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SUMMARY

Stem cell-derived organoids hold promise to model tissue-specific diseases. To enable this, it is crucial to 

assess how transcriptional signatures, cellular organization, and composition of organoids compare to in vivo 

counterparts. However, spatial transcriptomics has been challenging to apply to organoids to elucidate 

regional molecular identity. This study presents the first systematic profiling of multiple stem cell-derived or

ganoid models (brain, heart muscle, heart valve, kidney, lung, cartilage, and hematopoietic) with stereo-seq, 

a full transcriptome, spatial assay using on-chip in situ RNA capture. It describes assay optimization for char

acterization, use of multiple organoid samples on a single chip, assesses limitations in RNA capture efficiency 

compared to reference tissues. Furthermore, it introduces a bespoke analysis method that partitions sam

ples into regions for characterization. These findings inform future works to characterize organoids using 

spatial transcriptomics, providing insights into optimizing RNA capture of multiple organoids across a 

chip and regional analysis.

INTRODUCTION

Pluripotent stem cell (PSC)-derived organoid models are used to 

investigate human development and disease pathogenesis and 

provide a platform to measure drug response.1 This requires or

ganoids to accurately recapitulate the corresponding in vivo tis

sue, both physiologically and in cellular composition, by repli

cating in vitro the process of native stem cell development and 

organization.2,3

Spatial transcriptomics (ST) technologies capture gene 

expression across tissues while maintaining the anatomical 

and morphological structure. ST encompasses a wide array of 

technologies that are divided into imaging- and sequencing- 

based assays.4 This study focuses on the application of 
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Figure 1. Overview of quality metrics across multiple organoid types and in vivo reference tissues when captured using the stereo-seq 

platform 

(A) Schematic of organoid models and in vivo reference tissues included on individual stereo-seq 1 cm2 chips. Immunofluorescence images display regions of 

ssDNA capture across the chip, while accompanying areas of high-count expression are visualized as UMI heatmaps. White dotted lines indicate organoid 

boundaries on UMI heatmaps and immunofluorescence images. 

(B) Schematic of experimental design. (1) Steps included from sample preparation and optimization through to data analysis and investigation of regional 

patterns. (2) Outline of datasets included in each experimental step. Protocol optimization and cross-organoid profiling were performed on a total of 10 stereo-seq 

chips, divided across two in vivo reference tissues and eight organoid types. (3) After assessing chips that passed quality control filters, both in vivo reference 

tissues and five organoid types were retained for analysis. Finally, four organoid models were selected for region-specific analysis patterns of gene expression. 

(legend continued on next page) 
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stereo-seq, a sequencing-based technology capable of 

capturing transcriptome-wide gene expression at single-cell res

olution.5 Stereo-seq profiles an embedded tissue section using a 

specialized chip, which allows mRNA capture and imaging 

simultaneously. Given the high cost of ST experiments per sam

ple, finding a cost-effective approach to profile multiple organo

ids using a single chip is critical. While ST has previously been 

applied to a single type of organoid being placed on a stereo- 

seq chip,6–8 technical challenges arise when using small-sized 

organoids that cover a limited portion of the ST chip. This may 

result in artificially lower mRNA levels or the capture of fewer 

gene transcripts, defined as the total data capture throughout 

this article. To date, there are no studies that directly compare 

mRNA expression and gene profiling of organoids against in vivo 

tissue. Furthermore, the placement of several individual organo

ids on a single chip has proven to be viable for certain organoid 

types,7 yet studies describing the feasibility and benefits of 

simultaneous placement of multiple organoid conditions on the 

same chip are limited.

This study performed a systematic spatial transcriptome 

profiling of multiple organoid models (brain, heart muscle, heart 

valve, kidney, lung, cartilage, and hematopoietic), using the ste

reo-seq platform compared to two in vivo reference tissues— 

E13.5 mouse head tissue and 21 post-conception week (PCW) 

mouse heart tissue. The study describes the successful place

ment of multiple organoids of the same tissue type—cultured un

der different conditions for certain tissues—on the same chip. 

Subsequently, the platform’s capability to clearly distinguish 

transcriptional gene signatures from these different individual or

ganoids on the same stereo-seq chip was tested. The effect of 

size, shape, and cell type composition of different organoids 

on data capture, when compared to one another and to larger, 

in vivo reference E13.5 mouse head and 21 PCW mouse heart 

tissues was investigated. Finally, despite challenges in cell 

type annotation linked to challenges in achieving single-cell res

olution, this study illustrates an effective analysis for uncovering 

region-specific differences across organoids as an alternative to 

cell clustering and classification. This approach enables the 

identification of spatially resolved biologically relevant gene 

expression patterns across multiple organoid models.

RESULTS

Quality evaluation of stereo-seq capture across multiple 

organoid types and in vivo reference tissues

This study systematically profiled the transcriptome of eight hu

man organoid models (brain, lung, hematopoietic, transwell kid

ney, suspension kidney, heart valve, cartilage, and heart mus

cle), using the stereo-seq platform. A modified stereo-seq 

workflow was designed to capture multiple conditions where 

multiple organoids of the same tissue type were co-embedded 

and placed on a single stereo-seq chip (see STAR Methods) 

(Figure 1A). To prevent tissue detachment from the chip surface, 

as observed in cartilage, heart muscle, and kidney organoids, 

stereo-seq chips were coated with poly-L-lysine, as part of our 

modified stereo-seq workflow. To limit transcript diffusion and 

allow for accurate spatial gene expression profiling, tissue-spe

cific cell permeabilization also required optimization. This optimi

zation was critical to allow processing of multiple organoid sam

ples, derived from the same tissue and different culture 

conditions on the same chip. Hematopoietic and suspension 

kidney organoid samples displayed higher levels of transcript 

diffusion, as revealed by transcripts captured outside of 

tissue locations, despite optimized permeabilization conditions 

(Figure 1A).

