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A B S T R A C T   

Intestinal organoids have widespread research and biomedical applications, such as disease modeling, drug 
testing and regenerative medicine. However, the transition towards clinical use has in part been hampered by the 
dependency on animal tumor-derived basement membrane extracts (BMEs), which are poorly defined and ill- 
suited for regulatory approval due to their origin and batch-to-batch variability. In order to overcome these 
limitations, and to enable clinical translation, we tested the use of a fully defined hydrogel matrix, QGel CN99, to 
establish and expand intestinal organoids directly from human colonic biopsies. We achieved efficient de novo 
establishment, expansion and organoid maintenance, while also demonstrating sustained genetic stability. 
Additionally, we were able to preserve stemness and differentiation capacity, with transcriptomic profiles 
resembling normal colonic epithelium. All data proved comparable to organoids cultured in the BME-benchmark 
Matrigel. The application of a fully defined hydrogel, completely bypassing the use of BMEs, will drastically 
improve the reproducibility and scalability of organoid studies, but also advance translational applications in 
personalized medicine and stem cell-based regenerative therapies.   

1. Introduction 

Since the pivotal discovery of effective culture protocols for intesti-
nal organoids [1], organoid culture development has rapidly evolved, 
and is now being used in a vast array of different fields of life science 
research. The diagnostic and therapeutic uses of these techniques are 
receiving increasing focus [2,3], and advances in the last decade have 
built the foundation for organoids to be applied for personalized drug 
screening [4,5] and regenerative medicine [6–8], as well as a tool for 
studying disease mechanisms and therapeutic signaling pathways [9, 
10]. Despite these scientific breakthroughs and their potential for clin-
ical applications, translation of organoid use in regenerative or 
personalized medicine remains challenging. This is in large part because 
standardization and reproducibility are hindered by the dependency on 
animal tumor-derived basement membrane extracts (BMEs), such as 
Matrigel [11], which are poorly defined (containing more than a 

thousand proteins and peptides, including varying amounts of 
sarcoma-derived growth factors) and display limited lot-to-lot similarity 
(approximately 53%) [12,13]. Combined, these aspects hamper regu-
latory approval and thereby clinical application as well [11]. 

To address these considerable limitations of BMEs, extensive prog-
ress has been made in developing viable alternatives, such as collagen 
matrices [8,14,15] as well as hydrogels based on fibrin [16], poly-
ethylene glycol [17–19] or alginate [20]. However, published data on 
these alternatives contain limited information on the long-term effi-
ciency of stem cell maintenance, quantity of cells obtained after 
expansion, cell differentiation capacity, and especially on de novo 
establishment of organoids (i.e., directly from human tissue without 
pre-amplification in BMEs). Natural materials, such as collagen are 
cyto-compatible but may display batch-to-batch variability, uncon-
trolled stiffness and limited long-term stability [21]. In turn, fully 
defined matrices offer the possibility to tune key characteristics, such as 
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their biological (e.g., by incorporation of cell-cell and cell-matrix bind-
ing sites), biophysical (e.g., by varying stiffness) and biochemical (e.g., 
by incorporation of cell-mediated degradability) properties for specific 
cell types and can also be produced with high quality and consistency. 
Yet, the previously reported manufacturing processes for functionalized 
hydrogels are technically demanding, thus requiring extensive experi-
ence in biomaterials and bioengineering, significantly limiting the 
general applicability. 

Transition of the organoid culture platform and its different appli-
cations towards clinical use, requires efficient and highly reproducible 
protocols [22]. This thereby necessitates that the extracellular matrix 
(ECM) be fully defined, scalable and manufactured in compliance with 
clinical application-specific regulatory requirements. With these key 
aspects in mind, we have tested the use of QGel CN99, an easy-to-use 
and fully defined hydrogel-based ECM, to establish and grow human 
colonic organoids directly from fresh biopsy tissue, thus bypassing the 
use of animal-based BMEs. The organoids grown in CN99 were main-
tained and expanded for at least six culture passages, while sustaining 
both the stem cell self-renewal as well as the multilineage differentiation 
capacity. A schematic illustration of the study design and readouts is 
depicted in Fig. 1. 

