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SUMMARY:
This protocol describes a developmentally informed workflow to generate and image human chorion models that recapitulate the emergence of the early placental cell diversity and architecture from human pluripotent stem cells.

ABSTRACT:
During the first lineage bifurcation in the mammalian blastocyst, differential activity of the HIPPO pathway commits outer blastomeres to the trophectoderm and initiates the developmental trajectory that forms the placental chorion. By the end of the second week of human development, trophoblast lineages organize with extraembryonic mesoderm to form the chorionic villi, the first organized structures of the placenta. Trophoblast organoids are a common three-dimensional in vitro culture model used to study placental development. However, most approaches do not recapitulate the developmental sequence of trophoblast induction, and they lack the full chorionic diversity, in particular the mesoderm. In addition, the conventional gel-embedding techniques often exhibit inverted polarity, with multinucleated syncytiotrophoblast developing within the inner core of the organoids rather than on the exterior, as observed in native chorionic villi. Here, a developmentally informed, non-embedded framework is presented that recapitulates staged trophoblast development and generates a self-organized 3D model of the secondary chorion from human pluripotent stem cells. The workflow proceeds through four steps. First, primed human pluripotent stem cells are transiently reset to a trophectoderm-competent ground state. Second, targeted LATS kinase inhibition induces trophectoderm specification. Third, trophectoderm cells are dissociated and seeded into anti-adherent microwells to generate uniform aggregates. Fourth, aggregates are transitioned into chorion-inducing medium and then maintained in suspension under agitation, enabling a spatially organized chorion model. After model formation, aggregates are fixed, immunolabeled, optically cleared, and imaged by confocal microscopy to enable high-resolution, whole-mount visualization of lineage organization and tissue architecture.

INTRODUCTION:
[bookmark: _Hlk235543470]In mammalian development, the first lineage bifurcation occurs during blastocyst formation, when positional cues commit outer blastomeres to the trophectoderm (TE). Following TE specification, this outer epithelium differentiates into the trophoblast (TB) lineages that establish the uterine-fetal interface and mediate implantation. By the second week of human development, these lineages organize into the chorionic villi, the earliest recognizable structures of the placenta. Secondary chorionic villi exhibit a layered architecture consisting of an inner extraembryonic mesoderm-derived stromal core enclosed by villous cytotrophoblast progenitors, which give rise to syncytiotrophoblast (STB) and extravillous trophoblast (EVT). Improper development of the chorion can severely compromise placental function and is associated with pregnancy complications such as preeclampsia and intrauterine growth restriction1. However, the developmental processes underlying nascent chorion formation remain poorly understood. This limitation underscores a critical need for novel in vitro systems that faithfully recapitulate early placental development and enable mechanistic investigation of the cellular and molecular events governing the transition from TE specification to organized chorion formation.

Existing differentiation protocols can robustly generate human TB cells from human pluripotent stem cells (hPSCs), but they typically rely on exogenous morphogen induction and often require lineage sorting steps to derive homogeneous, self-renewing TB stem cell populations with post-implantation cytotrophoblast identity2–18. In three-dimensional culture, many TB organoid approaches further rely on Matrigel embedding, which supports organoid growth but can produce an architecture in which syncytiotrophoblast forms with an inverted polarity19,20.

The protocol described here uses the developmental logic that specifies TE in the embryo to generate chorion models from transiently naïve hPSCs21. In the blastocyst, suppression of LATS kinase activity promotes nuclear YAP and activation of a TE-associated transcriptional program in the outer blastomeres22–26, through a mechanism that appears conserved across eutherian mammals27–29. Based on this principle, a non-embedded, three-dimensional framework was developed that enables the self-organization of LATS inhibition-derived TE into chorion models that reproduce key features of the nascent chorion. Although this protocol does not reproduce all aspects of chorion morphogenesis in vivo, including villus elongation and interactions with the decidual environment, its stepwise developmental progression generates models that capture characteristic features of the early placenta and support the emergence of diverse chorionic cell types within a self-organized epithelial-stromal architecture. These features make the model particularly useful for studying the specification of chorionic lineages, which have remained experimentally inaccessible. The protocol presented here provides the practical workflow for generating these models and visualizing their spatial organization by whole-mount immunofluorescence, optical clearing, and confocal microscopy.

