

DEGs between SO-MII and MCO-MII oocytes. j. Circos plot of shared GO terms between SO-MII 362 

and MCO-MII oocytes. k. Down-regulated genes in SO-MII and MCO-MII oocytes. l. Up-regulated 363 

genes in SO-MII and MCO-MII oocytes.  364 



Genes that differently expressed in SO-MII and MCO-MII oocytes indicated the 365 

clues for further optimization  366 

 367 

Although the germ cell-related genes’ expression was similar, we also identified some 368 

variable-expressed genes between MCO-MII and SO-MII oocytes that might be caused 369 

by the difference between in vivo ovary environment and the micro-cavity scaffold 370 

niche (Fig. 8a). The GO analysis was also performed to present their differences (Fig. 371 

S9). In these genes, apoptosis inhibition marker Xaf1 was at a high level (1.5-fold) in 372 

SO-MII oocytes, implying natural ovulated MII oocytes might be more resistant to 373 

apoptosis. On the contrary, Yap1 was 1.2-fold higher in MCO-MII oocytes. Probably 374 

because of the expression of Yap1, stem cell maintenance genes were ectopic activated, 375 

such as Nfya and Lin28a. A protein relation network analysis was performed among the 376 

top 10 DEGs. The result indicated that Xaf1 in SO-MII oocytes (Fig. 8c) whereas Yap1 377 

in MCO-MII oocytes (Fig. 8d) might serve as the center factors causing the difference. 378 

As a control, the top 10 DEGs of GV oocytes were also analyzed that these genes 379 

involved in ribosome biogenesis (Fig. 8b). Since Yap1 is involved in the Hippo pathway 380 

that regulates the cell elasticity in response to the mechanics of extracellular matrix 381 

(ECM)35. These findings suggested that, although the modulus of the micro-cavity has 382 

been optimized, other properties should be further optimized to reduce the ectopic genes 383 

such as Yap1. 384 



 385 

Figure 8. DEGs might affect the oocyte status. a. Top 10 DEGs of GV, SO-MII, and MCO-MII 386 

oocytes. b. Protein network analysis of top 10 DEGs in GV oocytes. c. Protein network analysis of 387 

top 10 DEGs in SO-MII oocytes. d. Protein network analysis of top 10 DEGs in MCO-MII oocytes. 388 

  389 

Discussion  390 

A basic understanding of organogenesis was that the organ's structure was mutually 391 

adapted to its function. Since the matured follicle is always located around the ovary's 392 

surface, we followed this rule, fabricated the micro-cavity ovary, and demonstrated that 393 

by mimicking the phenomenon of follicles growing around the surface, it could 394 

facilitate the biomimetic ovary to retain its ovulation ability. Although some organ-like 395 

tissues were developed by organoids differentiation or bioengineering technologies, 396 

such as kidney tissues36,37, heart tissues38-46, and gut tissues47,48, many of them did not 397 

involve in complex organ processes or recapitulating the elegant structure of the organ. 398 

Our study gave a highly controllable and easy-to-fabricate approach to build a 399 

physiological-like ovarian model that is therefore promising for developing therapeutic 400 

transplantation strategies.  401 

 402 



Although the micro-cavity ovary left openings for the release of the oocyte, we 403 

surprisingly found that the ovulation ability was highly related to the microcavity size. 404 

We observed the ovulated oocytes only if the microcavity size was larger than the 405 

growing follicle. Otherwise, the small size of the microcavity wrapped the follicle and 406 

disturbed its maturation. When the cavity size was set as 400 μm, the follicle also 407 

seemed to be non-responsive to the stimulus of chorionic gonadotropin, although the 408 

reason remained unknown. Moreover, we also reported that the stiffness of the hydrogel 409 

was significant in supporting follicle maturation. As the stiffness and the microcavity 410 

size belong to the mechanical property of hydrogels, our biomimetic ovary had the 411 

potential to be fabricated to improve its biocompatibility by varied bio-materials with 412 

or without ovarian somatic cells instead of the GelMA we used. 413 

 414 

Since the microfluidic was able to produce anisotropic microparticles49, the application 415 

potential of the micro-cavity ovary could be further enhanced. However, when 416 

comparing our results to those of follicles under physiological conditions, the shape of 417 

the follicle that grew in the micro-cavity ovary seemed to be asymmetric and irregular. 418 

