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SUMMARY:
Here, we describe a protocol for intracytoplasmic sperm injection into human oocytes using a piezo-driven micropipette.

ABSTRACT:
Since the first successful pregnancies achieved by intracytoplasmic sperm injection (ICSI) were reported, ICSI has become an essential technique in assisted reproductive technology (ART). ICSI uses micropipettes with a spiking tip to penetrate the zona pellucida and membrane. Then, the cytoplasm is usually aspirated into the micropipette for membrane breakage (conventional-ICSI). The survival and fertilization rates of mouse oocytes after conventional-ICSI were as low as 16% and 8%, respectively. Kimura and Yanagimachi applied a piezo drive unit, mercury, and a micropipette with a flat tip for mouse ICSI. The membrane breakage could be performed semi-automatically by combining these types of equipment without cytoplasmic aspiration into the micropipette (piezo-ICSI). These authors reported significantly higher survival and fertilization rates (80% and 78%) compared to those of conventional-ICSI (16% and 8%). Therefore, the piezo-ICSI may be effective not only for mouse oocytes but also for human oocyte ICSI. However, only five papers are available that assessed the effectiveness of piezo-ICSI compared to conventional-ICSI for human oocytes. All of these five papers reported significantly higher fertilization rates compared to those of piezo-ICSI. The goal of the piezo-ICSI protocol described here is to improve the clinical results of ICSI compared to the conventional-ICSI.

INTRODUCTION:
[bookmark: _Hlk65146985]Since Dr. Palermo reported the first successful pregnancies achieved by intracytoplasmic sperm injection (ICSI)1, ICSI has become an essential technique in assisted reproductive technology (ART). ICSI uses micropipettes with a spiking tip to penetrate the zona pellucida and membrane. Then, the cytoplasm is usually aspirated into the micropipette for membrane breakage (conventional-ICSI). The survival and fertilization rates of mouse oocytes after conventional-ICSI were as low as 16% and 8%, respectively2. Kimura and Yanagimachi applied a piezo drive unit, mercury, and a micropipette with a flat tip for mouse ICSI2. The membrane breakage could be performed semi-automatically by combining these types of equipment (Piezo-ICSI). These authors reported significantly higher survival and fertilization rates (80% and 78%) of piezo-ICSI compared to those of Conventional-ICSI (16% and 8%)2. One of the reasons for the better results obtained in the piezo-ICSI may be the process of membrane breakage. The piezo-ICSI can stably and semi-automatically break the membrane without cytoplasm aspiration into the micropipette. These results suggested that the cytoplasmic aspiration into the micropipette during membrane breakage is invasive for mouse oocytes. Therefore, the piezo-ICSI may be effective not only for mouse oocytes but also for human oocyte ICSI.

However, only five available papers have assessed the effectiveness of piezo-ICSI as compared to conventional-ICSI for human oocytes. All five of these papers reported significantly higher fertilization rates with piezo-ICSI compared to fertilization rates with conventional-ICSI3-7 (Table 1). Therefore, the piezo-ICSI may improve the survival and fertilization rates compared to conventional-ICSI. The goal of the piezo-ICSI protocol described here is to improve the clinical results of ICSI compared to conventional-ICSI.

PROTOCOL:

The protocol of piezo-ICSI described below follows the guidelines of the human research ethics committee at Kameda Medical Center.

1. Equipment and preparation

1.1. [bookmark: _Hlk7764028][bookmark: _Hlk7763975]Use a piezo-ICSI system composed of a drive unit, an operation box, a footswitch, and a controller. Use any type of inverted microscope or three-axis micromanipulator. Attach the piezo drive unit to the micropipette holder, and place the footswitch on the floor. Set the INTENSITY level to 2 and the SPEED level to 1 on the operation box.

1.2. Use a commercially available piezo-ICSI micropipette with a flat tip. Fill a micropipette with the operation liquid (fluorocarbon-based fluid) to a length of 20 mm. Avoid mixing any air bubbles in the operation liquid. Aspirate any air bubbles or excess operation liquid towards the back of the pipette with the liquid filling device.

1.3. [bookmark: _Hlk7764558]Install the micropipette into the injection micropipette holder. If the injection micropipette holder has a silicon tube, insert the head of the pipette about 5 mm into the silicon tube. Tighten the holder cap and firmly fix the micropipette.

1.4. Attach the drive unit to the manipulator and fix firmly to avoid any rotation caused by its weight.

1.5. Position the micropipette in the microscope field. Operate the injector and push the operation liquid to the head of the micropipette so that any air inside the head of the pipette is pressed out. Confirm that there is no air left inside the head of the pipette with the naked eye rather than with a microscope.

