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SUMMARY: 
This protocol outlines standardized methods to isolate and process follicular fluid, somatic cells, and immature oocytes from IVF procedures, enabling high-quality molecular and cellular analyses. These approaches support translational research into fertility, reproductive aging, and ovarian dysfunction using materials typically discarded in clinical care.

ABSTRACT:
Human ovary follicular contents, including follicular fluid (FF), oocytes, cumulus cells, and somatic cells, offer a powerful yet underutilized opportunity to study ovarian physiology. Assisted reproductive technologies (ART) routinely generate these biological byproducts, which are often discarded after mature oocytes are used for clinical care. However, they provide valuable insights into fertility, reproductive aging, and ovarian dysfunction. Here, we present a standardized protocol for the systematic collection and downstream processing of follicular components from women undergoing oocyte retrieval. Fully expanded cumulus-oocyte complexes (COCs) are microdissected to isolate cumulus cells without enzymatic denudation, preserving transcriptomic integrity. FF is centrifuged, with the supernatant analyzed for cytokines, hormones, metabolites, and environmental toxicants, while the pellet is cryopreserved and processed via density gradient centrifugation to isolate viable granulosa cells. A stepwise protocol enables the preparation of single-cell suspensions from fresh FF for single-cell RNA sequencing (scRNA-Seq), including enzymatic digestion, serial filtration, and red blood cell lysis, and yields >65% viable cells representing a diverse composition, including granulosa cells, macrophages, T cells, smooth muscle–like cells, and antigen-presenting cells. In addition, immature germinal vesicle (GV) oocytes can be matured in vitro, with 56% reaching the MII stage within 24 h. Together, these protocols yield high-quality RNA, enriched granulosa cell populations, and complex single-cell datasets that capture the heterogeneity of the ovarian microenvironment. They provide a framework to leverage discarded reproductive tissues for translational research in human fertility and reproductive biology. 

INTRODUCTION:
Infertility affects millions of individuals and couples worldwide, with estimates that one in six people and one in eight couples face difficulties conceiving naturally1–3. Advances in assisted reproductive technologies (ART) have transformed the management of infertility, offering hope to those affected by age-related fertility decline, ovulatory dysfunction, male factor or unexplained infertility. Since the birth of the first baby via in vitro fertilization (IVF) in 1978, the use of ART has grown substantially, becoming an integral part of reproductive medicine4. In the United States alone, ART cycle numbers have steadily increased over the past decade, with over 400,000 cycles in 20225. This rising demand highlights both the social and clinical importance of refining ART techniques and understanding the biological factors that contribute to reproductive success.

In parallel, fertility preservation has emerged as a critical tool to safeguard future reproductive potential in a diverse range of individuals. Over 40,000 fertility preservation IVF cycles were performed in 20225. For cancer patients, cryopreservation of oocytes or embryos before initiating gonadotoxic chemotherapy has become standard of care6–9. Similarly, transgender individuals undergoing cross-sex hormone therapy may choose to preserve gametes to maintain their reproductive autonomy10,11. Even for individuals without immediate medical concerns, elective oocyte freezing is increasingly utilized to mitigate the effects of reproductive aging and extend fertility options12. These varied clinical indications have expanded the scope and relevance of fertility preservation, providing new opportunities to study reproductive biology in unique patient populations.

ART procedures yield mature oocytes that are either cryopreserved or fertilized as part of clinical care. In addition, a substantial amount of biological material, including follicular fluid, somatic cells from follicles, and immature oocytes, is typically discarded during the IVF cycle. Yet these cells and tissues represent valuable sources of insight into the ovarian microenvironment, oocyte quality, and broader aspects of reproductive physiology. The cumulus–oocyte complex (COC), for example, provides a valuable window into the cellular and molecular interactions that support oocyte maturation. During follicular aspiration, the follicular fluid collected from the antral follicle often contains both soluble factors and cells that are dislodged or aspirated along with the oocyte. This fluid harbors a diverse array of metabolites, hormones, growth factors, cytokines, lipids, nucleic acids, and environmental signals that reflect both systemic and local aspects of reproductive health13–21. In addition to these soluble components, follicular fluid contains a heterogeneous mix of cells: cumulus cells (CCs), which surround the oocyte, provide metabolic support and facilitate its maturation; mural granulosa cells, which line the follicle wall and produce steroid hormones such as estradiol; immune cells, including macrophages and T cells, which play roles in tissue remodeling and ovulation; and theca cells, stromal cells, or blood cells—often introduced during follicle aspiration16. Because these tissues are obtained as part of routine clinical practice and would otherwise be discarded, they represent an ethical, readily available, and biologically rich resource for translational research that cannot be matched by animal models or other human sample types.

