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SUMMARY:
This protocol outlines a streamlined method for generating hepatocellular carcinoma organoids, applying drug treatment, and performing single-cell RNA sequencing before and after treatment to characterize treatment-associated transcriptional changes.

ABSTRACT:
Hepatocellular carcinoma is a major cause of cancer-related mortality worldwide and is characterized by marked intratumoral heterogeneity, which contributes to variable treatment responses, tumor recurrence, and disease progression. A deeper understanding of how tumor cells change at the transcriptional level before and after drug treatment is therefore essential for improving therapeutic strategies. However, practical experimental workflows that connect organoid-based drug treatment with downstream single-cell transcriptomic profiling remain limited. In this study, a standardized workflow for generating hepatocellular carcinoma organoids, applying defined drug treatment, and performing single-cell RNA sequencing on samples collected before and after treatment is developed. The protocol includes organoid revival and expansion, pre-treatment quality assessment, drug exposure, organoid preparation for single-cell dissociation, library construction, and basic comparative analysis of single-cell transcriptomic data. Critical technical precautions are provided to improve reproducibility and sample quality. This workflow enables side-by-side characterization of cellular composition and transcriptional changes associated with drug treatment in hepatocellular carcinoma organoids. The protocol is robust, scalable, and adaptable across different organoid systems, providing a practical platform for investigating treatment-associated gene expression changes at single-cell resolution.

INTRODUCTION: 
Hepatocellular carcinoma (HCC) is the most common primary liver cancer in adults and a major cause of cancer-related deaths worldwide1–3. Its poor clinical outcome is due to significant intratumoral heterogeneity, leading to treatment resistance and recurrence4. A recent study indicates that developmental diversity and cell-state plasticity driven by key transcriptional programs such as the FOXM1/CEBPB axis contribute to therapeutic resistance in HCC5. These findings highlight the need to understand how tumor cell populations adapt and transition between states under sustained treatment pressure. However, most preclinical models do not adequately capture the dynamic, continuous nature of these treatment-associated state transitions, limiting mechanistic investigation of tumor adaptation and therapeutic failure.

Patient-derived organoids (PDOs) provide a useful platform for this purpose because they preserve important genomic alterations and cellular heterogeneity of the original tumor6. HCC organoids can be maintained in long-term culture while retaining key tissue features7, making them particularly suitable for treatment-response studies. In addition, organoid-based studies have demonstrated the feasibility of using liver cancer organoids for drug testing and for capturing interpatient and intratumoral differences in therapeutic sensitivity, supporting their value as preclinical models for treatment-response research8,9. However, most organoid–based drug studies still rely primarily on endpoint viability measurements or focus mainly on bulk phenotypic responses, thereby providing only limited information about heterogeneous cellular responses and treatment-associated transcriptional changes. In parallel, the rapid development of RNA-based therapeutic strategies for HCC further underscores the need for preclinical systems that can accurately predict and mechanistically dissect treatment responses at single-cell resolution10.

Single-cell RNA sequencing (scRNA-seq) enables high-resolution characterization of cellular composition and transcriptional states within organoid models¹¹. When applied to organoids collected before and after treatment, scRNA-seq can reveal gene-expression changes, shifts in cell populations, and heterogeneous responses that are not captured by bulk assays. This approach therefore represents a practical and powerful strategy for investigating treatment-associated transcriptional remodeling in HCC organoids. However, a practical, reproducible workflow integrating HCC organoid culture, drug treatment, and pre- and post-treatment single-cell RNA sequencing remains lacking. Such a workflow is most effective when organoid integrity is maintained during drug exposure and sufficient viable cells are recovered for downstream single-cell profiling. As with other organoid-based approaches, important limitations include incomplete representation of stromal, vascular, and immune components of the tumor microenvironment, as well as potential selection bias during prolonged in vitro culture.