The reason might be that the contact surface between follicles and the micro-cavity 419 

ovary was asymmetric, resulting in uneven support to the granulosa cell expansion. 420 

Thus, one promising solution was designing and producing anisotropic microparticles 421 

to modify the growing cavity, making it more suitable for follicle growth.   422 

 423 

One of the critical aspects of this study was that we recorded and proved the biomimetic 424 

ovary recovered the ovulation ability. Our data gave shreds of evidences to support the 425 

possibility of rebuilding the functional organ through the engineering design. The in 426 

vivo ovulation process determined the mature oocyte's release, then finally affected the 427 

success of the fertilization. In conventional 3D culture methods, ovarian follicles were 428 

encapsulated in hydrogels. The hydrogel completely restricted the ovulation path; 429 

therefore, the oocyte was usually isolated by mechanical dissociation or enzymic 430 

digestion. In contrast to the previous 3D printed ovarian scaffold50,51, our micro-cavity 431 

ovary directly proved to restore the ovulation ability and supported the maturation of 432 

the individual follicle instead of a cluster of multiple follicles. The whole ovulation 433 

process could be entirely monitored under a microscope which may assist in 434 

investigating the unknown mechanism of reproductive diseases, such as the appearance 435 

of atretic follicles. Moreover, the micro-cavity ovary was easy and rapid to be fabricated 436 

independently of an expansive, precision 3D printing machine to save the cost. 437 

 438 

In pioneering studies, multiple bio-fabricated reproductive organs were summarized52, 439 

including the fallopian tube, uterus, and ovary. However, many unsolved questions 440 

remained from ovulation to blastocyst implantation, for these processes happened in 441 

vivo as a black box. None of the dynamic models that integrated multi-reproductive 442 

organs was fabricated to repeat these in vivo processes for study. In our results, the 443 

micro-cavity ovary overcame the barrier of difficulty in observing, allowing the rupture 444 

of matured MII oocytes. Moreover, the ovulated oocyte was meiosis maturated and 445 

fertilized. In addition, the micro-cavity ovary secreted multiple hormones, including 446 



Amh, Inhibition-A/B, and estradiol. These increased hormones indicated that the micro-447 

cavity ovary might have the potential to balance the hormonal feedback loop of the 448 

hypothalamic-pituitary-ovary (HPO) axis in an in vitro system. According to our results, 449 

the data suggested a vast advantage of the micro-cavity ovary in fabricating in vitro 450 

models. Combined with artificial organs such as fallen tubes, it has the potential to 451 

recapitulate the whole reproductive process in a chip, therefore, becoming an important 452 

tool in drug discovery, mechanism study, and ovary substitute for transplantation. 453 

 454 

To qualify the ovulated oocyte, we used single-cell RNA-seq analysis to characterize 455 

its quality. At the molecular level, the ovulated oocyte was more similar to the in vivo 456 

MII oocyte. The Pearson clustering, UMAP plot, and heatmap of DEGs revealed the 457 

ovulated oocytes from micro-cavity ovary were close to the in vivo SO-MII oocytes. 458 

The PCP value also supported MCO-MII oocytes were meiosis matured. We pointed 459 

out multiple important genes, involving in regulating the oocyte maturation, were 460 

differently expressed in MCO-MII oocytes and GV oocytes. To our knowledge, oocytes 461 

started the meiosis and finished the duplicate of DNA at the onset of folliculogenesis53. 462 

Then the oocyte arrests the meiosis and starts to accumulate mRNA for maturation. 463 

Thus, compared to the SO-MII oocyte, GV oocytes preferred to express metabolic-464 

related genes. In our studies, we identified multiple NADH-ubiquinone oxidoreductase 465 

and ATP synthase family genes were higher in GV oocytes, indicating a high energy 466 

consumption within GV oocytes. Moreover, eukaryotic translation initiation and 467 

elongation factors were identified with high expression in GV oocytes giving a strong 468 

hint that the protein synthesis was activated54,55. In response to this, ribosomal proteins 469 

were also highly expressed to participate the protein synthesis. These data suggest that 470 