Our team at the Northwestern Fertility and Reproductive Medicine Center and Northwestern University has developed and refined protocols for collecting and studying human follicular fluid, cumulus, granulosa, and other follicle somatic cells, and immature oocytes from patients undergoing IVF, under approved research protocols (Figure 1 and Figure 2). We also collect matched biofluids such as serum/plasma and urine from these patients.  While typically discarded during routine clinical care, these materials offer a unique and underutilized opportunity to explore the cellular, molecular, and endocrine landscape of the human ovarian follicle. Importantly, the applicability of this protocol depends on timely sample handling and preservation, as RNA integrity and cell viability can rapidly decline if processing is delayed, making early processing a critical factor for success. The analysis of these cells and tissues can yield critical insights into reproductive physiology and pathophysiology. Studying these components can enhance our understanding of conditions such as diminished ovarian reserve, polycystic ovary syndrome, environmental toxin exposure, and age-associated reproductive decline, while also supporting the development of non-invasive biomarkers for ovarian function, oocyte quality, and overall reproductive potential17,22–28. Moreover, they serve as powerful platforms for advancing experimental approaches in contraception, environmental reproductive toxicology, and infertility treatment23,29–34. Compared to traditional enzymatic or bulk isolation techniques, the approach here emphasizes gentle microdissection and fresh single-cell preparation, which preserve transcriptomic integrity and cellular heterogeneity more effectively for downstream analyses such as single-cell RNA-Sequencing. The objective of this study is to describe and validate standardized protocols for the systematic collection, processing, and analysis of discarded human follicular components, with the hypothesis that these materials can yield high-quality molecular and cellular data that advance research in reproductive biology and fertility.

PROTOCOL:
Before detailing the protocols, emphasis should be placed on the critical importance of collaboration among reproductive endocrinologists, clinical staff, embryologists, research coordinators, and basic science researchers. Successful collection and processing of valuable reproductive tissues for research depends on a coordinated, multidisciplinary effort. Research coordinators and clinical teams play a key role in obtaining Institutional Review Board (IRB) approval and ensuring ongoing regulatory compliance. Designated personnel, typically research coordinators, graduate students, or postdoctoral fellows, serve as liaisons between the research and clinical teams, facilitating timely communication and execution of tissue collection protocols. While institutional workflows may vary, effective teamwork and clear communication are essential to the success of these translational studies. All procedures were approved by the Northwestern University IRB. Written informed consent was obtained from all participants, who were informed that participation was voluntary, that their decision would not affect their clinical care, and that only discarded reproductive material (e.g., follicular fluid, cumulus cells, immature oocytes) would be used for research. 

1. Human cumulus cell microdissection from expanded cumulus-oocyte complex (COC) (Figure 3)

NOTE: Controlled ovarian stimulation (COS) is administered to patients undergoing oocyte retrieval for fertility preservation or infertility treatment. Approximately 36 h after the trigger injection to induce oocyte maturation, oocyte retrieval and follicular aspiration are performed. During standard embryology lab processing, the follicular fluid containing cells is typically discarded after removing the oocytes. Prepare for oocyte retrieval:

1.1. Mount a 17 G stainless steel needle onto a transvaginal ultrasound (TV-USG) probe. Connect the needle to a vacuum regulator via hydrophobic tubing and set the suction pressure to between -120 mmHg and -130 mmHg.

1.2. ⁠Aspirate each follicle under continuous ultrasound guidance at -120 mmHg, and terminate aspiration once complete follicular collapse is confirmed by TV-USG visualization.

1.3. Collect the aspirated follicular fluid into a 5 mL round-bottom tube prefilled with 1 mL of 5 IU/mL heparin, and maintain the sample at 37 °C. Once filled, subsequent tubes are used until retrieval is complete.

1.4. After retrieval, pour the follicular fluid into a 100 mm Petri dish to locate the cumulus-oocyte complexes (COCs). 

NOTE: After removal of COCs for clinical purposes, the embryology staff pool the remaining follicular fluid into 50 mL conical tubes, typically yielding 70–130 mL, which are then transferred to the research team for processing.

1.5. Identify fully expanded COCs, measuring around 1500–2000 µm in diameter, under a stereomicroscope (Figure 3A-i).

1.6. Using a 1 mL syringe fitted with a 25 G needle bent to a 45° angle, microdissect four cumulus cell (CC) clumps.

NOTE: The angled needle facilitates smoother trimming and reduces the risk of scraping the dish surface.

1.7. Use a new needle for each COC to prevent cross-contamination.

1.8. Trim cumulus cells (CCs) from all four quadrants of each COC, when possible (Figure 3A-ii).

1.9.  Keep cumulus cell clumps consistent in size, ~250–500 µm. 

1.10. Once CCs are fully trimmed, relocate the remaining microdissected COCs to a corresponding numbered drop dish to monitor oocyte maturity (Figure 3A-iii) and keep for ~2 h in Quinn's Advantage Fertilization Medium supplemented with 5% human serum albumin. 

NOTE: The embryology team informs the research team later in the day about the maturity status of each oocyte corresponding to the tube in which its cumulus cell (CC) clumps were collected.

1.11. Meanwhile, prepare a 4-well IVF dish by adding 500 µL of DPBS to each well.

1.12.  Collect all CC clumps together using a p200 pipette.

1.13. Briefly rinse the CC clumps (no more than 2–3 s) in a single DPBS-filled well.

1.14. Under the microscope, transfer the rinsed CC clumps into a 0.5 mL microcentrifuge tube containing 10 µL of storage reagent to preserve RNA integrity.

1.15. Take extra care to avoid transferring excess DPBS into the storage reagent tube to prevent dilution.

1.16. Place the microcentrifuge tube containing the four CC clumps in an ice box and store it at 4 °C until collected by the research team.