An integrated experimental workflow is described for generating HCC organoids, applying defined drug treatment, and processing organoid samples for single-cell RNA sequencing before and after treatment. This workflow encompasses organoid revival and expansion, pre-treatment quality assessment, controlled drug exposure, and downstream single-cell RNA sequencing of matched samples. The approach provides a practical framework for comparing, at single-cell resolution, treatment-associated changes in cellular composition and gene-expression programs in HCC organoids.

PROTOCOL:
Studies using human tissues were reviewed and approved by the Committees for Ethical Review of Research of Guangzhou Medical University (approval no. GYZL-2024-KY31). All procedures involving human specimens were conducted in accordance with the institutional guidelines for human research. Written informed consent was obtained from all patients for the use of their clinical specimens for medical research. The reagents and equipment used are listed in the Table of Materials.

This workflow includes the recovery and expansion of cryopreserved hepatocellular carcinoma organoids, with minor adaptations for downstream therapeutic perturbation and single-cell RNA sequencing. The aim is to generate organoid cultures of sufficient quality and consistency for subsequent drug treatment experiments¹².

1. Establishment and expansion of HCC patient-derived organoids

1.1 Thawing and Recovery of Cryopreserved Organoids

1.1.1 Preparation before thawing

1.1.1.1 Pre-warm a water bath to 37 °C. Pre-equilibrate a 24-well plate in a 37 °C incubator for at least 1 h before plating. 

1.1.1.2 Prepare a complete organoid culture medium in advance and keep the basement membrane extract (BME) on ice until use.

1.1.2 Thawing of organoids

1.1.2.1 Remove cryovials containing frozen HCC organoids from liquid nitrogen storage and immediately place them in a 37 °C water bath. 

1.1.2.2 Gently agitate the vial and stop thawing when only a small ice crystal remains.

1.1.3 Removal of cryoprotectant

1.1.3.1 Gently pipette the thawed suspension once to resuspend the contents. 

1.1.3.2 Transfer the suspension into a 15 mL conical tube containing 3–5 mL of complete organoid culture medium. 

1.1.3.3 Centrifuge at 300 × g for 5 min at 4 °C. Carefully aspirate and discard the supernatant without disturbing the pellet.

1.2 Embedding and Replating of Organoids

1.2.1 Preparation of recovery mixture

1.2.1.1 Resuspend the organoid pellet in complete organoid culture medium. The composition of the complete organoid culture medium is provided in Supplementary Table 1.

1.2.1.2 Mix gently with an equal volume of ice-cold BME to generate the plating mixture. 

NOTE: Maintain the mixture on ice to prevent premature polymerization.

1.2.2 Plating of organoid domes

1.2.2.1 Dispense 50 µL of the organoid-matrix mixture into each well of a pre-warmed 24-well plate. 

1.2.2.2 Incubate at 37 °C for 30 min to allow matrix solidification. 

1.2.2.3 Add 500 µL of complete organoid culture medium supplemented with 20 µM Y-27632 to each well along the wall of the well. 

NOTE: Limit Y-27632 use to the first 2–3 days after thawing or passaging. Ensure that each dome remains compact and attached to the bottom of the well, without spreading outward.

1.3 Organoid culture and expansion

1.3.1 Recovery culture conditions

1.3.1.1 Maintain organoids at 37 °C with 5% CO₂.

1.3.1.2 Use medium containing 20 µM Y-27632 during the first 2–3 days after thawing.

1.3.2 Medium replacement

1.3.2.1 Replace culture medium every 3–4 days using gentle aspiration.

1.3.2.2 Add fresh medium along the wall of each well to avoid disrupting matrix domes.

1.3.2.3 Maintain the same medium replacement schedule across all wells within the same experiment.

1.3.3 Growth monitoring

1.3.3.1 Monitor organoid recovery and expansion using a bright-field microscope with consistent imaging settings.

1.3.3.2 Record representative images at defined time points during recovery and expansion.
1.3.3.3 Confirm successful recovery when the majority of structures remain intact, organoids exhibit round to oval morphology with smooth borders, progressive enlargement is observed over time, and minimal debris or collapsed structures are present.
1.3.3.4 Exclude wells containing fewer than 10 intact organoids from downstream quantitative analysis.