GV oocytes might initiate specific proteins synthesis needed for maintaining the 471 

growing state or for preparing for the resumption of meiosis. As the oocyte matured, 472 

the maturation promoting factor (MPF) was activated by LH surge, inducing 473 

chromosome segregation and extrusion of the first polar body56. As the effect of meiosis 474 

resumption, the dominated expressed gene shifted from metabolic genes to meiosis-475 

related genes, for example, Ccna2 and Cep55 were highly expressed in MII oocytes in 476 

our study. 477 

 478 

When compared the MCO-MII oocytes to the SO-MII oocytes, major germ cell-related 479 

pathways and markers showed few differences, however, we also identified several 480 

DEGs that might indicate the micro-cavity scaffold should be further optimized. Xaf1 481 

was identified as a strong tumor suppressor57,58 which was ubiquitously expressed in 482 

normal tissues but not in many cancer cells59. Overexpression of Xaf1 induced ovarian 483 

cancer apoptosis60, but it was unknown about the exact function in oocytes. Our data 484 

found the level of Xaf1 in SO-MII oocytes was higher than that in MCO-MII oocytes, 485 

suggesting the SO-MII oocytes might be more resistant to apoptosis than MCO-MII 486 

oocytes. In MCO-MII oocytes, Yap1 was maintained a high level than its in SO-MII 487 

oocytes. Yap1 encodes the yes-associated protein (Yap), participates in Hippo pathway 488 

that controlling organ growth, stem cell self-renewal and cell differentiation61. Yap is 489 

regulated by mechanical cues, i.e. the rigidity, strain, shear stress, or adhesive area of 490 



ECM35. Although we optimized the modulus of GelMA before the fabrication, the high 491 

level of Yap1 in MCO-MII oocytes might indicate that multiple mechanical properties 492 

not only the modulus of the scaffold should be considered and further optimized to 493 

reduce Yap1 expression. Probably due to the abnormal expression of Yap1, several 494 

DEGs, such as Lin28a, might be affected. In addition, the translocation of Yap1 between 495 

cytoplasm and nucleus results in activation of different pathways62, therefore, the 496 

location and expression of Yap1 in MCO-MII oocytes should be further determined.  497 

 498 

Taken together of our data, we provided a novel, easy-to-fabricated method to build a 499 

biomimetic micro-cavity ovary. Within the micro-cavity ovary, it supported 500 

folliculogenesis, steroidogenesis, and oogenesis. Moreover, our data directly confirmed 501 

the micro-cavity ovary restored the ovulation ability based on an engineering design, 502 

which could be further applied in clinic research.   503 

   504 

Methods 505 

Fabrication of the T-shape microfluidic device and microspheres production 506 

SYLGARD 184 silicone rubber kit (DOW) was used to make a T-shape microfluidic 507 

chip. The two liquids were mixed in a beaker at a 10:1 ratio and stirred with a glass rod 508 

for at least 6 minutes. The mixed liquids were transferred to customized chip molds. 509 

Two steel needles were buried into the PDMS to form a T-shape channel. Then, the 510 

mixture was cross-linked in a drying oven at 45°C overnight. Then, the cured T-shape 511 

microfluidic chip was demolded (length: 25 mm, width: 15 mm, height: 10 mm). The 512 

diameter of the T-shape channel was restricted to the diameter of the needle, controlling 513 

the diameter of microspheres. Next, 7.5% w/v gelatin (Sigma, V900863) and oil phases 514 

(Sigma, M8410) with 2% v/v Span80 were pumped into the chip from the different 515 

sides with a velocity ratio of 1:5. The microsphere passed through an ice box to 516 

gelatinize the gelatin. Then, microspheres were collected in 15 ml centrifuge tubes and 517 

washed five times with pre-cooled PBS to replace the oil. 518 

 519 

Synthesis of fluorescent gelatin 520 

Rhodamine-conjugated gelatin can be obtained by reacting NHS-rhodamine (46406 521 