1.17. Ensure that the research team collects the samples within 1–2 h.

2. Human follicular fluid (FF) collection from women undergoing oocyte retrieval (Figure 4)

NOTE: After separating the cumulus-oocyte complexes (COCs), the remaining follicular fluid is pooled by the embryology staff and transferred into 50 mL conical tubes (Figure 4A-1). The tubes are then placed in an ice box and stored at 4 °C until the samples are collected by the research team. The samples should be collected within 1–2 h.

2.1. Cryopreservation of human FF with cells 

2.1.1. Centrifuge 50 mL conical tubes containing FF at 400  g at 4 °C for 10 min (Figure 4A-2).

2.1.2. Discard the supernatant. Cell pellet remains (Figure 4A-3).

NOTE: Supernatant of FF contains soluble factors such as metabolites, hormones, growth factors, cytokines, lipids, nucleic acids, and environmental signals, and can alternatively be saved to study the biochemical composition of follicular fluid, its association with oocyte quality, and its relevance to reproductive outcomes and environmental exposures (see section III for processing). 

2.1.3. Add 4–5 mL of DMEM/F12 onto each cell pellet and resuspend the pellet (Figure 4A-4).

2.1.4.  Aliquot 800 µL of the cell suspension into cryogenic vials, add 100 µL of DMSO and 100 µL of Fetal Bovine Serum (FBS) into each tube, and gently pipette up and down to mix the components together before sealing the cryovials (Figure 4A-5).

2.1.5.  Transfer the tubes to a freezing container containing 100% isopropyl alcohol, and place it in a -80 °C freezer for 24 h, allowing for a controlled cooling rate of approximately -1 °C/min (Figure 4A-6).

2.1.6.  On the following day, move the cryotubes to a liquid nitrogen tank for long-term storage.

2.2. Thawing, isolating, and culturing human primary GCs from cryopreserved FF

2.2.1. Thaw FBS, L-Glutamine (L-Glut), and Penicillin Streptomycin (Pen Strep) in a 37 °C bead or water bath.

2.2.2.  In a 15 mL conical tube, prepare 4 mL of Thaw Media (TM) and 8 mL of Resuspension Media (RM). In a 50 mL conical tube, prepare up to 50 mL of culture media (CM) and place the CM in the 37 °C bead bath for later use.

NOTE: Recipes for the various media are detailed in Table 1. 

2.2.3.  Remove cryovials from liquid nitrogen and thaw in a 37 °C bead bath for around 1 min or until pellet begins to loosen (Figure 4B-1). 

2.2.4.  Using a p1000 pipette, transfer the entirety of the contents in the cryovial(s) to TM, and gently resuspend the contents (Figure 4B-2).

2.2.5.  Centrifuge the cell suspension in TM at 400  g for 10 min at 4 °C (Figure B-3).

2.2.6.  Aspirate out the supernatant, only leaving the cell pellet in the 15 mL conical tube (Figure 4B-4).

2.2.7.  Add 4 mL of RM to the pellet and vigorously resuspend to ensure no cell clumps (Figure 4B-5).

2.2.8.  Once the cells are suspended, mix 1 part density gradient medium (DGM), 1 part DPBS, and 8 parts cell suspension. 

NOTE: Use 4 mL of cell suspension, 0.5 mL of DGM, and 0.5 mL of DPBS. Ensure to add the DGM first, placing the pipette tip at the very bottom of the tube and gently releasing the reagent, seeing a clear layer form at the bottom of the conical tube. Gently release the DPBS to this clear layer to not disturb the layering (Figure 4B-6).

2.2.9.  Centrifuge the cell suspension at 850  g for 10 min at 4 °C to activate the density gradient medium, separating the human primary granulosa cells from the other cell types in the suspension. 

2.2.10. After centrifugation, two layers can be visualized at the bottom part of the tube (top: granulosa cell layer, bottom: primarily red blood cell layer) (Figure 4B-7). Using a p1000 pipette, gently remove the top layer of cells (refer to Figure 4B-8 for post-removal of GC layer) and resuspend the cells in the remaining 4 mL of RM (Figure 4B-9). 

NOTE: Centrifuging activates the density gradient medium, leading to two visible cell layers, with the denser layer containing many cell types and the less dense top layer containing the granulosa cells. 

2.2.11. Combine 10 µL of the cell suspension and 10 µL of Trypan Blue solution in a 0.5 µL microcentrifuge tube and use 10 µL for cell counting in a hemocytometer. 

2.2.12. Centrifuge the cell suspension at 380  g for 5 min at room temperature (RT).

2.2.13. While centrifuging, count the cells using the hemocytometer to calculate total cell numbers and the amount of CM necessary based on the desired number of cells to be plated. 

2.2.14. Aspirate the supernatant, leaving only the cell pellet in the 15 mL conical tube, and add the desired amount of warmed CM, and resuspend well. 

2.2.15. Plate cells according to the appropriate seeding density, and place in a 37 °C incubator for culture (Figure 4B-10a).

NOTE: Representative image of day 2 GC culture can be seen in Figure 4B-10b

2.2.16. Rinse with warmed DPBS and replace media every 2 days.

[Place Table 1 here].