1.3.4 Passage and expansion criteria

1.3.4.1 Passage organoids after stable expansion is observed.

1.3.4.2 Confirm stable expansion by reproducible increases in organoid size or total area with preserved morphology.

1.3.4.3 Use consistent imaging interval, magnification, and inclusion criteria across experiments.

1.3.4.4 Generate representative growth curves based on organoid area or counts to confirm stability.
1.3.5 Criteria for downstream experiments
1.3.5.1 Use organoid lines that exhibit stable three-dimensional growth, show no contamination or extensive collapse, and provide sufficient yield for parallel experimental conditions.

1.3.5.2 Maintain cultures for at least 7–10 days after thawing or until completion of recovery and one expansion cycle.

1.3.5.3 Advance only organoid lines showing consistent morphology across replicate wells.

2. Preparation of organoids for therapeutic perturbation

2.1 Pre-treatment quality assessment

2.1.1 Morphology-based assessment

2.1.1.1 Confirm that organoids are round to oval in morphology.

2.1.1.2 Confirm that organoids display smooth and well-defined borders.

2.1.1.3 Confirm minimal cellular debris within the dome.
2.1.1.4 Exclude cultures with extensive fragmentation, darkened lumens, widespread collapse, or obvious contamination.
2.1.2 Expansion-state assessment
2.1.2.1 Use only organoid cultures that have completed recovery and entered stable expansion.

2.1.2.2 Confirm progressive enlargement over time.

2.1.2.3 Confirm consistent morphology across replicate wells.

2.2 Replating of organoids for drug treatment

2.2.1 Recovery of organoids from matrix

2.2.1.1 Dissolve organoid domes on ice using 1 mL of ice-cold cell recovery solution per well for 15–20 min.

2.2.1.2 Pipette gently every 5 min during incubation.

2.2.1.3 Centrifuge the recovered suspension at 300 × g for 5 min at 4 °C.

2.2.1.4 Resuspend the pellet in complete organoid culture medium.

2.2.2 Standardization before replating

2.2.2.1 Standardize the starting organoid burden across wells before drug treatment.

2.2.2.2 Determine viable cell number after partial dissociation when feasible.

2.2.2.3 Normalize samples to the same number of input cells per well.

2.2.2.4 Plate approximately 1,000–5,000 viable cells per well in a 24-well format.
2.2.2.5 If direct cell counting is not performed, normalize by ensuring a comparable number of morphologically intact organoids per well and a similar size distribution across groups.
2.2.2.6 Record initial organoid number and baseline morphology for each well before treatment.

2.2.2.7 Use identical inclusion criteria and plating strategy across all wells within the same experiment.

2.2.3 Replating for drug treatment

2.2.3.1 Mix recovered organoids with ice-cold basement membrane matrix at a final concentration of 30%–50%.

2.2.3.2 Dispense 50 µL domes into each well of a 24-well plate.

2.2.3.3 Incubate at 37 °C for 30 min to allow polymerization.

2.2.3.4 Add 500 µL of expansion medium per well along the wall of the well.

NOTE: Ensure each dome remains compact and attached to the bottom of the well, without spreading outward. Use identical dome volume and matrix concentration across all wells within the same experiment.

2.3 Recovery before drug treatment

2.3.1 Recovery after replating

2.3.1.1 Allow organoids to recover overnight under standard culture conditions.

2.3.1.2 Initiate treatment only after intact morphology is re-established within replated domes.

2.3.2 Entry criteria for drug treatment
2.3.2.1 Initiate drug treatment only when organoids remain intact after replating, no widespread collapse or excessive debris is present, and organoid burden is comparable across wells.
2.3.2.2 Record baseline bright-field images for all experimental groups before treatment.

2.3.2.3 Maintain identical starting organoid burden, recovery time after replating, and treatment initiation time across all control and treated wells.

2.4 Safety considerations

2.4.1 Perform all procedures involving human-derived organoids using appropriate personal protective equipment and biosafety practices.