PROTOCOL:
All experiments involving human embryonic stem cells were reviewed and approved by the Columbia University Human Embryonic and Human Pluripotent Stem Cell Research Committee and followed institutional guidelines. Before beginning the procedure, ensure that all work with human pluripotent stem cells has been reviewed and approved, or formally deemed exempt, by the appropriate institutional oversight committee and is performed in accordance with applicable institutional guidelines as well as local and national policies and laws. The following protocol was optimized using the RUES2 (XX) cell line but has also been successfully applied to RUES1 (XY), H1 (XY), and H9 (XX) lines21. RUES2 cells were confirmed to have a normal karyotype, routinely tested to ensure they were free of mycoplasma contamination, and not cultured beyond passage 80. When establishing this protocol in a new hPSC line, it is recommended to assess the efficiency of each step before proceeding to the next. For common problems encountered throughout the protocol, their potential causes, and suggested solutions, refer to Table 1. All data presented in this manuscript are original and were generated specifically for this study, with the exception of Figure 1D, which consists of RNA-sequencing data reanalyzed from Zhang et al.21. The reagents and the equipment used are listed in the Table of Materials.

1. Coating plates

NOTE: Perform steps 1–7.2 under a sterile biosafety cabinet using aseptic technique.

1.1. Coat tissue culture dishes with Cultrex (cell culture matrix). Dilute the matrix stock on ice at 1:100 in ice-cold DMEM/F12. Use 1.2 mL per well to coat 6-well plates, 0.8 mL per well to coat 12-well plates, and 0.4 mL per well to coat 24-well plates. 

1.2. Place the coated dish at 37 °C for at least 1 h to allow the matrix to set. Alternatively, place the coated dish at 4 °C for at least 4 h.

2. Routine cell culture maintenance

2.1. Maintain hPSCs in mTeSR medium at 37 °C in a humidified incubator with 5% CO₂.

2.2. When the hPSCs reach 70%–80% confluency, wash cells with DPBS−/− and add 1 mL of Gentle Cell Dissociation Reagent. Incubate the plate at 37 °C for 3–5 min.

2.3. Aspirate the dissociation solution and use 1 mL of mTeSR to gently release the adherent cells from the surface of the tissue culture dish.

2.4. Plate hPSCs as clumps onto matrix-coated 6-well plates at a 1:10 split for routine maintenance. Supplement the culture with 10 μM Y-27632 for the first 24 h after plating. 

NOTE: Refresh the medium every 24 h during routine hPSC maintenance and terminal experiments. Warm medium in a bead bath at 37 °C before feeding. For feeding, add 1.5 mL of medium per well in 6-well plates, 1 mL per well in 12-well plates, and 500 µL per well in 24-well plates. Perform routine maintenance and terminal experiments in 6-well plates unless otherwise indicated. 

3. Transient naïve reset (tHENSM+2i)

3.1. Warm Accutase solution in a bead bath at 37 °C. Wash confluent hPSCs twice with DPBS−/−. Add 1 mL of Accutase to each well of a 6-well plate and incubate the plate at 37 °C for 3–5 min.

NOTE: Perform all centrifugation steps at room temperature unless otherwise indicated.

3.2. Collect the cells from incubation and centrifuge at 300 × g for 3 min at room temperature.

3.3. Aspirate the supernatant and resuspend the pellet in 1 mL mTeSR.

3.4. Count the number of cells using a hemocytometer. Plate hPSCs as single cells onto matrix-coated 6-well plates at ~25–50 × 10³ cells/cm² in mTeSR. Supplement the culture with 10 μM Y-27632 for the first 24 h after plating.

NOTE: The number of wells seeded for tHENSM+2i induction is experiment-dependent and determined by the cell number requirements for downstream applications.

3.5. The following day, replace spent medium with fresh mTeSR. 

3.6. At 48 h after seeding, replace spent mTeSR with tHENSM+2i medium. Prepare tHENSM+2i medium on ice using the reagents listed in Table 2.

NOTE: Maintain tHENSM+2i cultures at 37 °C under 5% CO₂ and 7% O₂.

3.7. Refresh tHENSM+2i medium daily for 6 days.

NOTE: Successful induction of the naïve state can be assessed through (1) hPSCs progressively upregulating naïve-associated genes and (2) compaction into dome-shaped morphologies (Figure 1B–D).

4. TE induction

NOTE: The treatment length from here on is denoted post-tHENSM+2i, i.e., the induction time begins when adding TA medium for the first time. Maintain cultures at 37 °C under 5% CO₂ and 7% O₂.