Two reference tissues (E13.5 mouse head and 21 PCW mouse 

heart) were also profiled using the standard stereo-seq workflow, 

with the aim to use these datasets as baselines against the char

acterized organoid models (Figure 1A). To account for the custom 

stereo-seq workflow and compensate for the differences in RNA 

capture across organoids, a custom bioinformatics workflow 

was developed, including a region-specific analysis, described 

in detail below (Figure 1B). This workflow filtered out low-quality 

organoid samples to ensure comparisons to baseline were only 

drawn for models for which the protocol optimization had been 

successful. This then allowed investigation of the increased 

chip coverage on data capture to determine compatibility of the 

stereo-seq platform with multiple organoid models. RNA capture 

quality across the entire chip was then assessed through a variety 

of metrics: comparison of the number of captured counts and 

genes on a per cell bin basis (Figures S1C and S1D), captured 

DNA nanoballs and unique reads (Figures S1A and S1B), and 

sequencing saturation (Figure S1C). Firstly, data capture was 

evaluated on cell bins (equivalent to single cells visualized across 

the corresponding immunofluorescence ssDNA image), and the 

smallest analytical unit generated during pre-processing via 

default cell-segmentation methods on the accompanying immu

nofluorescence image (ssDNA, Figure 1A). Although a large vari

ation persisted in the total number of transcripts captured be

tween organoids and in vivo tissue reference (Figures S1A and 

S1B), capture ranges for both the number of genes and counts 

per cell bin were found to be comparable across organoid models 

and in vivo reference tissues (Figures 1C and 1D), irrespective of 

sequencing saturation. It is worth noting that only kidney suspen

sion organoids did not reach a saturation of 80% (Figure S1C). 

This suggests that the observed variation could have been intro

duced by differences in chip coverage area, rather than organoid 

type, emphasized by a positive correlation between total Unique 

molecular identifiers (UMIs) passing quality control (QC) and tis

sue size of organoid samples compared to in vivo reference tis

sue (Figure S1D).

The heart valve and kidney suspension protocol models 

showed a reduced RNA capture relative to other organoid 

models, evidenced by a low number of DNA nanoballs captured 

under tissue along with low numbers of mapped unique reads 

(Figures S1A and S1B). Additionally, the hematopoietic organoid 

(C) Number of UMIs per cell bin across each chip. Data are represented as box plots, where the center line indicates the median, the box shows the interquartile 

range (IQR) (25th–75th percentile), and whiskers extend to 1.5× IQR. 

(D) Number of genes per cell bin across each chip. Data are represented as box plots, where the center line indicates the median, the box shows the IQR, and 

whiskers extend to 1.5× IQR.
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Figure 2. Effect of increasing bin size (50, 75, and 100) on spatial patterning and data visualization across in vivo reference tissues and 

organoids 

(A) Immunofluorescence image of ssDNA capture and heatmaps visualizing regions of high counts and genes per bin across in vivo reference tissue E13.5 mouse 

head at increasing bin sizes. 

(B) Immunofluorescence image of ssDNA capture and heatmaps visualizing regions of counts and genes per bin across in vivo reference tissue 21 PCW mouse 

heart tissue at increasing bin sizes. 

(C) Immunofluorescence image of ssDNA capture and heatmaps visualizing regions of counts and genes per bin across a single brain organoid at increasing bin 

sizes. Brain organoid 1 displayed in the heatmaps is highlighted in the immunofluorescence image. 

(D) Immunofluorescence image of ssDNA capture and heatmaps visualizing regions of counts and genes per bin across a single pseudo-replicate of cartilage 

organoid. Cartilage organoid 1 displayed in the heatmaps is highlighted in the immunofluorescence image. 

(legend continued on next page) 
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chips displayed an unexpectedly broad data capture range 

(Figures S1A and S1B). This was likely due to the placement of 

a large number of organoids per chip leading to increased tran

script diffusion, mainly evidenced by the presence of UMIs 

outside tissue regions of ssDNA (Figure 1A). Given these issues, 

downstream analyses focused on organoid models with uniform 

size and shape, resulting in an increased RNA capture across 

chips. Individual brain, transwell kidney, and cartilage organoid 

samples placed on the same chip showed comparable numbers 

of genes and transcripts captured compared to E13.5 mouse 

head and 21 PCW mouse heart in vivo references (Figures S1E– 

S1I). For quality assurance, the percentages of cell bins express

ing the housekeeping genes GAPDH/Gapdh and ACTB/Actb 

across in vivo references and individual brain and cartilage orga

noid samples were investigated (Figure S2A). While cell-to-cell 

expression levels of housekeeping genes varied (Figure S2C), 

similar to previously reported single-cell RNA sequencing 

(scRNA-seq) experiments,9 no clear spatial expression patterns 

of GAPDH/Gapdh and ACTB/Actb across the organoids passing 

QC filtering (Figures S2A–S2C) were observed, reflecting the ex

pected homogenous expression nature of these genes. These 

observations also revealed no systematic differences introduced 

by coating chips with poly-L-lysine (Figure S2C).

Effect of increasing the spatial aggregation level on 

spatial patterning and data visualization across in vivo 

reference tissues and organoids

In addition to cell bin segmentation, stereo-seq experiments can 

also be analyzed using an aggregation-based approach 

(‘‘square bin’’) by grouping adjacent transcript capture areas 

together. Given the smaller size of the organoids compared to 

mouse reference tissues and RNA capture variability across all 

profiled tissues (Figure 1), the effect of increasing bin size on 

capture of RNA levels, genes, and biological signal was explored 

next (Figure 2). The effects of altering square bin size, which de

termines the resolution of defined regions, revealed loss of tissue 

coverage at larger bin sizes, which could further reveal differ

ences in platform performance when profiling in vivo reference 

tissues and organoid models (Figures 2A–2D). For both in vivo 

references and different organoid models, when the bin size 

was increased from 50 to 75, the expected accompanying pro

portional decrease in the number of bins passing QC was not 

observed (Figures 2Ei and 2Eii).