Thermo Scientific) with gelatin. Gelatin was fully dissolved in phosphate buffer 522 

solution（PH ≈ 8.1）at 50℃ to prepare 10 wt% solution. After dissolving, NHS-523 

rhodamine was added into gelatin solution (30 mg of NHS-rhodamine for every gram 524 

of gelatin) and reacted for 3 hours in dark with stirring and heating (50℃). Then the 525 

mixture was transferred to dialysis for 5-7 days with pure water at 40℃, followed by 526 

freeze-drying and stored at -20℃. 527 

 528 

Fabrication of the micro-cavity ovary 529 

The GelMA was bought from commercial products (EFL, EFL-GM-60, EFL-GM-90). 530 

The solution was prepared as 5%, 10%, 15% GelMA60 or GelMA90 with 0.25% LAP. 531 

The ovarian-like convex mold was designed by SolidWorks software. The size of the 532 

convex mold was 3mm in diameter, ovarian-like shape. Then a concave PDMS mold 533 



was then obtained by peeling it off the convex mold. Next, we poured gelatin 534 

microspheres and GelMA into the PDMS mold, then the GelMA was crosslinked at 30 535 

mW/cm2 for 30s to fabricate the micro-cavity ovary scaffold. After gel demoulding, the 536 

micro-cavity ovary scaffold was incubated at 37℃ to dissolve microspheres. Then the 537 

culture cavity was exposed and waiting for seeding ovarian follicles. 538 

 539 

Collection of P16 mouse follicles and seeding to the scaffold 540 

P16 mouse follicles were collected from CD1 mice based on established protocol63. In 541 

brief, the P16 CD1 mouse was sacrificed, and the ovary was obtained and transferred 542 

to L-15 medium (Sigma, L1518) with 5% FBS. The immature follicle was mechanically 543 

dissociated. P16 immature follicles with healthy morphology were collected. Then, the 544 

isolated follicles were seeded to the cavity within the micro-cavity ovary by narrow-545 

tipped pipettes. 546 

 547 

In vitro maturation of P16 mouse follicles  548 

The culture medium was prepared as the published protocol64. In brief, the maturation 549 

medium was composed of α-MEM (Gibco, 12571063) supplemented with 5% FBS, 0.1 550 

IU/ml FSH (Sigma, F4021), 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml selenium 551 

(Sigma, 11074547001). The follicle was incubated at 37℃, 5% CO2 in air. Half of the 552 

maturation medium was changed every day till the antral cavity was observed. 553 

 554 

Ovulation induction and spontaneous parthenogenesis 555 

The ovulation induction medium was composed of the maturation medium with 10 ~ 556 

30 IU/ml chorionic gonadotropin for horses and 10 ng/ml mEGF (Peprotech, 315-09), 557 

incubating follicles at 37℃, 5% CO2 in air for 16h ~ 18h. The oocyte spontaneously 558 

divided to a 2-cell stage for a further 24h of culture. 559 

 560 

Measurement of the diameter of follicles and the death/live ratio 561 

The distance that divided the follicle into two symmetrical parts was measured. The 562 

distance must span the center of the oocyte. The death/live ratio was measured 563 

according to the intact morphology of follicles and oocytes.   564 

 565 

Oocytes collection 566 

GV oocytes were obtained from P16 CD1 mouse ovary. In brief, the P16 CD1 mouse 567 

was sacrificed, and the ovary was removed to L-15 medium (Sigma, L1518) with 5% 568 

FBS. The secondary follicle was mechanically dissociated. Then, GV oocytes were 569 

released by puncturing the follicles with a 30 G sterile needle under a stereomicroscope. 570 