2.4.2 Handle enzymatic dissociation reagents carefully to avoid skin or eye exposure.

2.4.3 Dispose of liquid and solid biological waste according to institutional biosafety regulations.

3. Drug treatment of HCC organoids
3.1 Drug preparation and treatment
3.1.1 Drug preparation
3.1.1.1 Prepare lenvatinib stock solution in DMSO according to the manufacturer’s instructions.
3.1.1.2 Dilute the stock solution in pre-warmed culture medium immediately before use to the predefined working concentration.
3.1.1.3 Maintain identical final DMSO concentration across all wells (≤ 0.1%).
3.1.1.4 Prepare sufficient volume to ensure equal final treatment volume in each well.
3.1.2 Drug treatment
3.1.2.1 Add lenvatinib-containing medium (20 µM) along the wall of each well to avoid disturbing matrix domes.
3.1.2.2 Include a vehicle control with the same final DMSO concentration.
3.1.2.3 Incubate organoids under standard culture conditions for the predefined treatment period.
3.1.2.4 Replace drug-containing medium every 48–72 h for treatment durations longer than 72 h.
3.1.2.5 Use the same medium replacement schedule across all wells within the experiment.
3.1.2.6 Record baseline bright-field images before treatment.
3.1.2.7 Acquire images at fixed intervals during treatment using identical microscope settings, magnification, and field positions.
3.2 Assessment of treatment response
3.2.1 Morphology-based evaluation
3.2.1.1 Evaluate treatment response using the following image-based readouts: organoid area growth curve, mean organoid diameter, and surviving organoid count.

3.2.1.2 Use identical exposure settings, magnification, and analysis thresholds for all images.
3.2.1.3 Measure organoid area growth curve by calculating total organoid area per well or field at each time point and normalizing to baseline.
3.2.1.4 Measure mean organoid diameter by determining the diameter of individual intact organoids and calculating the mean value per well.
3.2.1.5 Determine surviving organoid count by counting morphologically identifiable intact organoids and excluding debris and collapsed fragments.
3.2.2 Optional viability measurement
3.2.2.1 Perform a three-dimensional luminescence viability assay at the treatment endpoint if additional bulk viability assessment is required.
3.2.2.2 Follow the manufacturer’s instructions for assay execution.
3.3 Data analysis
3.3.1 Plot organoid area growth curves over time.
3.3.2 Compare mean organoid diameter between vehicle-treated and lenvatinib-treated groups.
3.3.3 Compare surviving organoid counts between treatment groups.
3.3.4 Apply identical image acquisition schedules, organoid inclusion criteria, and analysis parameters across all groups to ensure reproducibility.

4. Preparation of organoids for single-cell RNA sequencing

4.1 Selection and recovery of organoids

4.1.1 Pre-dissociation assessment

4.1.1.1 Select organoid wells that exhibit intact three-dimensional morphology without widespread collapse, contain sufficient material for downstream single-cell capture, and show no obvious contamination.
4.1.1.2 Collect organoids at matched experimental time points across control and treated samples.

4.1.1.3 Maintain identical plating density, treatment schedule, and medium replacement conditions across samples.

4.1.1.4 Record bright-field images of each selected well before dissociation using identical microscope settings, magnification, and field selection criteria.

4.1.2 Removal of matrix

4.1.2.1 Aspirate culture medium completely from each well.

4.1.2.2 Wash each well twice with ice-cold PBS to remove residual medium and debris.

4.1.2.3 Add 1 mL of ice-cold cell recovery solution to each well.

4.1.2.4 Incubate on ice for 20–30 min.

4.1.2.5 Pipette gently every 5–7 min during incubation to facilitate matrix dissolution.

4.1.2.6 Transfer dissolved material into pre-chilled tubes using a wide-bore or cut pipette tip to minimize shear stress.

4.1.2.7 Proceed to enzymatic dissociation only after the matrix is largely dissolved and minimal visible gel residue remains.