4.1. Warm Accutase solution in a bead bath at 37 °C. Wash tHENSM+2i cells twice with DPBS−/−. Add 1 mL of Accutase per well of a 6-well plate and incubate the plate at 37 °C for 10 min.

4.2. Collect the cells from incubation and centrifuge at 300 × g for 3 min.

4.3. Aspirate the supernatant and resuspend the pellet in 1 mL TA medium. Prepare TA medium using the reagents listed in Table 3.

4.4. Count the number of cells using a hemocytometer. Plate tHENSM+2i cells as single cells onto Cultrex-coated 6-well plates at ~80 × 10³ cells/cm². Supplement the culture with 10 μM Y-27632 for the first 24 h after plating. Maintain cultures at 37 °C under 5% CO₂ and 7% O₂ throughout the procedure.

4.5. Refresh TA medium daily until day 9.

4.6. On day 9, repeat steps 4.1–4.4 and reseed cells at a 1:1 split ratio to remove excess cellular debris. Supplement the culture with 10 μM Y-27632 for the first 24 h after plating.

4.7. Refresh TA medium daily until day 12. On day 12, these cells are considered to be trophectoderm (TE).

NOTE: Successful induction of TE can be detected through protein detection assays of canonical TE markers (Figure 1E–F). If using lines other than RUES1, RUES2, H1, or H9, it is recommended to assess the efficiency of TE induction when establishing the protocol. For instance, we consider TE induction when >80% cells express the canonical TE markers GATA3 and NR2F2 via flow cytometry or quantitative immunofluorescence image analysis. 

5. Preparation of anti-adherent microwell and tissue culture plates

5.1. Add 1 mL of anti-adherence solution to each well of a 24-well 400 µm low-attachment microwell plate. 

5.2. Centrifuge at 1300 × g for 5 min to remove all bubbles.

5.3. Aspirate the anti-adherent solution and wash with DPBS−/− three times.

NOTE: If treating standard tissue culture plates with anti-adherence solution, skip centrifugation (step 5.2). Instead, allow the anti-adherent solution to coat the plate statically for 5 min, then proceed to step 5.3.

6. Generation of 3D chorion models

NOTE: Maintain cultures at 37 °C under 5% CO₂ and 7% O₂.

6.1. Warm Accutase solution in a bead bath at 37 °C. Wash day-12 TE cells twice with DPBS−/−. Add 1 mL of Accutase per well of a 6-well plate and incubate the plate at 37 °C for 20–30 min.

6.2. Collect the cells from incubation and centrifuge at 300 × g for 3 min.

6.3. Count the number of cells using a hemocytometer. Plate TE cells as single cells onto a pretreated, anti-adherent 24-well 400 µm microwell plate at 300 cells per microwell (≈3.6 × 10⁵ cells per well of a 24-well plate) in 1 mL of TA medium per well supplemented with 10 μM Y-27632 for the first 24 h after plating. Immediately after seeding, centrifuge the plate at 100 × g for 3 min to ensure the cells settle to the bottom of the microwells (Figure 2A). 

NOTE: Seeding one well of a microwell plate is sufficient to generate approximately 1,200 aggregates.

6.4. The following day (day 13), replace spent medium with fresh TA medium.

NOTE: To avoid disturbing the TE aggregates, perform all medium changes by carefully removing 1mL spent medium using a 1000-µL pipette and replacing it with 1mL of fresh medium. Do not vacuum aspirate media.

6.5. On day 15, replace spent TA medium with ACE medium. Prepare ACE medium using the reagents listed in Table 4.

6.6. Refresh ACE medium daily until day 23.

6.7. On day 23, transfer aggregates from microwells to pre-treated, anti-adherent 6-well tissue culture plates. For each well of the 6-well plate, add a total of 4–5 mL of ACE medium. Place the plate on an orbital shaker at 80 rpm for 48 h (day 25).

NOTE: For representative morphologies corresponding to steps 6.1–6.7, see Figure 2A. To prevent aggregates from clumping to one another and to prevent nutrient depletion, we recommend a seeding density of 1,200 aggregates per 9.6 cm² (one well of a six-well plate). To achieve that, transfer one well of a 24-well 400 µm microwell plate of aggregates to one well of an anti-adherent 6-well plate.