3. Collection of human FF from the dominant follicles of each ovary

NOTE: Prior to oocyte retrieval, the clinician performing the procedure should be informed about the specific goal of collecting FF exclusively from the dominant follicles of each ovary. The aim of this protocol is to isolate FF from large antral follicles (18–20 mm in diameter), as follicle size may influence the concentration and composition of soluble factors within the fluid. Prepare for oocyte retrieval:

3.1. Mount a 17 G stainless steel needle onto a transvaginal ultrasound (TV-USG) probe. Connect the needle to a vacuum regulator via hydrophobic tubing and set the suction pressure to between -120 mmHg and -130 mmHg.

3.2. ⁠Aspirate two large antral follicles under continuous ultrasound guidance at -120 mmHg, and terminate aspiration once complete follicular collapse from the first two follicles is confirmed by TV-USG visualization. 

3.3. Repeat the same process for the other ovary. 

3.4. Collect the aspirated follicular fluid from each ovary into separate 5 mL round-bottom tubes prefilled with 1 mL of 5 IU/mL heparin, and maintain the sample at 37 °C.

3.5. After retrieval, pour the follicular fluid into a 100 mm Petri dish to locate and separate the cumulus-oocyte complexes (COCs) for clinical purposes. 

3.6. Transfer the remaining follicular fluid into 15 mL conical tubes and label as right and left ovary. 

3.7. Place those 15 mL tubes containing FF from each ovary in an ice box and store them at 4 °C until collected by the research team.

3.8. Ensure that the research team collects the samples within 1–2 h.

3.9. Once picked up, centrifuge the tubes at 380 × g for 10 min at 4 °C. 

3.10.  Transfer the supernatant into fresh 15 mL conical tubes. 

3.11. Add protease inhibitor cocktail and phosphatase inhibitor at 1x concentration to avoid protein degradation. Mix well with pipetting. 

3.12. Distribute 1 mL of FF into sterile 1.5 mL microcentrifuge tubes. 

3.13. Store at -80 °C until further analysis. 

NOTE: The same protocol can also be applied to pooled follicular fluid, using the supernatant obtained after the first centrifugation in Section 1, if accounting for individual follicular size differences is not required. 

4. Single-cell preparation of human FF from women undergoing oocyte retrieval (Figure 5)

NOTE: The embryology team collects FF from three dominant follicles from each ovary in women undergoing oocyte retrieval, following the procedure described in Section 1 (steps 1.1–1.4). After separating the COCs, they transfer the FF into 50 mL conical tubes and place them on ice at 4 °C. The research team retrieves the samples and processes them for single-cell sequencing within 2–3 h of retrieval. Before processing, the research team should remove Dispase and DNase I buffers from the freezer to allow time for thawing. All buffers should be kept on ice during the processing steps until use.

4.1. FF processing for single-cell RNAseq (scRNASeq):

4.1.1. Note the fluid volume from the right and left ovary follicular fluid sample (Figure 5A-1). Spin follicular fluid samples at 500  g for 5 min at 4 °C and discard the supernatant (or cryopreserve if using for additional studies) — pellet is loose, be careful when removing supernatant. 

NOTE: Pellet will be red in color due to high red blood cell content. 

4.1.2. Wash #1: Add Buffer 1 (DMEM/FBS/HEPES) up to 40 mL total. If tubes are separated by right and left ovary follicular fluid, pool fluid in a single 50 mL conical tube during this resuspension step with Buffer 1, using a final total of 40 mL of Buffer 1. Gently resuspend the pellets using a serologic pipette.  Spin the samples at 500  g for 5 min at 4 °C, and discard supernatant. Of note, the pellet is loose, so be careful when removing supernatant (this applies to all subsequent steps in this protocol). 

4.1.3. Wash #2: Add Buffer 1 (DMEM/FBS/HEPES) up to 20 mL. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. Spin the sample at 500  g for 5 min at 4 °C (Figure 5A-2). After centrifugation, discard the supernatant.  

4.1.4. Wash #3: Add Buffer 2 (HBSS/HEPES) up to 20 mL. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant.

4.1.5. Dispase digestion: 

NOTE: Dispase is a neutral protease that functions to cleave peptide bonds in the basement membrane and basal lamina to dissociate cells and tissues. It primarily targets fibronectin and collagen IV, thereby facilitating the release of intact, viable single cells from tissue aggregates without excessive damage to cell surface proteins or RNA integrity35.  

4.1.5.1. Add 7 mL of Buffer 3 (Dispase/HEPES/DNase1/HBSS) to the pellet. 

4.1.5.2. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. 

4.1.5.3. Place tubes on the rotating platform for 15 min at RT. 

4.1.5.4. After this digestion, spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant. 

NOTE: Add DNAse1 aliquot to Buffer 3 prior to the start of this step (Table 2).

4.1.6. Wash #4: Add Buffer 1 (DMEM/FBS/HEPES) up to 20 mL. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant.

4.1.7. Wash #5: Add Buffer 2 (HBSS/HEPES) up to 20 mL. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant.

4.1.8. Trypsin digestion: 

NOTE: Trypsin is a pancreatic serine protease that cleaves peptide bonds specifically at the C-terminal side of lysine and arginine residues, thereby cleaving cell-cell adhesions.	