4.2 Enzymatic dissociation and single-cell suspension preparation

4.2.1 Enzymatic dissociation

4.2.1.1 Centrifuge the recovered organoid suspension at 300 × g for 5 min at 4 °C.

4.2.1.2 Remove the supernatant carefully without disturbing the pellet.

4.2.1.3 Resuspend the pellet in 1 mL of recombinant cell dissociation enzyme.

4.2.1.4 Incubate at 37 °C for 5–10 min.
4.2.1.5 Pipette gently 8–10 times every 2–3 min using a wide-bore P1000 tip to promote dissociation.
4.2.1.6 Stop digestion when most organoid fragments have dispersed into single cells and only small residual clusters remain.
4.2.1.7 Avoid prolonged digestion to prevent reduced cell viability, stress-associated transcriptional artifacts, and increased ambient RNA contamination.

4.2.2 Quenching and filtration

4.2.2.1 Add 4 mL of ice-cold PBS containing 2% fetal bovine serum to stop digestion.

4.2.2.2 Filter the suspension through a 40 µm cell strainer.

4.2.2.3 Wash once with PBS to remove residual enzyme, aggregates, and debris.

4.2.2.4 Perform red blood cell lysis if erythrocyte contamination is present, following the manufacturer’s instructions.

4.2.3 Cell preparation and quality control

4.2.3.1 Count cells using trypan blue exclusion.

4.2.3.2 Determine cell viability before library preparation.

4.2.3.3 Use only samples with viability ≥ 85%.

4.2.3.4 Adjust final cell concentration to 700–1,200 cells/µL.

4.2.3.5 Exclude samples with excessive debris, abundant dead cells, large visible aggregates, or incomplete dissociation.

4.2.3.6 Repeat filtration before loading if aggregates are present.

4.2.3.7 Process control and treated samples under identical conditions, including the dissociation enzyme, digestion time, pipetting frequency, filtration method, cell concentration, and loading strategy.

4.3 Single-cell library preparation and sequencing

4.3.1 Single-cell capture and library preparation

4.3.1.1 Load the prepared single-cell suspension onto a droplet-based single-cell capture platform according to the manufacturer’s instructions.

4.3.1.2 Perform reverse transcription, cDNA amplification, and library construction using the corresponding single-cell 3′ workflow.

4.3.2 Sequencing parameters

4.3.2.1 Sequence libraries at a depth of at least 50,000 reads per cell.

4.3.2.2 Load cells to achieve recovery of approximately 6,000–10,000 cells per library.

4.3.2.3 Record sequencing chemistry, read structure, and instrument settings.

4.4 Quality criteria for downstream analysis

4.4.1 Ensure that the final preparation has high cell viability, minimal debris, and low aggregate burden.

4.4.2 Confirm suitability for downstream single-cell transcriptomic analysis of cellular heterogeneity and cell-state transitions.

5. Basic processing and quality control of single-cell RNA sequencing data

5.1 Primary processing

5.1.1 Generation of count matrix

5.1.1.1 Process raw sequencing data using the recommended pipeline for the selected platform.

5.1.1.2 Generate a gene-by-cell count matrix.

5.1.1.3 Record software version, reference genome build, and transcript annotation release.

5.1.2 Initial library-level quality assessment

5.1.2.1 Summarize sequencing metrics for each library, including total reads, estimated number of recovered cells, median genes per cell, median UMIs per cell, and sequencing saturation (if applicable).

5.1.2.2 Use identical reference genome and annotation settings across all samples.

5.2 Cell-level quality control

5.2.1 Filtering of low-quality cells

5.2.1.1 Evaluate for each cell the number of detected genes, total UMI count, proportion of mitochondrial transcripts, and evidence of doublets or multiplets.

5.2.1.2 Exclude cells with extremely low gene counts, extremely low UMI counts, or abnormally high mitochondrial transcript fractions.
5.2.1.3 Define filtering thresholds based on dataset distribution.