7. Fixing and immunofluorescence staining of 3D chorion models

7.1. On day 25, transfer aggregates from the 6-well tissue culture plates to a 1.5 mL microcentrifuge tube.

7.2. Centrifuge at 100 × g for 3 min. Wash twice with DPBS−/−. Centrifuge between washes to ensure aggregate pelleting, then proceed to fixing.

CAUTION: Paraformaldehyde is toxic by inhalation, ingestion, and skin contact, is a skin and eye irritant and sensitizer, and releases formaldehyde, a suspected carcinogen. Perform fixation in a chemical fume hood, wear gloves and eye protection, and collect paraformaldehyde waste separately for disposal in accordance with institutional guidelines.

7.3. Fix the aggregates for 20 min at room temperature with 1 mL of 4% paraformaldehyde.

7.4. Permeabilize approximately 50 aggregates per staining assay in 100 µL blocking buffer containing 0.2% Triton X-100, 2% BSA, and 5% normal donkey serum in DPBS−/− for 1 h at room temperature. 

7.5. Dilute primary antibodies in 100 µL blocking buffer and incubate the permeabilized aggregates in the primary antibody solution overnight at 4 °C on an orbital shaker set to 80 rpm. When using fluorophore-conjugated primary antibodies, protect the samples from light by wrapping the tubes in aluminum foil.

7.6. The following day, wash aggregates by centrifuging them at 100 × g for 3 min, removing the supernatant, and resuspending aggregates with 1 mL DPBS−/−. Perform three washing steps with a 30-min waiting time between each wash step.

CAUTION: DNA-binding nuclear dyes such as DAPI and Hoechst 33342 are potential mutagens. Wear gloves, avoid skin contact, and dispose of dye-containing solutions according to institutional guidelines.

7.7. For each staining assay, dilute secondary antibodies and the chosen nuclear dye in 100 µL blocking buffer and incubate the aggregates in the secondary antibody solution for 1 h at room temperature. Protect the sample from light by wrapping the tubes in aluminum foil or placing them in a drawer away from direct light.

7.8. Wash aggregates three times with DPBS−/− as described in step 7.6, waiting 5 min between each wash step.

7.9. Proceed to clearing.

8. Clearing of 3D chorion aggregates

CAUTION: Benzyl alcohol and benzyl benzoate (the components of BABB) are harmful if swallowed or inhaled and are eye, skin, and respiratory irritants. BABB also dissolves many plastics. Prepare and use BABB in a chemical fume hood, wear gloves and eye protection, and store it in tightly sealed glass containers. After each use, seal the container with Parafilm and cover it with aluminum foil to limit evaporation and protect the medium from light. Use glass or BABB-compatible labware only and dispose of BABB as organic solvent waste in accordance with institutional guidelines. BABB can be stored at room temperature for at least one month without loss of performance.

8.1. Prepare a fresh BABB clearing solution using the reagents listed in Table 5.

8.2. Wash fixed aggregates with distilled water. Allow aggregates to sit in water for 30 min prior to clearing to ensure the removal of all DPBS−/−.

CAUTION: Methanol is highly flammable and toxic by inhalation, ingestion, and skin contact, and can cause irreversible damage to the eyes and central nervous system. Perform the dehydration series in a chemical fume hood away from open flames and ignition sources, wear gloves and eye protection, and collect methanol waste as flammable organic solvent waste according to institutional guidelines.

8.3. Perform a graded stepwise methanol dehydration series using 1 mL per step (25%, 50%, 75%, and 100%, v/v in water), waiting 5–10 min between each step. Between dehydration steps, centrifuge aggregates at 100 × g for 5 min to ensure proper pelleting.

NOTE: Methanol dehydration can cause tissue shrinkage. Perform gradual dehydration to preserve lacunae and cavity structures.

8.4. After the final dehydration step (100% methanol), centrifuge aggregates at 100 × g for 5 min. Carefully remove the supernatant without disturbing the pellet.

8.5. Resuspend the pellet in 300 µL of BABB and transfer to an 8-well imageable dish. 

CAUTION: BABB can degrade or dissolve many plastics and should therefore be handled carefully. Before transferring the sample, confirm that the imaging chamber is compatible with BABB. After transferring, inspect for leakage to prevent damage to the microscope objective.

NOTE: Resuspending the aggregates in BABB makes them transparent (Figure 3A). This process typically happens within a few minutes, depending on the size of the aggregate.