4.1.8.1. Add 7 mL of Buffer 4 (Trypsin/HEPES/DNase1) to resuspend the pellet.

4.1.8.2. Use a 10 or 25 mL serological pipette to gently resuspend the pellet.

4.1.8.3. Incubate the sample in a 37 °C water bath for 30 min.

4.1.8.4. Following incubation, process the sample on ice: 

4.1.8.5. Set up two 50 mL conical tubes in the ice pan, put 25 mL of Buffer 1 (DMEM/FBS/HEPES) into 1 of the tubes, and place a 100 µm cell strainer on top. Put a 40 µm cell strainer on top of the other empty tube for 2nd strain. 

4.1.8.6. Use a 10 or 25 mL serological pipette to transfer the sample (~7–8 mL) through the 100µm cell strainer.

4.1.8.7. Use a 10 or 25 mL serological pipette to transfer the entire sample from the previous step through the 40 µm cell strainer.

4.1.8.8. Mix gently using a 10 or 25 mL serological pipette and spin the samples at 500  g for 10 min at 4 °C. After spinning, discard the supernatant.

4.1.9.  Wash #6: Add Buffer 1 (DMEM/FBS/HEPES) up to 20 mL. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant.

4.1.10. Wash 7: Add Buffer 5 (HBSS/BSA/HEPES) up to 10 mL. Use a 10 or 25 mL serological pipette to gently resuspend the pellet. Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant. 

NOTE: Up until the next step, the pellet should remain red in color from RBC content (Figure 5A-3).

4.1.11. RBC Lysis: Add up to 30 mL of ACK Lysis Buffer. 

4.1.12. Incubate at RT for 10 min on rocking platform.

4.1.13. Spin samples at 500  g for 5 min at 4 °C and carefully discard supernatant. 

NOTE: Pellet should now be white in color (Figure 5A-4). 

4.1.14. Wash #8: Add Buffer 1 (DMEM/FBS/HEPES) up to 10 mL. Use a 10 mL serological pipette to gently resuspend the pellet.  Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant.

4.1.15. Wash #9: Add Buffer 5 (HBSS/BSA/HEPES) up to 10 mL. Use a 10 mL serological pipette to gently resuspend the pellet.  Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant.

4.1.16. Wash #10: Add 2-4 mL of Buffer 6 (PBS/BSA/HEPES). Use a 10 mL serological pipette to gently resuspend the pellet.  Spin the sample at 500  g for 5 min at 4 °C, and discard the supernatant. 

4.1.17. Wash #11: Add 200 µL of Buffer 6 (PBS/BSA/HEPES) to resuspend pellet carefully with p1000 serologic pipette. Transfer the sample to a 1.5 mL microcentrifuge tube. 

4.1.18.  Assessing cell viability: 

4.1.18.1. Use an image-based automated cell counter (such as the Nexcelom Celometer) to assess both total cell number and viability. Load a well-mixed 20 µL aliquot of the single-cell suspension, stained at a 1:1 ratio with Acridine Orange/Propidium Iodide (AO/PI) viability dye, into a disposable counting chamber. 

NOTE: The instrument captures both brightfield and fluorescence images. In this assay, live cells fluoresce green (AO-positive) and dead cells fluoresce red (PI-positive). If adequate single-cell digestion has occurred, minimal clumping will be observed on the monitor. 

4.1.18.2. Record total cell number and percentage of viable cells; depending on these results, the sample is ready for single-cell RNA sequencing (Figure 5B).  

NOTE: Optimal range of live cell number is between 1  105 to 2  106 cells/mL (although range can extend from 1  104 to 1  107).  The optimal range of cell viability is >65% live cells. 

4.2. Remaining single cell suspension cryopreservation

4.2.1. After a portion of the single cell suspension is sent for single cell RNA sequencing, calculate and record the number of live cells in the remaining volume of the single cell suspension. Achieve this by noting the remaining volume of single cell suspension and the cell viability (live cells/milliliter) obtained from the cell counter.

4.2.2. Spin residual single cell suspension in a 1.5 mL microcentrifuge tube at 1000  g for 5 min at 4 °C (Figure 5A-5). Remove Buffer 6 supernatant carefully with a p200 pipette.

4.2.3. In a labeled cryovial, add 1 mL of single-cell freezing buffer (e.g., Recovery Cell Culture Freezing Medium Glibco) to the sample in the cryovial. 

4.2.4. Gently resuspend pellet in freezing buffer with p1000 serologic pipette.  

4.2.5. Place cryovial in slow cryo-freeze container in -80 °C freezer overnight. 

4.2.6. Transfer from -80 °C freezer to liquid nitrogen by the next day or within 24 h. 

[Place Table 2 here].