Our analysis demonstrated that increasing the bin size from 

50 to 75 to 100 (25, 37.5, and 50 μm2, respectively)—accompa

nied by analysis using bespoke filtering parameters to eliminate 

inclusion of background signal—changes the overall tissue 

coverage area in both the in vivo reference tissues and brain 

and cartilage organoids at larger bin sizes (Figure 2; 

Table S1). However, due to the reduced size of organoid sam

ples in general, this loss of largely peripheral signal may 

contribute to downstream challenges to identify cell type com

positions in the organoids.

It is expected that a bin size increase of 50% would produce a 

50% decrease in the number of bins. In both in vivo reference tis

sues, increasing the bin size by 50% led to a decrease in the 

number of bins by more than half, while a doubling of bin size 

led to only about one-third of the total number of bins being re

tained (Figure 2Ei; Table S1). In mouse head tissue, this created 

a drop from 18,634 bins at bin size 50 to 9,024 bins at bin size 75 

and 5,313 bins at bin size 100 (Table S1). This disproportionate 

reduction in the number of bins with increasing bin size was 

more noticeable across organoids compared to in vivo reference 

tissues (Figure 2Eii; Table S1). For the brain organoids, bin size 

50 resulted in a tissue area of 67,450 μm2 being analyzed, and 

this fell to 49,350 μm2 with analysis performed at bin size 100 

(Table S1). We also found that larger bin sizes necessitated 

stricter filtering parameters to eliminate the inclusion of back

ground signal in the tissue region, leading to removal of certain 

tissue areas for downstream analysis and resulting in fewer 

bins (Table S1). These asymmetrical changes were mirrored in 

the total calculated tissue area at different bin sizes for both 

in vivo reference tissues and organoid models (Table S1). In addi

tion, increasing the bin size across organoid and reference tis

sues led to changes in the range of number of genes captured 

per bin (Figure 2F), with the range of distribution number of 

captured genes increasing as bin size increased.

Overall, RNA capture proved more effective at smaller bin 

sizes while minimizing background signal across the aforemen

tioned tissues. Additionally, smaller bin sizes allowed for 

maximum tissue area to be included in downstream analysis 

without the addition of background noise to the dataset in both 

in vivo reference and organoid tissues. However, the relatively 

low number of captured UMIs and genes across individual sam

ples, either with cell bins or a square bin size of 50 above 

(Figures 1C and 1D), hindered analysis at a single-cell resolution 

using this platform (Figures 2C and 2D).

To further investigate the feasibility of multi-sample placement 

on single chips, the effect of normalizing samples across 

the entire chip was compared to a sample-specific normaliza

tion, performed independently on samples after sub-setting 

(Figure S3). Overall, the spatial expression of housekeeping 

(GAPDH and ACTB) or organoid marker genes remained unaf

fected across both normalization methods (Figure S3). Evidence 

that normalization did not skew biological signals is reflected in 

the expected homogeneous expression of COL2A1, COL9A3, 

and SPARC across cartilage organoids, given that they are 

composed almost exclusively of chondrocyte cells (Figure S3).

Analysis of differentially expressed genes across 

different regions of the organoids

Despite increasing bin sizes and normalization, data generated 

from organoid experiments did not allow for cell clustering and 

further cell type classification, primarily due to insufficient cap

ture of cell type defining transcripts and genes. This was con

trasted with the clear and accurate spatial profiles of the in vivo 

(E) Bar plots of the total number of bins captured across tissue at different bin sizes. (i) In vivo reference E13.5 mouse head and 21 PCW mouse heart tissue. (ii) 

Brain organoid 1 and cartilage organoid 1. Bars represent counts. 

(F) Distribution of the number of genes captured in each bin at bin sizes 50, 75, and 100 for in vivo reference E13.5 mouse head, 21 PCW mouse heart, brain 

organoid 1, and cartilage organoid 1. Data are represented as violin plots, where the width of each violin reflects the data density.
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samples (Figures S2B–S2D). Therefore, an alternative, explor

atory analysis method that considers organoid regions was 

developed. This approach allows comparison of gene expression 

profiles between border and core regions of organoids, a valu

able analysis given previous findings observing region-specific 

transcriptional differences within organoids1,10,11 (Figure 3A).

After removing outliers (bins falling outside of the organoid 

boundaries), our approach classified remaining bins into inner 

and outer regions, based on their distance from the center of 

the organoid (see STAR Methods). Gene expression from bins 

within each region is then aggregated using a pseudo-bulk strat

egy, resulting in a stronger signal that overcomes the low expres

sion of individual bins. We selected brain, transwell kidney, and 

cartilage organoids for this analysis on the basis of comparable 

shape and size of organoid samples of the same tissue type, 

which allowed benchmarking of the developed region-specific 

analysis method (Figures 3 and S4A–S4I).