1.6. Prepare the ICSI dish on the glass-bottom dish as shown in Figure 1. Prepare two microdroplets of 7% polyvinylpyrrolidone solution (PVP): the smaller microdroplet is for the preparation of micropipette (5 μL) and the other one is for sperm selection (10 μL). Prepare another droplet made in the center of the glass bottom dish from the buffered medium; this microdroplet is for the oocyte and is used for sperm injection (8 μL).

1.7. Insert the head of the micropipette into a 7% PVP droplet and coat the inner wall of the micropipette. Operate the injector vigorously, moving it along the interfacial boundary between the operation liquid and the PVP. Rinse the inside of the micropipette with PVP about 800 µm from the head of the pipette. 

1.7.1. Repeat this procedure (~3 or 4 times) until the interfacial boundary slides smoothly.

2. Sperm immobilization

2.1. Set the INTENSITY level to 2 and the SPEED level to 1 on the operation box. Apply the piezo pulse from the drive unit attached to the micropipette holder when the footswitch is turned on. When applying the piezo pulse during the procedure, the "Piezo pulse" icon appears on the upper right of the video.

2.2. Collect the motile sperm by using a density gradient and hold the collected motile sperm into the buffered medium. Aspirate the buffered medium holding the collected motile sperm about 2-3 μL by using a pipette. Then inject this medium into the lower side of the 7% PVP microdroplet. Select the sperm under 400x magnification.

2.2.1. Attach the micropipette tip to the tail of the selected sperm and then drive the piezo drive unit. Typically, repeat the driving thrice for one sperm immobilization. After the sperm immobilization, aspirate the sperm into the micropipette tail first.

3. Piezo-ICSI operation (an oocyte with a high-stretching ability membrane)

3.1. Keep the sperm’s head at a position about one full length sperm back from the head of the micropipette. While driving the piezo drive unit (about 5 times per one oocyte), advance the micropipette to carry out the puncture without deformation of the zona pellucida. When the micropipette tip reaches the inner layer of the zona pellucida and then the hollowed-out piece of the zona pellucida is completely aspirated into the micropipette, puncture of the zona pellucida is completed.

3.2. Remove the hollowed-out piece of the zona pellucida inside the micropipette and at the same time move the sperm to the head of the micropipette. Push the micropipette in and stretch the cytoplasmic membrane until about 90% of the oocyte diameter. 

3.3. When it is sufficiently stretched, start up the piezo drive one time to rupture the membrane. Membrane breakage is completed when it is confirmed that the membrane has rebounded. 

3.4. After membrane breakage, inject the sperm’s head into the oocyte. After the sperm’s head is surely injected into the cytoplasm, pay attention not to add unnecessary liquid.

4. Piezo-ICSI operation (an oocyte with a low-stretching ability membrane)

NOTE: We explain how to deal with an oocyte with a low-stretching ability membrane which may spontaneously get ruptured during the stretching. 

4.1. Perform the same action as the oocyte with a high-stretching ability membrane up to the point of stretching the cytoplasmic membrane. 

4.2. If the membrane is spontaneously ruptured during the action, inject the sperm’s head from the position of the micropipette without pushing it further forward to avoid the degeneration of oocytes after sperm injection. 

4.3. After the sperm’s head is surely injected into the cytoplasm, pay attention not to add unnecessary liquid.

REPRESENTATIVE RESULTS:
The conventional-ICSI and piezo-ICSI described above were performed on 10,488 mature oocytes (1,744 cycles) by 4 embryologists. Of these, 3,522 oocytes (587 cycles) were inseminated by conventional-ICSI between January 2013 and September 2016 and 6,966 oocytes (1,157 cycles) were inseminated by piezo-ICSI between October 2016 and December 2020 at Kameda Medical Center. Table 1 shows the average age of the women, the fertilization rates, the survival rates, the degeneration rates, the day-5 blastocyst rates, and the average number of cryopreserved blastocysts per cycles of conventional-ICSI and piezo-ICSI. Although the average women's age of piezo-ICSI was higher as compared to that of conventional-ICSI, the rates of fertilization, survival, and blastocyst and the average number of cryopreserved blastocysts per cycles of piezo-ICSI were significantly higher as compared to those of conventional-ICSI (Table 2).

Figure 1: ICSI dish used for Piezo-ICSI. The layout of the microdroplets is described here.

Table 1: Comparison of fertilization rates between conventional-ICSI and piezo-ICSI. In all reports, significantly higher fertilization rates were observed in the piezo-ICSI as compared to those of the conventional-ICSI.

Table 2: Clinical results of Kameda Medical Center comparing the efficacy of piezo-ICSI and conventional-ICSI. In all comparison items, significantly better results were observed in the piezo-ICSI as compared to those of the conventional-ICSI.