5. Collection of human immature oocytes from women undergoing oocyte retrieval and in vitro maturation (IVM) 

NOTE: Immature oocytes are not used in routine clinical practice and are typically discarded, as only oocytes that reach the metaphase II (MII) stage within approximately 2 h of retrieval are deemed suitable for fertilization. Germinal vesicle (GV) stage oocytes are typically collected from the clinic around 7–9 h post-retrieval. Oocyte quality and maturation stage are assessed using light microscopy. The maturation stage of the oocyte is determined based on morphological assessment. Oocytes arrested at metaphase II (MII) are identified by the presence of a visible first polar body (PBI). In contrast, oocytes that remain at the prophase I stage of meiosis retain an intact nucleus, known as the germinal vesicle (GV), and are classified as GV oocytes. Oocytes that have undergone germinal vesicle breakdown (GVBD) but have not yet extruded a polar body, thus arrested between prophase I and MII, are classified as metaphase I (MI) oocytes. 

5.1. Aspirate FF containing COCs from follicles (see Section 1 for details).

5.2. Process COCs and denude oocytes as per regular embryology protocols.

5.3. Under a stereomicroscope, identify and select GV stage oocytes (intact GV). 

NOTE: Oocytes at various stages of meiosis, not limited to the germinal vesicle (GV) stage, can be used depending on the requirements of downstream applications. 

5.4. Collect GV oocytes and place them in a 1.5 mL microcentrifuge tube for the research team to collect. Keep them in 4 °C until collection. 

5.5. Prepare the IVM dish.  Add 50 µL droplets of oocyte maturation medium under mineral oil in an inner well and 2 mL of oocyte maturation medium into an outer well (Figure 6A). Alternatively, use a 4-well dish with 800 µL of oocyte maturation medium per well (Figure 6B).

NOTE: Prior to this step,  pre-equilibrate oocyte maturation medium in 4-well plates at 37 °C in 5% CO2 for at least 3 h. 

5.6. For IVM, wash GV oocytes (Figure 6C) 3 times in the outer well, and then place them in droplets of maturation medium in the inner well. 

5.7. Culture for 24–48 h.

NOTE: Human GV oocytes typically mature to the MII stage within 24–48 h during IVM. The maturation rate varies depending on the culture conditions, stimulation protocols, and individual patient factors. 

5.8. Assess the oocytes at 24–30 h for polar body extrusion (MII stage: Figure 6D). Score the maturation stage and rate.  

5.9. If oocytes are not mature at the first check, culture oocytes up to 44–48 h, depending on the study and application. 

REPRESENTATIVE RESULTS:
Distinct compartments of the human antral follicle, including the oocyte, cumulus cells, granulosa cells, theca cells, and follicular fluid (Figure 1), offer unique insights into ovarian physiology, reproductive aging, and oocyte competence. A schematic flowchart summarizing the collection and processing of these compartments is shown in Figure 2. Techniques such as IVM, single-cell and bulk RNA sequencing, cytokine profiling, metabolomics, proteomics, and cell culture can be applied to follicular materials that are otherwise discarded in routine ART practice. 

A previously published study utilized CCs isolated from mature oocytes to investigate genome-wide transcriptomic differences between adolescents and oocyte donors26. For all study participants, RNA was extracted from pooled CCs obtained from three MII oocytes dissected following the methodology described above. RNA quality was assessed with the Agilent 2100 Bioanalyzer using the RNA 6000 Pico Chip. Representative bioanalyzer results from three participants are shown in Figure 3B and indicate excellent RNA quality as evidenced by high RNA Integrity Number (RIN).

To confirm that this protocol successfully isolates granulosa cells from follicular fluid, immunocytochemistry (ICC) (Supplementary File 1) was performed on day 4 of culture using two established granulosa cell markers. Cells stained with an anti-AMHR2 primary antibody paired with an Alexa Fluor 647–conjugated anti-rabbit secondary antibody showed strong red fluorescence (Figure 7A). AMHR2 is a cell surface receptor expressed in both granulosa and theca cells in preantral and antral follicles, though recent reports also describe its expression in fibroblasts surrounding follicles, making its specificity a matter of debate36,37. Despite this, the ICC results demonstrated strong AMHR2 staining in cultured cells, with quantification showing that ~90% were AMHR2-positive (Figure 7B). To further validate granulosa cell identity, ICC was performed for FOXL2, a transcription factor known to be granulosa cell specific38. Staining with an anti-FOXL2 primary antibody paired with an Alexa Fluor 488–conjugated anti-rabbit secondary antibody produced green fluorescence, and quantification showed that ~80% of cells were FOXL2-positive (Figure 7C–D), supporting the predominance of granulosa cells in the isolates.

Single-cell RNA sequencing of follicular aspirate from a 30-year-old patient revealed a diverse cellular composition. Differentially expressed genes (DEGs) from the clusters were used to identify cell populations by cross-referencing prior literature from human ovary39,40 and FF41–43 scRNAseq and the Enrichr database. The most abundant populations were granulosa cells (30.35%) and macrophages (26.24%), followed by T cells (16.51%), putative neuroendocrine or smooth muscle-like cells (7.75%), and dendritic cells/antigen-presenting cells (7.35%). Minor populations included neutrophils (3.19%), stromal fibroblasts (2.43%), NK/γδ T cells (1.49%), putative pericytes (3.20%), B cells (0.78%), and surface epithelial/transitional cells (0.70%). This distribution underscores the cellular heterogeneity within human follicular fluid and highlights the presence of both immune and stromal elements alongside granulosa cells (Figure 8).