The initial quality-filtering step measured the distance from 

each bin located at the extremes of the organoid boundaries to 

its k nearest neighboring bins and removed those that were iso

lated from the rest. This method successfully excluded any low- 

quality regions (based on UMI counts) that potentially arose 

from inconsistent tissue adherence to the chip (Figures 3A–3C 

and S4A–S4F). From this analysis, brain and cartilage organoid 

samples exhibited fewer outliers than those of the kidney, likely 

due to their uniform shape and lesser number of detached cells 

at the edge of the organoids (Figures S4D–S4F). This analysis sub

sequently enabled the identification of edge, border, and core re

gions within the assessed organoid models (Figures 3D and S4G– 

S4I). A differential expression analysis between the core and 

border regions of organoid models, using a pseudo-bulk analysis 

and organoid samples as replicates, followed. It should be noted 

that this approach does not account for spatially variable gene 

expression. In cartilage organoids, no differentially expressed 

genes (DEGs) were identified between these regions, confirming 

the homogenous cell population expected in this model12

(Figure S4J). In contrast, brain organoids showed transcriptional 

differences between the border or core regions, with 13 genes 

differentially upregulated in core regions and 13 genes in border 

regions (Figure 3E). Gene set enrichment analysis (GSEA) of bio

logical processes showed that border regions of these organoids 

were enriched for gene sets related to ATP synthesis and electron 

transport (Figure 3F), whereas core regions were enriched for 

gene sets related to glycolysis (Figure 3G). These observations 

align with those of previous studies showing enrichment of glyco

lytic gene sets in cortical neural progenitors which are located at 

the core of brain organoid,13 while more energy-demanding 

neuronal populations are found at the borders of organoids at 

this developmental stage.13 These findings demonstrated that 

the proposed region-specific approach allowed the identification 

of spatially and metabolically distinct cell populations in brain or

ganoid models, which was also observed when using a Slide-seq 

assay, an alternative sequencing ST technique.13

Analysis of DEGs across different organoids within a 

specific region

We further expanded the use of our method to irregularly shaped 

heart muscle organoids. These organoids had a ‘‘figure eight’’ 

shape, with two pole regions on either side of the organoid and 

a center region, amenable to measurement contractile func

tions14 (Figures 4A and 4B). Heart muscle organoids were 

cultured under two different conditions, using a previously pub

lished standard serum-free method (control)15 and a directed 

maturation method (DM) for enhanced maturation and contrac

tile force16 (Figures 4A and 4B). By applying the developed re

gion-specific analysis, pole regions were filtered out from down

stream analysis due to low cell density and mRNA capture 

(Figures 4A and 4B). This shows that this method could act as 

a secondary quality control based on tissue distribution. Center 

regions of the control and DM organoids were compared using 

organoid samples as replicates (Figures 4B and S4K–S4L), 

showing transcriptional differences between the compared con

ditions (Figure 4C). This analysis identified an upregulation of 

MRPS12, a mitochondrial riboprotein, in the DM-cultured orga

noids (Figure 4D), suggesting a difference in mitochondrial activ

ity in organoid culture in DM media. In control heart muscle orga

noids, the GSEA identified enriched gene sets implicated in ion 

channel activities (Figure 4E), while gene sets linked to mito

chondrial activities, ATP synthesis, and metabolism were upre

gulated in DM heart muscle organoids (Figure 4F). Enrichment 

of these gene sets reflects recent findings that reported alterna

tive usage of ion channels and increase in sarcomere maturity of 

organoids cultured in DM media indicated through the downre

gulation of ion channel genes and upregulation of metabolic 

genes, respectively.16 The transcriptional differences captured 

through ST between serum-free control and DM heart muscle or

ganoids resemble previous characterization of these models, 

demonstrating the validity of ST assays to capture transcriptional 

differences of organoids grown under different conditions.

DISCUSSION

This study assessed the performance of stereo-seq, an ST by 

sequencing assay, in eight induced pluripotent stem cell 

(iPSC)-derived human organoid models and two mouse in vivo 

tissue references. The main objective was to validate this tech

nology across multiple organoid tissue types in comparison to 

reference tissues, in which spatial gene expression profiles 

showed anatomical specificity at single-cell resolution.

Across the eight organoid models assessed, cartilage, brain, 

and transwell kidney organoids resulted in sample quality com

parable to tissue references, which could be attributed to their 

size and relatively uniform, round shapes. Despite this, RNA cap

ture of these samples failed to achieve single-cell gene expres

sion resolution. Organoids with smaller surface areas, such as 

suspension kidney and hematopoietic organoids (notwith

standing comparable transcript capture and total gene counts) 

displayed high amounts of diffuse gene expression captured 

outside the organoid surfaces. We suspect this was likely due 

to additional challenges presented by these organoids, cultured 

in more of a ‘‘liquid-phase’’ compared to other tissue types, re

sulting in transcript diffusion. Another challenge in applying ste

reo-seq to these organoids was their lack of adhesiveness, likely 

contributing to non-uniform transcript capture across chips. As a 

remedy, poly-L-lysine chip coating was used to maximize tissue 

adhesion (see STAR Methods). The data generated from heart 
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Figure 3. Analysis of spatially restricted, differentially expressed genes across center and border regions 

(A) Schematic of representative workflow of region-specific analysis between core and border regions, demonstrated using cartilage organoids. 

(B) Heatmap of regions of UMI counts across brain organoid 1, using cell bins. 

(C) Outlier cell bins identified and visualized in magenta across brain organoid 1, representing a false-positive signal to be removed before region analysis. 

(D) Edge (green), border (blue), and center (red) regions highlighted for analysis in brain organoid 1. 

(E) Volcano plots of genes upregulated in core region (visualized in red) and those upregulated in border region (visualized in blue) for brain organoid pseudo- 

replicates 1–4. 

(F) Gene set enrichment analysis output showing top 10 negatively enriched terms in core of brain organoids. Each curve represents the enrichment profile of the 

gene set. Legend annotations include normalized enrichment score, p value, and FDR q value. 

(G) Gene set enrichment analysis output showing top 10 positively enriched terms in core of brain organoids.
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muscle organoids demonstrated that this method was effective 

in improving organoid adhesion and should be considered for 

all organoids to improve data quality.

This study tested the feasibility of placing multi-sample place

ment on a single chip. Previously, ST technology required single 

tissue sections to be placed on separate chips to yield optimal 

outcomes.7,8 Our analysis revealed that placing up to 12 sec

tions on the same chip, as in the case of heart muscle organoids, 

still resulted in accurate transcript capture, both cultured in the 

same media, and organoids grown in different culture media, 

Control
DM

BA

C D

E F

Control
DM

control DM

Figure 4. Analysis of differentially expressed genes across center regions of heart muscle organoids of different conditions 

(A) Example of outlined center (blue) and pole (orange) regions across DM and control heart muscle organoids. 

(B) Overview of immunofluorescent heart muscle organoids across stereo-seq chip outlining the placement of six DM organoids on the top and six control 

organoids on the bottom side of the chip. 

(C) PCA plot of data from 3 center regions of control organoids and 3 regions of DM organoids. 