8.6. Image samples immediately after clearing.

9. Imaging

9.1. Image the cleared aggregates using a confocal microscope. 

NOTE: Microscopy acquisition settings should be optimized for the fluorophores used and the desired resolution. For quantitative imaging, ideally use an objective magnification that is 20× or greater, with a matched refractive index (~1.55) or a correction collar. After clearing, the core of the chorion models will be visible using confocal microscopy (Figure 3B). The immunofluorescence images in Figure 4A were collected using a water-immersion 25× objective.

RESULTS:
A transient chemical reset combining naïve medium (here: HENSM8) with two inhibitors targeting DNMT1 and EZH230–32 is sufficient to replicate the transcriptional and global methylation signatures of long-term naïve cell cultures, bringing hPSCs to a TE-competent ground state (Figure 1A). After 6 days of transient reset (tHENSM+2i), hPSCs formed KLF17+ SUSD2+ dome-shaped colonies, and downregulated primed-state genes while upregulating naïve-associated genes (data reprocessed from Zhang et al.21) (Figure 1B–D).

After tHENSM+2i, the selective LATS 1/2 inhibitor TDI-01153633 paired with A83-01 (referred to as TA medium) efficiently induces TE, with near-uniform expression of the canonical TE proteins TFAP2C, GATA3, NR2F2, and KRT7 by day 12 (Figure 1E). Further, flow cytometry analysis revealed that >50% of cells expressed the implantation-associated enzyme prostaglandin E synthase (PTGES) (Figure 1F).
 
These cells are then aggregated using 400 µm microwell plates to generate 3D chorion models. By 72 h, uniform TE aggregates emerged (Figure 2A). On day 15, aggregates were transitioned into chorion-inducing ACE (A83-01+CHIR99021+EGF) medium with syncytial domains visible by day 18. Based on studies suggesting that orbital agitation promotes outwards-facing syncytial polarity in TB organoids and maturation of syncytia34,35, aggregates were removed from microwells on day 23 and placed on an orbital shaker under modest agitation for 48 h. Under orbital shaking, aggregates displayed clear external syncytial lacunae (cavities) and proliferated robustly (Figure 2A). 

To visualize the chorion models, day 25 aggregates were fixed, immunostained, and cleared in  BABB solution prior to confocal imaging36. After clearing, aggregates turned transparent, and the inner core could be detected using confocal microscopy (Figure 3A). Chorion models displayed appropriate spatial organization of SDC1+ syncytiotrophoblast covering ITGA6+ cytotrophoblast with spontaneous HLA-G+ extravillous trophoblast interspersed throughout the syncytial layer (Figure 4A). Co-staining of GATA3 and VIM revealed a central VIM+ mesenchymal core encased by layers of GATA3+ TB, consistent with the stromal-epithelial organization of the nascent chorion. According to published quantitative analysis, these models had a mean longest-axis length of 160 µm, with >60% displaying the expected syncytial polarity, and ~40% containing an internal VIM+ compartment21. For further comprehensive quantitative characterization of this model, including the efficiencies of transient naïve resetting, TE induction, and organized chorion model formation, see Zhang et al.21. 

FIGURE AND TABLE LEGENDS:

Figure 1: Induction of the trophectoderm (TE) program through HIPPO pathway modulation from transiently reset naïve hPSCs. (A) Schematic of the two-step strategy: (1) transient transcriptional and epigenetic resetting to the naïve state and (2) subsequent TE induction through HIPPO pathway modulation. (B) Brightfield images of RUES2 cultured in mTeSR and tHENSM+2i after 6 days of treatment. Magnification, 25x. (C) Representative immunofluorescence for select markers in primed (mTeSR) and tHENSM+2i states. Scale bar, 200 µm. (D) Bulk RNA-seq relative gene expression comparing tHENSM+2i cells to primed (mTeSR) for select primed and naïve markers (n = 3 per condition). Data reanalyzed from Zhang et al.21. (E) Representative immunofluorescence of canonical TE markers following 12 days of LATS 1/2 inhibition. Scale bar, 100 µm. (F) Flow cytometry showing expression of PTGES following 12 days of LATS 1/2 inhibition (n = 2 pooled).

Figure 2: Non-embedded method for generation of chorion models. Schematic and workflow of the generation of chorion models. Induction time is counted from the onset of TDI+A83-01 treatment. One well of a 24-well 400 µm microwell plate yields approximately 1,200 aggregates. 
Magnification, 25x.