IVM of human GV oocytes was performed using oocytes obtained between April 2016 and April 2017. A total of 107 GV oocytes were obtained from 39 (30–45 years old) patients. Following 24 h of IVM, the maturation outcomes were as follows: 56% (60/107) progressed to the MII stage,10% (11/107) remained at the GV stage, and 35% (36/107) exhibited GVBD-MI stage (Figure 6E). 

To further contextualize this approach, a table was compiled summarizing published studies from our group that have employed similar methodologies, detailing the type of follicular material used, the specific analytical techniques applied, and the key biological or clinical conclusions drawn (Table 3)17,26,28,44–50. This table demonstrates the versatility and scientific value of repurposing follicular components for translational research in human fertility.

The results demonstrate the feasibility and versatility of repurposing follicular materials collected during routine ART. Cumulus cell RNA extracted using this protocol consistently showed high integrity, supporting suitability for downstream transcriptomic analyses. Granulosa cells isolated from follicular fluid were confirmed by ICC, with ~80–90% of cultured cells staining positive for FOXL2 and AMHR2. Single-cell RNA sequencing revealed a heterogeneous cellular composition, with granulosa cells (30.35%) and macrophages (26.24%) as the dominant populations, alongside diverse immune and stromal cell subsets. In addition, in vitro maturation of GV oocytes yielded developmentally competent oocytes, with 56% progressing to the MII stage within 24 h. Together, these findings highlight both the quality of isolated cell populations and the broad research potential of otherwise discarded follicular components.

[Place Table 3 here]

FIGURE AND TABLE LEGENDS:
Figure 1: Overview of human antral follicle components. 

Figure 2: Flowchart summarizing the collection and processing of reproductive tissues from IVF cycles.

Figure 3: Cumulus cell processing and analysis. (A) Microdissection of cumulus cells from retrieved expanded cumulus-oocyte complexes (COCs) prior to hyaluronidase treatment: i - expanded COC before microdissection of cumulus cell masses, ii - trimmed cumulus cell masses (n=4), iii - COC after microdissection. (B) Cumulus cells' (n=3 patients) RNA quality assessment by the Agilent 2100 Bioanalyzer. This figure has been modified/adapted with permission from Gokyer et al.26. 

Figure 4: Collection of human follicular fluid (FF) and processing. (A) Cryopreservation of a cell pellet from human FF (1–6). (B) Isolation and culture of human primary granulosa cells from cryopreserved FF (1–10). 

Figure 5: Preparation of single-cell suspensions from human follicular fluid (FF). (A) Stepwise processing of FF for single-cell isolation: (1) freshly collected FF, (2) FF after centrifugation, (3) supernatant removal and washing, (4) cell pellet after RBC lysis, and (5) remaining single cell pellet following sequencing. (B) Representative image of live nucleated cells from the single-cell suspension, stained with Acridine Orange (AO) and analyzed on an automated cell counter. Green fluorescence indicates live cells, while dead cells are excluded. Cell counts and viability are shown below the image.

Figure 6: In vitro maturation (IVM) of human germinal vesicle (GV) oocytes. (A)  IVM setup using microdroplets in a center-well organ culture dish, (B) Alternative IVM setup using a 4-well dish. (C) GV-stage oocyte prior to maturation. (D) MII-stage oocyte with visible polar body after 24–30 h of culture. (E) Human GV oocyte IVM results after 24 h.

Figure 7: Immunocytochemistry (ICC) of granulosa cell markers in cultured cells from follicular fluid. (A) DAPI (blue) and AMHR2 (red) staining with Rabbit IgG control. (B) Quantification of AMHR2-positive cells as % of total nuclei. (C) DAPI (blue) and FOXL2 (green) staining with Rabbit IgG control. (D) Quantification of FOXL2-positive cells as % of total nuclei. These results confirm that most isolated cells are granulosa cells.

Figure 8: Representative single-cell RNA-Seq uniform manifold approximation and projection (UMAP) from follicular fluid of a 30-year-old patient undergoing in vitro fertilization. 

Table 1: Composition of media.

Table 2: Composition of buffers.

Table 3: Published studies that have employed similar methodologies.

Supplementary File 1: Immunocytochemistry protocol.

DISCUSSION:
ART generates a wealth of biological material that is discarded during routine clinical care. However, these tissues represent a powerful and largely untapped resource for advancing our understanding of human ovarian physiology, oocyte competence, and the microenvironment that supports reproduction. In this manuscript, we outline a set of standardized, scalable protocols for the systematic collection and processing of these materials from women undergoing oocyte retrieval. These methods support a wide range of downstream applications, including immunocytochemistry, transcriptomic analysis, IVM, and scRNAseq, providing a robust platform for translational reproductive research.

A central strength of this protocol suite is its adaptability: tissues and biofluids can be collected and preserved under real-world ART conditions, and workflows can be tailored to accommodate the specific goals of a given study, whether investigating follicular aging, endocrine signaling, environmental toxicants, or disease-related changes in the ovarian microenvironment. The protocols are designed with feasibility and reproducibility in mind, requiring only modest modifications to existing clinical workflows and leveraging close collaboration between clinicians, embryologists, and research teams. This integrated approach ensures that high-quality samples are obtained without disrupting patient care.