MII oocytes were collected from 4-week CD1 mouse. Mice were injected of 10 IU 571 

pregnant mare serum gonadotropin (PMSG). Then, these mice were injected of 10 IU 572 

hCG 47h later. After 16h of the injection of hCG, the MII oocyte was collected. MCO 573 

oocytes were performed IVM as described in this study, and the matured oocytes with 574 

first polar body were collected.  575 

 576 

IVF procedure  577 



The 8-week male mouse was sacrificed, and the epididymis was obtained. The 578 

epididymis was cut 3 – 4 times and transferred to HTF medium (Sigma, MR-070) to 579 

harvest matured sperms. After one hour of sperm capacitation, sperms and oocytes were 580 

co-incubated for 4h ~ 6h at 37℃, 5% CO2 in air. Then sperms were washed, and the 581 

fertilized oocyte was transferred to the KOSM medium (Sigma, MR-101-D). The 582 

zygote was going to start cleavage within 12h. 583 

 584 

Time-lapse record of the ovulation process 585 

Follicles within the micro-cavity ovary were transferred into a 35mm dish. Then, the 586 

dish was transferred into a NIKON TI2 live-cell workstation at 37℃, 5% CO2 in air for 587 

24h. The ovulation process was recorded per 25min to form a time-lapse movie.       588 

 589 

The elastic modulus test by AFM indentation 590 

The ovary or GelMA was plated at the center of a 60mm dish and soaked by DPBS 591 

(Hyclone, SH30028.01) at room temperature. The AFM used in our experiments is the 592 

MFP-3D™ Stand Alone AFM (Asylum Research) to optically align the probe to the 593 

samples. The probe we used was qp-SCONT (NanoAndMore) with a normal spring 594 

constant of 0.01 N/m. The cantilever applied the force mode with a predefined force of 595 

1.5nN. The cantilever was calibrated on the glass bottom before the measurements to 596 

determine the spring constant. At least three random locations in each sample were 597 

probed, and 36 points for each location were indented in an area of 20 × 20 µm. The 598 

elastic modulus was automatically calculated by ASYLUM RESERACH software 599 

(Version 13.04.77) followed by Oliver-Pharr formula.   600 

 601 

SEM image of the micro-cavity ovary 602 

We froze the micro-cavity ovary scaffold at -80℃ overnight. Prior to the freeze-drying 603 

process, the freeze dryer was pre-cooled. Then scaffolds were transferred to the freeze 604 

dryer before their thawing. The freeze-drying process was performed for 48h. The dried 605 

scaffold was mounted to carbon tape and coated with Pt with a Sputter Coater Leica 606 

EM ACE600. Images were scanned with a Hitachi S-5500 cold field emission scanning 607 

electron microscope. 608 

 609 

SEM image of the ovary and the follicle within the micro-cavity ovary 610 

The cell sample was fixed with 4% PFA (leagene, DF0133) in DPBS for 30 min. Then 611 

we prepared a series of ethanol solutions with 10%, 20%, 30%, 40%, 50%, 60%, 70%, 612 

80%, 90%, and 100% concentrations. Then, the fixed cell sample was soaked in the 613 

ethanol solution from a low to a high concentration subsequently for 30 min each. Then 614 

the cell sample was dried in air overnight. The dried sample was mounted to carbon 615 

tape and coated with Pt using a Sputter Coater Leica EM ACE600. Images were 616 

scanned with a Hitachi S-5500 cold field emission scanning electron microscope. 617 

 618 

Immunofluorescence staining of follicles within micro-cavity ovary 619 

Follicles within the micro-cavity ovary were fixed by 4% PFA in DPBS for 30 min. 620 

Then the fixed cell was washed by 1 × TBST for 5 min twice. Then the sample was 621 



soaked in blocking buffer composed of 1 × TBST with 10% donkey serum and 0.1% 622 

Triton-X for 1h. Preparing anti-Dazl (BIO-RAD, MCA2336) and anti-Amh (Abcam, 623 

ab272221) antibodies at 1 : 100 ratio in blocking buffer and incubating the cell sample 624 

at 4℃ overnight. Antibodies were washed for 15 min three times, then Goat anti-625 

Mouse Alexa Fluor™ Plus 488 antibody (A-11001) and Goat anti-Rabbit Alexa 626 

Fluor™ Plus 594 antibody (A-11012) were diluted at 1 : 300 – 1 : 500 ratio by blocking 627 

buffer. The cell sample was incubated in the secondary antibody buffer at room 628 

temperature for 1h – 3h. Then the cell sample was washed for 15 min three times by 1 629 