5.2.1.4 Apply identical thresholds across matched treatment groups.

5.2.2 Removal of probable doublets

5.2.2.1 Identify probable doublets using an appropriate computational method.

5.2.2.2 Remove doublets using a platform-compatible detection workflow.

5.2.2.3 Apply the same doublet detection strategy across all samples.

5.3 Normalization, clustering, and annotation

5.3.1 Data normalization

5.3.1.1 Normalize the filtered count matrix using a standard single-cell RNA-seq workflow.

5.3.1.2 Apply identical normalization procedures across all samples.

5.3.2 Dimensionality reduction and clustering

5.3.2.1 Perform dimensionality reduction.

5.3.2.2 Conduct unsupervised clustering to identify major transcriptional populations.

5.3.2.3 Visualize cell states using a low-dimensional embedding method such as UMAP.

5.3.3 Marker gene identification

5.3.3.1 Identify marker genes using differential expression analysis between clusters.

5.3.3.2 Assign biological interpretation to major epithelial cell states based on marker expression.

5.4 Comparative analysis of treatment conditions

5.4.1 Metadata integration

5.4.1.1 Annotate each cell with treatment condition, patient-derived organoid line, and processing batch.

5.4.1.2 Maintain consistent metadata structure across all samples.

5.4.2 Analysis of treatment-associated changes

5.4.2.1 Compare control and treated samples.

5.4.2.2 Identify treatment-associated transcriptional remodeling.

5.4.2.3 Identify shifts in cell-state composition.

5.4.2.4 Identify candidate cell populations associated with therapeutic adaptation.

5.4.2.5 Interpret results together with morphology-based and viability readouts.

5.5 Data analysis output

5.5.1 Generate a quality-controlled gene-by-cell count matrix.

5.5.2 Generate low-dimensional visualizations of transcriptionally distinct populations.

5.5.3 Identify marker genes for major clusters.

5.5.4 Maintain consistency across all samples in the reference genome, preprocessing workflow, filtering criteria, clustering strategy, and annotation criteria.

5.5.5 Document any sample-specific deviations from the standard workflow.

REPRESENTATIVE RESULTS: 
Figure 1 outlines the generation and characterization of hepatocellular carcinoma (HCC) organoids. In Figure 1A, patient-derived tumor tissues were used to establish organoid cultures for histological analysis and treatment studies. Figure 1B shows bright-field images of organoids at days 1 and 6 post-recovery, demonstrating survival and expansion under standard three-dimensional culture conditions. At day 1, organoids appear as small, compact structures, whereas by day 6, they exhibit increased size and well-defined morphology. Figure 1C presents bright-field and hematoxylin and eosin staining of organoids during expansion, along with immunostaining for EPCAM, AFP, SOX9, HNF4A, and ALB, confirming hepatocellular lineage characteristics. These observations indicate successful establishment and expansion of HCC organoids, as evidenced by sustained growth, preserved morphology, and expression of hepatocellular lineage markers.

Figure 2 illustrates treatment-associated morphological changes and preparation of organoids for single-cell RNA sequencing. In Figure 2A, bright-field images show that lenvatinib-treated organoids are smaller and display altered morphology compared to DMSO-treated controls. Figure 2B presents quantitative analysis indicating a reduction in mean organoid diameter following treatment. Figure 2C depicts key preparation steps, including matrix removal and enzymatic dissociation to generate single-cell suspensions. Figure 2D outlines the single-cell RNA sequencing workflow used to compare untreated and treated samples.

Expected downstream single-cell RNA sequencing outputs include generating a quality-controlled gene-by-cell expression matrix, performing dimensionality reduction analyses such as uniform manifold approximation and projection (UMAP), and identifying transcriptionally distinct cell clusters. These outputs enable comparison of untreated and treated organoid samples at single-cell resolution and support analysis of treatment-associated cellular heterogeneity, transcriptional remodeling, and cell-state transitions.