(D) Volcano plots of genes upregulated in center of 3 DM organoids (red) compared to genes upregulated in center of 3 control organoids (blue). 

(E) Gene set enrichment analysis showing top enriched terms in the center of control heart muscle organoids. 

(G) Gene set enrichment analysis showing top enriched terms in the center of DM heart muscle organoids.
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such as the case of control vs. DM heart muscle organoids. The 

ability to maximize coverage with multiple sections per chip 

greatly extends the potential use of ST technology for organoids, 

ensuring high data value per chip and reduced inter-chip 

variability.

The expression of housekeeping genes such as GAPDH and 

ACTB was uniform across cartilage, brain, and transwell kidney 

organoids, although only in less than 50% of the identified cell 

bins, resembling expression patterns of these genes in in vivo 

reference tissues. However, the identification of region-specific 

transcriptional signatures in organoids was limited when using 

cell bins (i.e., single-cell resolution), likely due to the relatively 

low number of transcripts and genes captured per cell bin. While 

the number of transcripts and genes detected per bin was com

parable to those in other studies utilizing stereo-seq,5 it was 

found to be lower than the accepted range for scRNA-seq exper

iments. Interestingly, increasing square bin sizes, at the expense 

of losing single-cell resolution, did not resolve the challenges in 

detecting region-specific expression patterns in organoids 

models. This may also be a product of the unbiased transcript 

capture technology coupled with a low number of transcripts 

captured, leading to an overrepresentation of abundant tran

scripts. This shows that while whole-transcriptome ST, including 

stereo-seq and Visium HD, could capture transcripts from orga

noid models, its utility for identifying region-specific expression 

patterns at single-cell level in these model systems was limited. 

However, this higher-throughput approach for characterization 

of organoids could be useful for discerning spatially distinct mo

lecular signatures, as previously shown to be viable using in vivo 

tissue samples signatures.5,17

Given the smaller size of organoids compared to in vivo tissue, 

the structural compartments in these models could be relatively 

subtle and marked by fewer cells. Coupled with the challenge of 

achieving single-cell resolution, this hindered the ability of ST 

technique in capturing spatially resolved gene expression in or

ganoids and, hence, the identification of defined patterning. 

The use of cryo-sections may also limit the assessment of these 

organoids, as structural compartments could be rare and diffi

cult to capture on a single-cell-thick layer. These challenges 

demonstrate the need to further optimize protocols to apply ST 

to organoid models. As mentioned above, improvements could 

include applying alternative chip coating methods to further in

crease tissue adhesion or organoid fixation to better preserve 

spatial gene expression profiles.

As standard clustering and cell type classification approaches 

could not be applied to dataset from organoids of this study, we 

developed an alternative, exploratory regional analysis method 

that allowed spatial gene expression profiling in organoids be

tween core and border regions. We demonstrated its power in 

identifying region-specific biological processes as well as its util

ity as a secondary quality control filter when applied to brain and 

heart muscle organoids. Given the use of Euclidean distance to 

calculate outliers, the application of this analysis as a secondary 

quality control filter to round organoids enables more accurate 

calculation of cells that have detached from main organoid 

bodies. As mentioned, the ability to understand region-specific 

gene expression patterns in these models could be key to eluci

dating general structural organization that may be present in 

these systems. This knowledge could then be used to further 

advance organoid models to better reflect their in vivo counter

parts, especially with regards to progressing organoid patterning 

for the study of developmental tissue patterning. This could have 

significant implications in developmental biology, such as iden

tifying processes of cell differentiation. As ST platforms for 

RNA capture continue to evolve and expand imaging options, 

an updated stereo-seq protocol incorporating H&E imaging, a 

morphology-based analysis, could be incorporated into future 

analytical pipelines.

Overall, this study explores the use of profiling multiple orga

noid types using ST platform. It demonstrates the feasibility of 

placing multiple organoids generated under different culture 

conditions on a single stereo-seq chip, allowing capture of 

distinct biological signatures from each model. Furthermore, 

we illustrate the abilities and limitations of profiling a range of or

ganoid types with the current stereo-seq platform, identifying 

potential steps for future optimization, such as the use of poly- 

L-lysine for adhesion. Given the limitation around current RNA 

capture in allowing organoid-specific cell type annotation, which 

is not mitigated by increasing bin size for analysis, we developed 

a regional-specific analysis workflow for capturing biologically 

relevant gene expression. This provides a basis for future optimi

zation of organoid profiling using the stereo-seq platform, 

including maximizing data capture from a single experiment.

Limitations of the study

Although the application of stereo-seq ST technology across a 

wide range of organoids was examined, other ST technologies 

may present different outcomes when applied to organoid sys

tems. For instance, other sequencing-based ST technology 

such as 10× Visium HD, also offers spatial gene expression 

profiling at single-cell resolution, and, given the different chemis

try and transcript capture technology, it could produce alterna

tive results.18 Alternatively, probe-based imaging ST technolo

gies could also perform differently, with sub-cellular resolution 

and higher specificity. To validate findings reported in this study, 

traditionally spatial gene expression profiling methods such in 

situ hybridization or immunofluorescence could be performed 

to assess the accuracy of the gene expression patterns identi

fied. Additionally, expanding the range of in vivo tissues to corre

spond to the organoid systems included, such as including 

mouse kidney and lung tissues, would provide additional points 

of reference to validate the use of stereo-seq ST technology on 

various organ and organoid systems.
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Requests for further information and resources should be directed to and will 
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edu.au).

Materials availability

This study did not generate new unique reagents. All materials used are 

commercially available or previously published.