× TBST. The cell nuclear was stained by DAPI at 1 : 100 ratio for 30 min and washed. 630 

The data was obtained by NIKON A1 HD25 confocal microscope.   631 

 632 

Characterization of meiotic oocyte 633 

The ovulated oocyte was fixed by 4% PFA in DPBS with 0.1% Triton-X 100 at 37℃ 634 

for 1h. Then oocytes were washed three times by blocking buffer containing 1 × TBST 635 

(leagene, PW0020) with 0.3% BSA (Sigma, A1933). Next, oocytes were incubated in 636 

blocking buffer with 1 : 50 dilution of anti-α-tubulin (Cell Signaling Technology, 637 

5063S) at 4℃ overnight. The anti-α-tubulin was washed three times by blocking buffer 638 

and stained with DAPI of 1 : 100 dilution. The image was obtained by NIKON A1 639 

HD25 confocal microscope.  640 

 641 

Histological analysis of folliculogenesis 642 

Follicles within the micro-cavity ovary were fixed by 4% PFA in DPBS for 30 min. 643 

Then the scaffold was washed by DPBS twice. 2% Gelatin and 2% agar solution was 644 

prepared in water, then the scaffold with follicles was encapsulated by the solution. 645 

After gelation, the scaffold was dissociated from the gel, then sequentially dehydrated 646 

by gradient ethanol, embedded in paraffin, and sectioned at 5 μm. The section slide was 647 

stained with hematoxylin and eosin and visualized by Olympus IX73 microscope. 648 

 649 

Hormone ELISAs 650 

Mouse Amh (CUSABIO, CSB-E13156m), estradiol (Cayman, 501890), and Inhibin-A 651 

(CUSABIO, CSB-E08238M) and Inhibin-B (CUSABIO, CSB-E08151m) hormones 652 

were tested by the corresponding ELISA kit. In brief, the supernatant of the culture 653 

medium was collected and diluted in a proper concentration to match the dynamic range 654 

of each ELISA kit. Each sample of ELISA was performed in duplicate, as at least three 655 

independent experiments. 50 μl of each sample was incubated in the ELISA plate at 37℃ 656 

for 1h, then washed three times. The ELISA-based color reaction was performed, and 657 

the ELISA plate was read at 450 nm by Thermo Multiskan Skyhigh optical reader to 658 

measure the concentration of each sample.  659 

 660 

Single-cell RNA-seq pre-processing  661 

GV, SO-MII, and MOC-MII oocytes were obtained, who used Smart-Seq2 protocol to 662 

prepare the RNA-seq libraries with a few modifications65-67. First, the zona pellucida 663 

was removed by Tyrode′s solution (Sigma, T1788). Then, the naked oocyte was 664 

digested in 2.55ul cell lysis buffer containing RNase inhibitor (40 U/μL, TaKaRa, 665 



2313A), Triton X-100 solution (10%, Sigma, 9036-19-5), Barcode primer (5 μM), and 666 

dNTP mix (10 mM, TaKaRa, 4019). The reverse transcription reaction was performed 667 

with 25 nt oligo (dT) primer anchored with an 8 nt cell-specific barcode and 8 nt unique 668 

molecular identifiers (UMIs)68-70. After the first-strand synthesis, the second-strand 669 

cDNAs were synthesized, and the cDNAs were amplified by 10-16 cycles of PCR 670 

(95 °C for 3 min, then 4 cycles of: 98 °C for 20 s, 65 °C for 30 s, and 72 °C for 5 min, 671 

followed by 10-16 cycles at 98 °C for 20 s, 67 °C for 15 s, and 72 °C for 5 min, with a 672 

final cycle at 72 °C for 5 min). The amplified cDNAs of the single cells were then 673 

pooled together for the following steps. Biotinylated pre-indexed primers were used to 674 

further amplify the PCR (95 °C for 3 min, then 4 cycles of: 98 °C for 20 s, 65 °C for 675 