This study demonstrates that discarded follicular components can be effectively leveraged to yield high-integrity RNA, enriched granulosa cell populations, and complex single-cell datasets. For example, this microdissection-based isolation of cumulus cells preserves transcriptomic fidelity by avoiding enzymatic denudation. Although hyaluronidase is widely used in clinical embryology, enzymatic digestion may alter gene expression profiles, potentially confounding downstream analyses51,52. This study's single-cell sequencing data from follicular fluid revealed a diverse cellular landscape, including granulosa cells, macrophages, T cells, stromal cells, and other minor immune populations. Interestingly, the proportion of granulosa cells (~30%) was lower than that reported in prior studies42,53. This discrepancy likely reflects the conservative sampling approach, limited to three dominant follicles per ovary. Additionally, technical variables such as digestion protocols, cell viability thresholds during filtration, and batch-specific sequencing depth may contribute to differences in cell-type abundance across studies41,43. This finding highlights how collection methodology and follicular selection criteria can influence cell-type representation. It also underscores the importance of standardized, transparent reporting of tissue processing protocols in single-cell studies. By situating these findings within prior work on ovarian follicle biology, this study extends the literature by demonstrating how discarded clinical materials can reliably generate high-quality molecular and cellular datasets, thereby bridging the gap between clinical practice and basic reproductive research54–57.

The discrepancy in granulosa cell enrichment between the Percoll-based isolation (~90%) and scRNA preparation (~30%) can be attributed to several key methodological differences. These include the collection approach, with the former using all antral follicles and the latter limited to large dominant follicles; the presence or absence of a granulosa cell enrichment step using Percoll density gradient58,  and differences in cell behavior during culture. GCs adhere and proliferate in vitro, while non-adherent cells, such as immune cells and red blood cells, are gradually washed away during media changes. This emphasizes the importance of pairing molecular data with context-specific protocols and culture conditions.

The IVM data further illustrate the research potential of immature oocytes collected during routine ART. Over half of GV stage oocytes in this study matured to metaphase II MII within 24 h in culture. While maturation rates vary based on culture conditions, stimulation protocols, and individual patient factors, these findings demonstrate the feasibility of generating mature oocytes from otherwise discarded material. Incorporating IVM outcomes into this protocol underscores their relevance not only for clinical applications but also for advancing studies of human fertility, oocyte maturation, and reproductive competence.

Several steps are critical to the success of these protocols. For the scRNA-Seq workflow, it is essential to process follicular fluid (FF) samples within 2–3 h of oocyte retrieval and proceed to sequencing the same day to preserve optimal cell viability and concentration. Logistically, this requires FF processing to begin in the morning, as preparation of a single-cell suspension typically requires 4–5 h. For cumulus cell microdissection, clumps should be immediately washed, placed in RNAlater to stabilize RNA, and transferred to -80 °C storage to prevent RNA degradation. During granulosa cell isolation, density gradient medium and DPBS must be carefully layered at the bottom of the tube to ensure proper separation of red blood cells and other components from granulosa cells. Finally, for IVM, the maturation medium must be pre-equilibrated in 4-well plates at 37 °C with 5% CO₂ for at least 3 h before use. Attention to these steps minimizes technical variability and safeguards the quality of downstream analyses.

One troubleshooting modification implemented during FF collection for scRNASeq was reducing the duration of ACK RBC lysis from 30 min to 10 min. This adjustment improved cell viability while still effectively reducing red blood cell contamination. We also tested two different density gradient media (Ficoll and Percoll) and a magnetic bead–based method for granulosa cell isolation in the preliminary protocols based on previous publications58,59. The Percoll method resulted in higher granulosa cell viability and yield in our early studies.

Together, these protocols offer a comprehensive, modular toolkit for reproductive scientists interested in human follicular biology. The ability to recover, preserve, and study ovarian tissues in a physiologically relevant and minimally disruptive manner opens up new avenues for understanding folliculogenesis, reproductive aging, oocyte competence, endocrine signaling, and fertility outcomes. Moreover, they provide a translational bridge between clinical practice and laboratory investigation, enabling ethically sound and cost-effective use of tissues that are already being collected but are often discarded. Building on existing literature, this study's findings advance the field by showing that protocols applied to routinely discarded clinical samples can achieve data quality comparable to dedicated experimental specimens, thereby broadening the accessibility of human reproductive tissues for molecular research. This contributes directly to efforts aimed at refining biomarkers of ovarian reserve, mapping follicular heterogeneity, and improving strategies for fertility preservation.

As the field of reproductive medicine continues to evolve, and as ART and fertility preservation grow in scope, it is increasingly important to maximize the research value of existing clinical procedures. The methodological framework presented here provides a foundation for doing so, with the potential to accelerate discoveries in ovarian biology, improve diagnostic and prognostic biomarkers, and inform future therapeutic strategies in reproductive medicine. Sample size constraints and reliance on a single center limit the generalizability of the findings. Future research should test these protocols across diverse clinical settings, patient populations, and stimulation regimens, as well as expand applications to multi-omics approaches that integrate transcriptomic, proteomic, and metabolomic data.
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