2. Materials and methods 

2.1. Isolation of crypt-derived single cells from human colonic biopsies 

Punch biopsies were obtained from the left side of the colon from 
healthy control subjects (n = 10) as well as from patients with quiescent 
ulcerative colitis (n = 2) (i.e., Mayo score of 0) [23] after informed 
consent. The basic clinical information of patients is summarized in 

Table 1. Samples were processed either freshly (ID#1–2; 6–11) or after a 
maximum of 24 h (ID#3–5 and 12) on ice in basal medium (advanced 
Dulbecco’s Modified Eagle Medium/F12 (DMEM/F12, Thermo Fisher, 
Waltham, MA, USA), GlutaMAX (1x) (Thermo Fisher), Pen-Strep (100 
U/ml) (Thermo Fisher or Bioconcept AG, Allschwil, Switzerland), 
HEPES (10 mM) (Thermo Fisher) and ROCK inhibitor Y-27632 (10 μM) 
(Sigma-Aldrich, St. Louis, MO, USA)). The biopsies were transferred to 
ice-cold Dulbecco’s Phosphate-Buffered Saline (DPBS, Thermo Fisher) 
containing dithiothreitol (0,5 mM) (DTT, Bio-Rad Laboratories, Hercu-
les, CA, USA), and were washed four times. Ethylenediaminetetraacetic 
acid (8 mM) (EDTA, Thermo Fisher) was added and the sample tube was 
placed on a tilt-table at 5 ◦C. After 60 min the supernatant was replaced 
with new DPBS and the tube was shaken to release the crypts. The 

Fig. 1. Schematic illustration of the study design and readouts. Five to six colonic biopsies were collected endoscopically from six different patients (ID#6–11). 
One of the biopsies from each patient was used as a baseline sample for whole exome sequencing, whereas the remaining biopsies were used for organoid expansion. 
For all patients (n = 6), organoids were cultured in QGel CN99 or Matrigel for six passages (P0 – P5) albeit, cells from one patient sample were cultured for eleven 
passages (P0 – P10). The OFE and IF were determined at each passage, and at the sixth culture passage (P5) RT-qPCR, IHC, RNA- and exome sequencing were 
performed. Following induction of intestinal stem cell (ISC) differentiation at P5, additional RT-qPCR and IHC were conducted. 

Table 1 
Baseline data.  

Parameter Count 

Total number of cell donors: 12 (ID#1–12) 
Gender: Male Female 

8 4 
Age: Median = 54 years (ICR = 52–62 years) 
Colonic region biopsied: Sigmoid/descending colon (n = 12) 
Intestinal status: No colonic 

disease 
Quiescent ulcerative 
colitis 

10 2 
Number of biopsies harvested from 

each donor: 
5 (n = 3) to 6 (n = 9) 

Number of single cell isolated from 
each donor: 

Median = 378′013 cells  
(ICR = 184′838–553′688 cells) 

ID: Identification number; ICR: Interquartile range; n: number of samples. 
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supernatant was transferred to a new centrifuge tube coated with bovine 
serum albumin (0.1% in PBS) (BSA, Sigma-Aldrich). The tube was 
centrifuged at 300 g for 5 min at 4 ◦C, after which the supernatant was 
discarded. Crypt-derived single cells were attained by resuspending the 
crypt pellet in 3 ml of TrypLE Express (Thermo Fisher) supplemented 
with ROCK inhibitor. The tube was placed in a 37 ◦C water bath, and 
further mechanical dissociation was achieved using a P1000 pipette 
every 5 min. After a total duration of 20 min, the dissociation process 
was halted by adding ice-cold basal medium, and the tube was centri-
fuged three times at 500 g for 5 min at 4 ◦C. In between each centrifu-
gation, half of the supernatant was removed and replaced with basal 
medium. After completion of the third centrifugation, the number of 
cells was manually quantified using a 0.0025 mm2 Neubauer cell 
counting chamber (0.100 mm depth profounder). A final fourth wash 
was then performed using ice-cold basal medium, and after the last 
centrifugation (400 g for 5 min at 4 ◦C), cells were resuspended in a 
suitable volume of basal medium to obtain 2500 cells/μl (5x final con-
centration) and to be ready for encapsulation. 