15s, and 72 °C for 5 min, 4 °C hold). Approximately 300 ng cDNA was sheared to 676 

approximately 300 bp by Covaris S2, and the 30 terminals of the cDNA was captured 677 

by Dynabeads MyOne Streptavidin C1 beads (Thermo Fisher). We constructed a library 678 

based on the enriched cDNA fragments, which were attached to the C1 beads, using 679 

KAPA Hyper Prep Kits (KK8505). We used the NEB U-shape adaptor for ligation. 680 

Libraries were sequenced to generate 150-bp paired-end reads on an Illumina Novaseq 681 

6000 platform.  682 

 683 

Single-cell RNA-seq pre-processing 684 

Raw reads are obtained from well-designed scRNA-seq experiments, quality control 685 

(QC) is performed. Low-quality bases (usually at the 3′end), TSO sequences, polyA 686 

sequences and adapter sequences was removed at this pre-processing step. The stripped 687 

sequences were then aligned to the mouse (Mus musculus) reference genome of mm10 688 

using STAR (version 2.7.9a) (parameters: --soloType CB_UMI_Simple --689 

soloCBmatchWLtype 1MM_multi --soloMultiMappers Unique). Seurat (version 690 

4.0.5)71 was used to normalize and verify expression level of between samples 691 

(parameters: default). Raw expression counts are normalized using ‘NormalizeData’ 692 

and ‘ScaleData’. 693 

 694 

Region segmentation and visualization.  695 

Two major clusters were determined by ‘FindClusters’ function in Seurat with 696 

parameters resolution as 0.6, among which SO-MII and MCO-MII were clustered into 697 

the same cluster. UMAP was used to visualize the single-cell analysis results. 698 

Similarity evaluation among groups 699 

We selected 2424 marker genes according to published data72,73 ，and defined the group 700 

gene expression value E_C^g as : 701 

 702 

where E_c^g represents cell gene expression within one group, and Nc represents 703 

numbers of cell in group C. We then calculated the Pearson correlation coefficient and 704 

visualized the result in heatmap.  705 

 706 

Identification of the differentially expressed genes  707 



Within each group in SO-MII, MCO-MII, and GV, we utilized the ‘FindAllMarkers’ 708 

function in Seurat package with parameters logfc.threshold = 1 and min.pct = 0.25 to 709 

identify differentially expressed genes.  710 

We used Resampling methods to test the overlap of differentially expressed genes 711 

within one group. In SO-MII or MCO-MIIsamples, we resampled 50X times. In each 712 

run, we took 20 cells and divided evenly into two categories 𝐶𝐶1  and 𝐶𝐶2 . We next 713 

utilized ‘FindAllMarkers’ function to accordingly identify the differentially expressed 714 

genes of 𝐶𝐶1 and GV as well as 𝐶𝐶2 and GV, selecting top 1000 upregulated and top 715 

1000 downregulated differentially expressed genes of the two comparisons, marked as 716 𝐺𝐺1 and 𝐺𝐺2. We then calculated the number Ni of overlap genes between 𝐺𝐺1 and 𝐺𝐺2, 717 

and finally obtained the mean overlap value by:  718 

N =
1

50
�𝑁𝑁𝑖𝑖50
𝑖𝑖=1  719 

where i represents each run in resampling process.  720 

 721 

Pathway enrichment analysis 722 

We utilized ‘enrichGO’ and ‘enrichKEGG’ function in clusterProfiler package to 723 

analysis pathway enrichment of differentially expressed genes, where parameters were 724 

set as pvalueCutoff = 0.05, qvalueCutoff = 0.05. Results were visualized by heatmap, 725 

barplot and circos plot. 726 

 727 

Putative chromosome ploidy analysis 728 

For CNV analysis, we leverage the R package scCancer developed by Gu Lab74. The 729 

function ‘runMalignancy’ was used, while mouse diploid cells were set as reference. 730 

Results were visualized by UMAP plot.  731 

Protein networks analysis 732 

The protein networks analysis was performed by STRING online website (Version 11.5) 733 

with a cutoff of 0.15. 734 
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