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Fig. 1 Schematic illustration of the microfluidic system

(a) Structure of microfluidic chip. /: Top layer, 2: distribution layer, 3: channel layer, 4: bottom layer; (b) Structure of the microfluidic system.

1, 2: syringe pumps, 3: microscope, 4: computer, 5: collection dish, 6: microfluidic chip, 7: camera.
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Fig.2 Schematic diagram of microfluidic chip throat structure
(a) Without throat structure; (b) throat width 150 um; (c) throat length 300 pm, width 120 pm.
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Fig. 3 Schematic diagram of microfluidic chip channel layer structure

(a) External cross-linking chip; (b) Dual-channel internal cross-linking chip; (c) Three-channel internal cross-linking chip.
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Fig. 4 Schematic illustration of the vitrification process for microfluidic encapsulated oocytes
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Fig. 5 Pictures of dead and live oocytes

Oocytes indicated by arrows are dead.
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Fig. 6 Schematic diagram of droplet generation in the throat structure
(a) Without throat structure; (b) throat width 150 pm; (c) throat length 300 um, width 120 pm.
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Fig.7 Diameter distribution of microspheres and microspheres in three—channel internal crosslinking chips

(a—c) Microspheres diameter distributions of the external crosslinking chip (a), the two-channel internal cross-linking chip (b), and the three-channel

internal cross-linking chip (c); (d) stable generation of microspheres by three-channel internal crosslinking chip.
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Table 1 Average diameter and coefficient variation of microspheres at different velocity ratio and concentrations

Group Velocity ratio 10 Velocity ratio 15 Velocity ratio 20
D, /im CVil% e/ HITL CVI% D, /um CVI%
0.5% 291.15* 5.74 262.71° 8.92 201.68° 9.61
1.0% 262.76° 2.88 193.63° 3.84 148.26 4.46
1.5% 192.63¢ 7.12 156.63¢ 11.45 105.45¢ 13.23

Values with different superscripts (a—e) in all groups are significantly different (P<0.05).
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Fig. 8 Normalized volume of microspheres during cooling

and warming
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Fig. 9 Images of microspheres during the cooling and warming
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Table 2 Empty rate of sodium alginate hydrogel

microspheres and loss rate of oocytes at different velocity

ratio
Velocity ratio  Diameter/pm Empty rate of Loss rate of
microspheres/% oocytes/%
20 156+6.56° 86.94+4.21° 58.11+5.84*
15 193+7.61° 64.61+3.58" 36.56+4.46"
10 262+7.57" 32.28+1.56° 11.09+4.33¢

Values with different superscripts (a—c) in the same column are

significantly different (£<0.05).
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Fig. 10 The outcome of microfluidic oocyte encapsulation

(a) Picture of oocyte encapsulated in sodium alginate hydrogel. (b) Survival and in vitro developmental capacity of sodium alginate hydrogel

encapsulated oocytes. Values with the same letter (a) in the same group are not significantly different (P>0.05).
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Fig. 11 Survival and in vitro developmental capacity of
vitrified oocytes by different methods
Values with different letters (a, b) in the same group are significantly
different (P<0.05).
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Abstract Objective This study aimed to develop a novel method for encapsulating oocytes in sodium alginate
hydrogel using microfluidics, then to vitrify these encapsulated oocytes in a single-step process with low
concentrations of cryoprotectants. Methods We utilized a flow-focusing microfluidic chip to generate sodium
alginate hydrogel microspheres. The influence of various parameters, including throat structure, cross-linking
method, sodium alginate concentrations, and flow rate ratios on the stability diameter, and coefficient of variation
of microspheres were examined. To further investigate the cold-resistance of these microspheres, we used
cryomicroscopy to observe changes in volume and morphology of microspheres during cooling and warming

processes. We used microfluidic chip to encapsulate oocytes in sodium alginate hydrogel microspheres, the empty
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rate of microspheres and loss rate of oocytes were determined. After releasing from microspheres and
parthenogenetic activation with cytochalasin B and strontium chloride, the survival, cleavage and blastocyst rates
were evaluated during in vitro maturation. Finally, oocytes encapsulated in sodium alginate microspheres were
vitrified with low concentrations of cryoprotectants. We compared the survival and development capability of the
oocytes with the Cryotop method. Results When the throat of the microfluidic chip measures 300 pm in length
and 120 pum in width, microspheres can be uniformly formed at the throat of the chip. Sodium alginate generates
microspheres with a wide size distribution when cross-linking outside the chip, while internal cross-linking within
the chip results in more uniform microspheres. The stability of microsphere formation is significantly improved
with the use of a three-channel internal cross-linking chip. At a flow rate of 2 pl/min and with 1% sodium
alginate, the microfluidic chip can consistently and uniformly produce microspheres. Under flow rate ratios of 10,
15, and 20, the average microsphere diameters are 262.71 pum, 193.63 um, and 156.63 pum, respectively. The
sodium alginate hydrogel microspheres maintained their volume and structural integrity during the cooling and
warming processes. Using a three-channel internal cross-linking microfluidic chip to encapsulate oocytes, at a
flow rate ratio of 10, the empty rate is 32.28%, and the cell loss rate is 11.09%. After encapsulation and
subsequent release, the oocyte survival rate (96.99%), cleavage rate (88.71%), and blastocyst formation rate
(26.29%) showed no significant differences compared to the fresh group. After the microspheres were vitrified
using a low concentration of cryoprotectant (10% DMSO+10% ehylene glycol (EG)+0.5 mol/L trehalose), the
survival rate, cleavage rate, and blastocyst rate were 92.48%, 70.80%, and 20.42%, respectively. No significant
difference was observed when compared to the Cryotop method using a higher concentration of cryoprotectant
solution (15% DMSO+15% EG+0.5 mol/L trehalose). Conclusion We designed and fabricated a microfluidic
system with three-channel internal cross-linking chips used for oocyte vitrification preservation. The microfluidic
system can generate oocytes-loaded sodium alginate hydrogel microspheres with uniform size, low empty rate,
and good cold-resistance. The method successfully reduced the concentration of cryoprotectants in a single-step
vitrification process, the developmental capability of oocytes during in vitro maturation were comparable with
Cryotop method. Unlike the Cryotop method, the oocytes encapsulated in hydrogel does not come into contact
with liquid nitrogen, eliminating the risk of cross-contamination. This study provides a novel approach to oocyte
vitrification.
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