Data and code availability

• The datasets generated during this study are available in Gene Expres

sion Omnibus (GEO) under accession number GEO: GSE294759.
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• All original code is available on GitHub at https://github.com/ 

Ramialison-Lab/StereoseqOrganoids.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal maintenance and ethics approval

All animals were housed in the Murdoch Children’s Research Institute (MCRI) Disease Model Unit and all animal works performed 

were conducted under the approval and in compliance of the MCRI Animal Ethics Committee agreements (SPPL20327). Timed preg

nant mice were sacrificed by cervical dislocation following MCRI AEC approved protocols at embryonic day 13.5 where the presence 

of a vaginal plug after mating indicated (E0.5). E13.5 mouse heads and 21 postconceptional week (PCW) mouse hearts were fresh 

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw data This paper GEO: GSE294759

Homo sapiens reference genome (GRCh38) Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/human

Mus musculus reference genome (GRCm39) Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse

Experimental models: Cell lines

Haematopoietic organoids derived from PB001.1 

iPSCs (male) clone #1

MCRI (Vlahos et al.19) MCRIi001-A

Transwell kidney organoid derived from CRL1502.2 

iPSCs (female)

MCRI (Vanslambrouck et al.20) 

https://hpscreg.eu/cell-line/MCRIi019-A

MCRIi019-A

Suspension kidney organoid derived from 

MAFBmTagBFP:GATA3mCherry reporter iPSCs 

(male)

MCRI (Vanslambrouck et al.20) 

https://pcen.wustl.edu/items/request- 

ipsc-cell-lines/

RID: 14-3QDG

Brain organoids derived from PB001.1 (male), PB001.1 

harbouring a heterozygous 1bp insertion at 

chr5:177,135,105 (c.2insG) and from PB001.1 

harbouring a homozygous 4bp deletion at 

chr5:177,135,106 (c.3_6delGGAT)

MCRI (Vlahos et al.19) MCRIi001-A

Heart organoid derived from PB10.5 iPSCs (male) MCRI (Vlahos et al.19) MCRIi010-A (RRID:CVCL_UK91)

Lung organoids derived from BU3 NGST CRISPRi 

iPSCs (male)

MCRI (Werder et al.21) Werder et al.21

https://doi.org/10.1126/sciadv.abo6566

Cartilage organoids derived from MCRIi019-A iPSCs 

(female)

MCRI (Lilianty et al.22) MCRIi019-A-7

Experimental models: Organisms/strains

Wild-type mouse – Strain name: Crl:CD1(ICR) -Elite Charles River Laboratory #022

Wild-type mouse - Strain name: Tg(Myh6- 

Tpm1*E54K)67Dfw

Jackson Laboratories 035610

Software and algorithms

ImageStudio v2.1.1 BGI Genomics https://www.stomics.tech

SAW v6.12 BGI Genomics https://github.com/STOmics/SAW

Squidpy v1.2.2 Palla et al.23 https://github.com/scverse/squidpy

Stereopy v1.2.3 BGI Genomics https://github.com/STOmics/Stereopy

Python v3.8.2 Python Software Foundation https://www.python.org

scikit-learn v1.5.0 Pedregosa et al.24 https://github.com/scikit-learn/scikit-learn

PyDESeq2 v1.6.0 Muzellec et al.25 https://github.com/owkin/PyDESeq2

decoupler v0.4.11 Badia-i-Mompel et al.26 https://github.com/saezlab/decoupler

GSEApy v1.0 Fang et al.27 https://github.com/zqfang/GSEApy

Other

Scripts and code This paper https://github.com/Ramialison-640

Lab/StereoseqOrganoids
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frozen in OCT (SAKURA Cat# 4583) and stored at -800C until further processing. The mouse from which the heart sample was ob

tained was male, whereas the sex of the mouse from which the head sample was derived could not be determined.

IPSCs maintenance and ethics approval

PB001.1 induced pluripotent stem cells (iPSCs) (male)19 were used for haematopoietic organoid differentiation, CRL1502.2 iPSCs 

(female)20 were used for transwell kidney organoid differentiation, MAFBmTagBFP:GATA3mCherry reporter iPSCs20 were used 

for suspension kidney organoid differentiation, PB10.5 iPSCs (male)19 were used for heart organoid differentiation. Brain organoids 

were generated from PB001.1,19 PB001.1 harbouring a heterozygous 1bp insertion at chr5:177,135,105 (c.2insG) and PB001.1 har

bouring a homozygous 4bp deletion at chr5:177,135,106 (c.3_6delGGAT). BU3 NGST CRISPRi iPSCs (male)21 were used for lung 

organoid differentiation. MCRIi019-A iPSCs (female)22 were used for cartilage organoid differentiation.28 Mycoplasma contamination 

in all iPSCs were monitored and excluded by regular testing. Karyotyping of all iPSCs were performed regularly and no significant 

genomic imbalances were identified.

All iPSCs, with the exception of those used for brain organoids were grown on human embryonic stem cell (hESC)-qualified Ma

trigel Matrix (Corning Cat# 354277), with varying medium conditions. iPSCs for brain organoids were grown on GeltrexTM LDEV-Free 

Reduced Growth Factor Basement Membrane Matrix (Thermo Fisher Scientific Cat # A1413301). iPSCs used for differentiation of 

cartilage, transwell kidney, suspension kidney, and haematopoietic organoids were maintained in Essential 8 Medium (Thermo fisher 

Scientific Cat# A1517001). iPSCs used for lung organoid differentiations were maintained in StemFlex Medium (Thermo Fisher Sci

entific Cat# A3349401), whereas iPSCs for brain and heart organoid differentiation were maintained in mTESR1 Medium (Stem Cell 

Technologies Cat# 85857).

Ethical approval for the generation and/or use of human iPSCs were obtained from MCRI and Boston University and were carried 

out in accordance with the National Health and Medical Research Council of Australia (NHMRC) regulations. iPSCs studies were 

approved by The Royal Children’s Hospital Human Research Ethics Committee (references 33001A and 93025).