The observed reduction in organoid size and altered morphology following lenvatinib treatment are consistent with a measurable treatment response, supporting the applicability of this workflow for assessing drug-induced phenotypic changes. Together, these results demonstrate successful organoid establishment, measurable treatment response, and efficient sample preparation for downstream single-cell RNA sequencing analysis. In suboptimal conditions, organoids may exhibit fragmentation, reduced growth, or increased cellular debris, which can compromise downstream dissociation efficiency and the quality of single-cell RNA sequencing data.

FIGURE AND TABLE LEGENDS: 
Figure 1: Establishment and characterization of hepatocellular carcinoma organoids. (A) Schematic overview of organoid generation from patient tumor tissues and downstream applications. (B) Bright-field images of organoids at day 1 and day 6 after recovery, showing survival and expansion in three-dimensional culture (scale bar = 500 μm). (C) Bright-field images and hematoxylin and eosin staining of organoids during expansion, along with immunostaining for EPCAM, AFP, SOX9, HNF4A, and ALB, confirming hepatocellular features (scale bar = 100 μm). Created with Figdraw (https://www.figdraw.com). 

Figure 2: Morphological response of HCC organoids to lenvatinib treatment and preparation for single-cell RNA sequencing. (A) Bright-field images of organoids treated with DMSO or lenvatinib (20 μM), showing treatment-associated morphological changes (scale bar = 250 μm). (B) Quantification of mean organoid diameter (n = 20, t-test). (C) Representative images of sample preparation steps, including matrix removal and enzymatic dissociation. (D) Schematic overview of the single-cell RNA sequencing workflow. Created with Figdraw (https://www.figdraw.com). 

Supplementary Table 1: Components and final concentrations of media. Details of media compositions used for organoid culture, recovery, and drug treatment.

DISCUSSION: 
To ensure reproducibility, efficiency, and high-quality single-cell transcriptomic analysis, several technical steps in this workflow require careful control. Consistency during revival and expansion of patient-derived HCC organoids is essential, because variations in seeding density, basement membrane matrix composition, and culture timing can influence organoid morphology, growth, and downstream treatment responses13–14. In addition, high cell viability during dissociation is critical for scRNA-seq, since harsh enzymatic digestion or excessive mechanical disruption may introduce stress-associated transcriptional artifacts and reduce data quality. Optimized dissociation strategies, including low-temperature or cold-active enzyme conditions, may help preserve cellular composition in sensitive organoid samples15.

This protocol allows for strategic adjustments based on experimental needs. For organoid lines with slow growth or variable recovery after thawing, extending the expansion period or optimizing matrix concentration and medium composition may improve culture stability and experimental consistency. The duration of drug exposure can be adjusted based on the anticipated treatment response. This workflow is advantageous because it integrates routine organoid culture, drug treatment, and standard single-cell library preparation into a design that is experimentally accessible. It is suitable for labs already familiar with organoid culture and scRNA-seq, requiring no specialized engineering or complex models. Additionally, paired pre- and post-treatment sampling is time-efficient and enables parallel testing across various organoid lines or treatment conditions, thereby enhancing scalability and throughput. 

While beneficial, this approach has some limitations. Traditional organoid systems fail to replicate the stromal, vascular, and immune components of the microenvironment, limiting their ability to mimic in vivo treatment responses13,16. Extended in vitro culture can lead to compositional changes, and patient-derived organoids exhibit considerable variability in growth and treatment response. Therefore, using biological replicates, ensuring technical consistency, and applying proper computational normalization are crucial for identifying genuine treatment-related transcriptional changes rather than model-specific variations17.

Despite its limitations, the workflow offers a significant advantage over bulk endpoint assays by allowing direct single-cell comparisons of untreated and treated organoid samples. This enables the analysis of treatment effects on overall viability, cellular composition, and gene expression. The framework can compare different drugs, exposure times, treatment regimens, and patient variability in transcriptional responses. It may also help profile early adaptive changes before morphological collapse and, with optimization, apply to other epithelial tumor organoids. Overall, this protocol provides a focused approach for studying treatment-related transcriptional changes in patient-derived HCC organoids at single-cell resolution.
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