Discussion:
The results demonstrated that the fertilization rates, the survival rates, the day-5 blastocyst rates, and the average number of cryopreserved blastocysts of the piezo-ICSI were significantly higher compared to those of conventional-ICSI.

There are 2 critical steps in the piezo-ICSI protocol. The first step is to firmly twist the holder cap of the pipette holder. The second step is to maintain the aspirated PVP volume into the micropipette less than 300 micrometers. Loosely twisting the holder cap of the micropipette holder and aspiration of PVP into the micropipette more than 300 micrometers (one full length of sperm is about 60 micrometers) cause difficulties in the sperm immobilization, zona opening, and membrane breakage because of the decreasing piezo power. In particular, we always have to pay attention to the aspirated PVP volume into the micropipette during the procedure. This is the limitation of the piezo-ICSI.

It is essential to place a small amount of heavy liquid as an operation liquid inside the micropipette to create the piezo power. In the previous reports, mercury was used as an operation liquid2-4. However, a fluorocarbon-based fluid can be used instead of mercury for safe used instead5-9,11. The fluorocarbon-based liquid has a specific gravity of 1.8, and is colorless, transparent, and non-water soluble. The operation liquid has direct contact with the PVP holding the sperm. The exposure of the PVP to the operation liquid may have some negative effects on the sperm or oocyte. However, the rates of fertilization, survival, day-5 blastocyst of piezo-ICSI were significantly higher as compared to those of conventional-ICSI in the present study. We believe the risk from the direct contact between the operation liquid and the PVP is quite low.

We previously measured the time of the micropipette preparation with an oil injector and an air injector. The average times for micropipette preparation of the oil injector and the air injector were 233 and 106 seconds, respectively (P < 0.05)8. The micropipette preparation time with the air injector is lower because it is oil-free. The presence of the oil extends the micropipette preparation time because of its stickiness. If air bubbles get mixed in the oil area inside the micropipette after inserting the micropipette into the pipette holder, the pipette must be discarded because the piezo-ICSI will not work. We also counted the number of wasted micropipettes during micropipette preparation. The average number of wasted micropipettes per patient for the oil injector and air injector was 0.28 ± 0.56 and 0 ± 0 (P < 0.05), respectively8. However, there was no significant difference between the oil and air injectors in the rates of survival (99% and 99%), fertilization (89% and 90%), and good quality day-3 embryos (61% and 61%) after piezo-ICSI8. We wasted an extra 3.2 hours and 25 micropipettes in the oil injector group (90 patients) compared to the air injector group (90 patients) during the study8. The results indicate that using an air injector instead of an oil injector is a good modification of piezo-ICSI.

The piezo-ICSI can break the membrane semi-automatically without cytoplasmic aspiration into the micropipette. This membrane breakage procedure is stable and easy. The Piezo-ICSI could also contribute to decreasing the ICSI training period. We previously assessed the effect of the piezo-ICSI on the rates of survival, fertilization, blastocyst for a young embryologist. The young embryologist received piezo-ICSI practice 30 times before starting the clinical ICSI treatment. We compared the survival, fertilization, blastocyst rates of young and senior embryologists for their 1st 100 oocytes. The survival, fertilization, blastocyst rates of the young and senior embryologists were 100% and 97%, 87% and 91%, 47%, and 57%, respectively9. There was no significant difference between the young and the senior embryologists in all comparison items. These results indicated that the piezo-ICSI has significance in the membrane breakage procedure that can contribute to shortening the ICSI training period of a young embryologist.

Some investigators reported the clinical efficiency of intracytoplasmic morphologically selected sperm injection (IMSI). Setti et al. compared the clinical outcomes between ICSI and IMSI in a meta-analysis study10. There was no significant difference in the fertilization rates between the ICSI and IMSI groups10. However, the top-quality embryo rate of the IMSI group was significantly higher compared to that of the ICSI group10. To the best of our knowledge, no study has examined the impact of IMSI combined with Piezo-ICSI on fertilization and embryo development. We retrospectively investigated the effects of sperm selection magnification (400x vs. 1,200x) on fertilization and embryo development in Piezo-ICSI. The fertilization rate of the 1,200x group (92%) was significantly higher as compared to that of the 400x group (77%) (P = 0.0002)11. The good quality day-3 embryo rate of the 1,200x group (64%) was significantly higher as compared to that of the 400x group (46%) (P = 0.0021)11. We tried to select the sperm without vacuoles in the sperm's head under 1,200x magnification. This procedure might select the sperm with a lower degree of sperm DNA fragmentation12. Therefore, the IMSI may be a new application of piezo-ICSI.

Here, we described a protocol for piezo-ICSI that can improve ICSI outcomes without missing viable oocytes in human ART.
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