Organoids generation

Eight organoid models were generated in accordance to previously described differentiation protocols, including lung airway and 

alveolar type 2 organoids29–31 haematopoietic organoids,32 heart organoids serum-free controls14,15,33 heart organoids with directed 

maturation (DM),34 cartilage organoids,12 heart valve organoids,33 transwell kidney organoids,34 suspension kidney organoids,35 and 

brain organoids.13,36 Specifically, following alterations were included in respective organoids to generate different experimental con

ditions. Both iPSC-derived lung organoids at air-liquid interface were infected on the apical surface with respiratory syncytial virus 

(RSV-A2, MOI 1) as previously described for SARS-CoV-2.37 After 4 hours, the inoculum was removed and cells washed. Uninfected 

and infected samples were collected 72 hours post infection. Both were at day 114 of differentiation when plated at ALI and infected 

13 days post airlift. From day 48, cartilage organoids were either grown without additional treatment for 14 days or treated as follows. 

Condition 1: cartilage organoids were cultured without additional treatment after day 48 for 7 days followed by addition of 10nM Triio

dothyronine (Sigma Aldrich Cat# T6397) for 7 days, condition 2: cartilage organoids were cultured without additional treatment after 

day 48 for 7 days, followed by 7 days in osteogenic medium12 and condition 3: cartilage organoids were grown with addition of 10nM 

Triiodothyronine for 7 days followed by 7 days in osteogenic medium. All cartilage organoid conditions were harvested at day 62. 

Blood organoids were harvested at day 10. Brain organoids grown from all three cell lines were collected on day 31. The suspension 

kidney organoids were collected after 7 days of monolayer and 11 days in 3D culture. The cardiac organoids were collected after 

15 days in 2D culture ad 14 days and 3D.

METHOD DETAILS

Stereo-seq T-chip coating

At the time of harvest, organoids were separated from culturing media and washed in PBS, then placed in pre-chilled OCT. Organoids 

were then transferred to plastic mould containing OCT, and frozen in an ethanol or isopropanol slurry. For brain organoids, three or

ganoids were embedded together and placed on the chip, whereas four transwell kidney, and cartilage organoids were embedded 

together and placed on the same chip. Eighteen heart valve organoids were embedded together and placed on the same chip. Six 

heart organoids of each condition (serum-free and DM) were embedded together in an array of 12 organoids. Over 20 haematopoietic 

and suspension kidney organoids were embedded in a single mould. For lung organoids, a pair of airway and alveolar type 2 sections, 

either infected or non-infected, were embedded in OCT together. However, the uninfected airway section was lost during sample 

processing, resulting in only infected airway section present and alveolar type 2 sections remained.

Sample processing and library preparation

For the heart muscle, heart valve, and cartilage organoids, the sections were mounted on poly-L-lysine coated Stereo-seq T-chip to 

enhance adhesion. Stereo-seq T-chips were washed using nuclease-free H2O twice and dried, then coated with 100μL of 0.01% 

(w/v) poly-L-lysine (Sigma Aldrich Cat# P8920) for 10 minutes at room temperature. Post incubation, the chips were washed with 

nuclease-free H2O twice and dried on a 37◦C slide dryer.
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Samples were prepared and processed using the STOmics Transcriptomics kit (STOmics Cat# 111KT114) in accordance with 

manufacturer’s instructions (BGI stereo-seq Transcriptomics set for Chip-on-a-slide user manual version B) with slight variations. 

10μm sections of mouse tissue samples including E13.5 heads and 21PCW hearts, brain organoids, kidney organoids, lung organo

ids, and haematopoietic organoids were cryo-sectioned on CM3050S cryostat (Leica) and mounted on room temperature T-chips, 

then processed according to the STOmics user manual. 10μm cryo-sections of cartilage, heart muscle, and heart valve organoids 

were placed on room temperature poly-L-lysine coated stereo-seq T-chips, then processed according to the STOmics user manual. 

All cryo-sections were fixed in ice cold methanol for 30 minutes at -30◦C. Tissue section permeabilization times were as follows: lung, 

haematopoietic, transwell kidney, suspension kidney, and cartilage organoid sections were permeabilised for 12 minutes, mouse 

head and brain organoids for 15 minutes, heart organoids and engineered heart valves for 18 minutes, and mouse heart for 24 mi

nutes. The cDNA purification and library preparation of each sample was constructed using the STOmics library preparation kit 

(STOmics Cat# 111KL114) in accordance with manufacturer’s instructions (BGI STOmics stereo-seq Transcriptomics set for 

Chip-on-a-slide user manual version B). Quality of the final cDNA library size was assessed using D1000 Tapestation Reagent (Agilent 

Technologies Cat# 5067-5602) and Screentape (Agilent Technologies Cat# 5067-5582) and the concentration measured with Qubit 

dsDNA HS kit (Thermo Fisher Scientific Cat# Q33231). The sequencing of the libraries was performed at the BGI Oceanic headquar

ters using MGI DNBSEQ T7 sequencer, with 1260 million reads targeted recovery per sample.

Bioinformatics workflow

Preprocessing

The stitched .czi files taken with the Z2 Axio Imager were processed through ImageStudio v. 2.1.1 using the ssDNA setting for staining 

to ensure they passed QC. They were then transformed into .ipr . files to ensure compatibility with the SAW38 pipeline. The paired 

FASTQ, mask and transformed .ipr files were then processed using the SAW pipeline v.6.1238 using default parameters including 

cell binning. Raw FASTQ files generated from mouse hearts were aligned using default SAW mapping parameters to the reference 

genome GRCm39 while raw FASTQ files generated from organoids were aligned to the reference genome GRCh38.

All organoids and in vivo reference tissues was conducted using the Squidpy package v1.2.223 and Stereopy package v1.239 with 

Python v3.8.2.

Evaluation of quality metrics

Quality metrics were evaluated globally across the whole chip for each organoid type, and at the individual-organoid level for organo

ids of interest. Number of counts and number of genes per chip were computed using Stereopy, while number of mapped reads, 

mRNA-captured DNA nanoballs under tissue and sequencing saturation values were extracted from SAW output files and report. 