Figure 3: BABB clearing of chorion models. (A) Fixed chorion models suspended in water (left), methanol (center), and BABB clearing solution (right). (B) Immunofluorescence of chorion models mounted in water (left) and BABB clearing solution (right) with orthogonal view and full z-stack. Scale bar, 100 µm.

Figure 4: The emergence of lineages in chorion models. (A) Representative immunofluorescence of day 25 self-organized chorion models showing outward-facing SDC1+ syncytial domains overlying ITGA6+ villous cytotrophoblast, an internal VIM+ mesenchymal core, and spontaneous HLA-G+ extravillous trophoblast formation. Representative images are shown from experiments that yielded approximately 50 organoids per staining assay. For further quantitative analysis, including batch-to-batch reproducibility, see Zhang et al.21. Scale bar, 100 µm.

Table 1: Protocol troubleshooting guide.

Table 2: Composition of tHENSM+2i medium.

Table 3: Composition of TA medium.

Table 4: Composition of ACE medium.

Table 5: Composition of BABB clearing solution.

DISCUSSION:
The development of the nascent chorion is difficult to study in vivo, and existing hPSC-derived trophoblast systems are generally optimized to derive homogeneous, self-renewing cytotrophoblast rather than the diverse lineages and tissue architecture of the secondary chorion. This protocol addresses that gap by leveraging the native HIPPO-driven TE induction and a non-embedded, suspension-based aggregation. Relative to extracellular matrix-embedded organoids, which frequently form with inverted polarity, suspension culture under modest orbital agitation helps to externalize the syncytial layer34,35. In this model, the stromal core is surrounded by a trophoblast layer with outward-facing syncytial organization, thus more closely matching the native cross-sectional organization of the secondary chorion. The format is also scalable, yielding ~1,200 aggregates from a single well of a 24-well microwell plate. While these models have been described through day 25 post-naïve reversion, they remain stable for at least 10 additional days under suspension culture (day 35) in ACE medium and exhibit comparable immunofluorescence for key chorion markers. Future characterization using single-nucleus RNA sequencing at day 25 and later time points will be important for determining whether continued maturation occurs, identifying transcriptomic changes that may not be apparent by immunofluorescence alone, and assessing whether ACE medium is sufficient to support this maturation.

Note that this protocol is a slight variation of our published method, which has found A83-01 to be dispensable for TE induction, and withdraws it on day 6. A83-01 was found to accelerate TE induction; thus, for simplicity and robustness, here it is kept throughout.

There are several critical steps within this protocol. First, although hPSCs begin forming dome-shaped colonies within 48 h of tHENSM+2i treatment, it is essential that transient naïve resetting proceed for at least 6 days to ensure robust induction and saturation of naïve-associated marker expression. Second, it is strongly recommended to passage TE cultures at a 1:1 ratio 72 h prior to aggregation on day 12, as this helps remove debris trapped between tightly packed cells that may otherwise impair aggregate formation. Third, because monolayer TE and chorion models proliferate rapidly under this protocol, daily medium changes are necessary to maintain cell health and provide adequate nutrient availability, and sufficient medium volumes (>4 mL) should be used during orbital agitation to prevent aggregate fusion. Fourth, during immunofluorescence staining of chorion models, higher nuclear dye concentrations than those typically used for monolayer cultures are recommended, as methanol dehydration and BABB clearing are chemically harsh processes that can reduce nuclear dye retention. This protocol involves multiple sensitive steps; for guidance on common issues, please refer to Table 1.

There are several limitations of the model. It does not reproduce the morphogenetic events of secondary villus formation, in which extraembryonic mesoderm populates the primary villus to generate elongated projections. It also lacks the decidual environment, so uterine chemical and mechanical inputs are absent. Within these bounds, the model reproduces key features of early placental biology: staged trophoblast induction and maturation, including the expression of pregnancy hormones, epithelial-stromal compartmentalization, outward-facing syncytial polarity with prominent lacunar structures, and a spontaneous extravillous trophoblast emergence21. The protocol is slower than the more conventional morphogen-based trophoblast induction, the trade-off is a staged, developmentally ordered model that more closely follows the in vivo induction timeline21.

This protocol is most useful when the goal is a diverse, appropriately polarized, gel-free chorion model in an accessible and scalable format suited to longitudinal perturbation and lineage-tracing experiments that are otherwise inaccessible in human tissue. Given the protocol's relative simplicity and accessibility, we hope it will be broadly adopted to further advance the rapidly evolving field of placental biology.
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