Per-organoid metrics were computed after filtering the data to retain only a single organoid, using the coordinates extracted with 

the with the plt.interact_spatial_scatter() function of Stereopy. This analysis was repeated for 3 different bin sizes (50, 75 and 

100). Before computing the number of bins, genes and counts, a filtering was applied to remove signal outside of the organoid bound

aries and bins with extremely low counts or high mitochondrial gene percentage. This filtering ensured that we counted and evaluated 

only bins representing true biological signal. The filtering criteria varied between kinds of organoids and tissues as it was highly 

dependent on the specific counts’ distribution. In some case, poor-quality bins were not limited to clear outliers but represented 

a substantial part of the distribution, making outlier-based filtering inadequate. The specific filtering steps are documented in the 

code associated with the publication.

Organoid-specific regional analysis

Artifacts and outliers at the edge of the organoids were first filtered to retain biologically relevant spatial information, as these 

frequently contained abnormal amount of UMIs counts (Figures 3A–3C and S4A–S4C). For each of the brain, cartilage and transwell 

kidney organoids (which were all largely circular in shape), we first calculated the centroid coordinates, then Euclidean distance of 

each point from the centroid was computed. We identified points with distances greater than the 90th percentile of all distances as 

‘‘distant points.’’ Then we proceeded to detect outliers, that are points located outside the organoid represented false signals. These 

artifacts needed to be systematically removed to ensure that only biologically relevant spatial information was retained. These arti

facts were located at a distance from the rest of the organoid cells, making it necessary to apply a targeted filtering approach. To 

remove outliers, we applied a k-nearest neighbours (k-NN) approach using the NearestNeighbors() function from sklearn v1.5.024

and ball_tree algorithm parameter. A k parameter of 10 was used for brain organoids and 250 for kidney and cartilage. Since 

most of the false signals were spatially distant from the organoid cells, k-NN was used to identify points with abnormally high dis

tances to their nearest neighbours. However, to prevent central hollow regions from being misclassified as outliers, we restricted 

this analysis to the distant bins. For each distant bin, the average distance to its nearest neighbours was computed and standardized 

using a Z-score transformation. Bins with a Z-score greater than 2 (or higher depending on the specific case) were classified as out

liers and subsequently removed from further analysis. (Figures 3C and S4D–S4F).

Following the removal of outliers, we computed the convex hull of the remaining bins to define the spatial boundary of the dataset. 

To further classify points into distinct spatial regions of the ‘edge’, ‘border’ and ‘core’, we calculated the minimum distance of each 

point to the convex hull boundary. Based on the distance distribution we classified each bin as either belonging to the: ‘edge’ for bins 

within the 10th percentile of boundary distances, ‘border’ for bins with distances between the edge threshold and half of the 

maximum distance, and ‘core’ for bins with distances exceeding the border threshold (Figures 3D and S4G–S4I). The ‘edge’ of 

the organoid often contained an abnormal number of counts and was removed from further analysis. After spatial classification, 
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we generated pseudo-bulk samples using core and border regions of individual organoids placed on the same chip and performed 

differential expression analysis between the core and border regions of the same organoid types. Pseudobulk was performed using 

the pydeseq2 v1.6.025 and decoupler v0.4.1126 packages. The get_pseudobulk() function was used to generate pseudobulk samples 

from the anndata object using the core and border regions from each kind of organoid. This was then built into a DeSeq2 object and 

differential expression analysis performed. We treated the organoids on the same chip as pseudo-replicates, as even if the organoids 

were not exactly biological replicates but belonged to either different lines subjected to editing (brain organoids) or different growing 

conditions (cartilage organoids), the aim of the analysis was to identify regional differences in general within the inner and outer areas 

of the organoids, regardless of the organoid conditions. Subsequently, we conducted Gene Set Enrichment Analysis (GSEA) to deter

mine enriched pathways and biological processes associated with differentially expressed genes.

For the heart organoids which had an elliptic shape, to approximate the organoid boundary, a convex hull was computed using the 

set of spatial coordinates. Specifically, the algorithm Quickhull was used to identify the smallest convex polygon capable of enclosing 

all points. Then each bin’s distance to the convex hull boundary was computed by treating each bin’s coordinates as a point and 

measuring its distance to the perimeter of the convex polygon. This metric provided an estimate of whether a bin was located 

near the tissue edge (small distance) or more centrally (larger distance). To remove perimeter effects and focus on interior tissue re

gions, bins in the lower 15th percentile of boundary distance were excluded. The remaining data (with distances above this threshold) 

formed the ‘‘filtered’’ subset of bins, considered representative of the tissue’s interior.

The spatial coordinates of the filtered bins were then subjected to PCA. The first principal component (PC1) was assumed to cap

ture the tissue’s major ‘‘long axis.’’ This vector (PC1) was used for subsequent segmentation of the tissue into poles and centre re

gions. Each filtered bin was projected onto the long-axis vector by calculating a dot product between the spot’s spatial coordinates 

and the principal-axis vector. This yielded a one-dimensional scalar value for each spot, referred to as its ‘‘projected distance.’’ The 

minimum and maximum projected distances defined the overall range (or ‘‘length’’) along this axis. The axis was then divided into 

three segments of equal length, the first segment from the minimum projection to one-third of the total range, the middle segment 

covering the next one-third of the range and the final segment from two-thirds of the range to the maximum projection. Bins in 

the bottom or top third of this range were labelled as ‘‘pole’’, whereas spots in the central third were labelled as ‘‘centre.’’ Differential 

expression analysis in pseudo-bulk was performed between centre of the serum free and directed maturation heart organoids.

QUANTIFICATION AND STATISTICAL ANALYSIS

GSEA was performed using GSEApy v1.0.27 Genes were ranked based on log2 fold change from differential expression analysis. 

Enrichment scores were calculated using the preranked method against the Gene Ontology (GO) gene sets from the Molecular Sig

natures Database (MSigDB, c5.go.v2023.2.Hs.symbols.gmt). Adjusted p-values were computed using the Benjamini–Hochberg 

method.
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