2.2. De novo establishment of organoid cultures from crypt-derived single 
cells 

Colonic organoids were established by encapsulating crypt-derived 
single cells in both QGel CN99 (QGel SA, Lausanne, Switzerland), simply 
named hereafter as CN99, and Matrigel. Cell encapsulation in CN99 was 
performed according to the manufacturer instructions using QGel buffer A 
(2004A, QGel SA) diluted to a final concentration of 0.125 M with basal 
medium and supplemented with Jagged-1 (1.25 μM) (AnaSpec, Fremont, 
CA, USA) (buffer mix). Briefly, 80 μl of buffer mix was used to resuspend the 
CN99 lyophilized powder. After vortexing, 20 μl of cell suspension was 
added to the gel solution and carefully homogenized. Then, 20 μl domes 
were dispensed into a pre-warmed 48-well cell culture plate. The plate was 
placed in a 37 ◦C incubator and inverted every other minute until gelation 
occurred, thereby avoiding sedimentation of the cells (likewise done with 
Matrigel). Cell encapsulation in growth factor reduced Matrigel matrix 
(Corning Inc., Corning, NY, USA) was performed by mixing 50 μl Matrigel, 
30 μl basal medium and 20 μl of cell suspension supplemented with Jagged- 
1. Subsequently, 20 μl domes (containing approximately 10′000 cells) of 
this mixture were allocated into culture wells of a pre-warmed 48-well cell 
suspension culture plate (CELLSTAR, Greiner Bio-One, Kremsmünster, 
Austria). After a total duration of 20 min in the 37 ◦C incubator, 330 μl of 
culture medium was added on top of the domes. Plates were then incubated 
at 37 ◦C and 5% CO2. The culture medium was replaced every 2–3 days 
throughout all experiments and ROCK inhibitor was maintained in the 
culture media for the first days of culture. To optimize growth conditions 
and improve the de novo organoid forming efficiency (OFE) at P0 in CN99, 
variations of the standard culture medium were tested on crypt-derived 
freshly isolated single cells from three patients (ID#3–5). These included 
removal of both SB202190 and N-acetylcysteine (NAC), or each of them 
separately (removal of SB202190 and NAC have been previously reported 
to have beneficial effects on growth and survival of prostate organoids 
[24]), and results were benchmarked against IntestiCult Organoid Growth 
Medium (Human) (STEMCELL Technologies Inc., Vancouver, BC, Canada) 
(both in CN99 and Matrigel). After the optimization, the commercially 
available IntestiCult was chosen for the validation study (ID# 6–12). All 
established organoid cultures were tested negative for mycoplasma 
contamination using MycoAlert Mycoplasma detection kit (Lonza, Basel, 
Switzerland). 

2.3. Passaging of organoids 

Passaging was performed at an interval of 8–11 days by adding 300 
μl TrypLE Express (supplemented with ROCK inhibitor, 10 μM) to each 
well and mechanically disrupting the domes using a P1000 pipette. After 
up to 3 min incubation, dissociated gels were transferred to a 15 ml 
centrifuge tube pre-coated with BSA (0.1%). An additional 500 μl of 

TrypLE Express was used to rinse all wells of the same culture condition. 
The tube was then placed in a 37 ◦C water bath, and organoids were 
further dissociated into single cells every 5 min using a P1000 pipette or 
a 1 ml syringe (Becton Dickinson, Franklin lakes, NJ, USA) with a 23G 
cannula (KD Medical GmbH, Berlin, Germany). The status of organoid 
dissociation into single cells was regularly checked by observing the 
sample under a microscope. When satisfactory single cell suspension had 
been attained, TrypLE was quenched through dilution with ice-cold 
basal medium. The tube was washed and centrifuged at 300 g for 5 
min at 4 ◦C three times, after which the number of cells was quantified, 
and cells were re-seeded in CN99 or Matrigel, at a cell density of 
approximately 10′000 cells per well (i.e., 20 μl dome). For handling 
reasons, only a portion of the cells (400′000–800′000 cells) were re- 
seeded at each passage. For six patient samples (ID#6–11), organoids 
were cultured for six passages (P0 – P5), albeit for one randomly selected 
patient sample (ID#8), the culture duration was extended for up to 
eleven passages (P0 – P10). 

Following passaging at completion of P4 (ID#7) and P3 (ID#10) 
single cells (median 88′000 cells, ICR: 70′250–112′500 cells) were cry-
opreserved in Recovery Cell Culture Freezing Medium (Thermo Fischer 
Scientific) at – 80 ◦C for approximately four weeks before being thawed 
and re-seeded in accordance with the standard protocol described 
above. 

2.4. Organoid forming efficiency (OFE), cell incremental factor (IF) and 
projected total number of cells 

OFE: For preliminary experiments with organoids pre-established in 
Matrigel and during medium optimization for organoid establishment 
(ID#1–5), OFE was calculated on images taken respectively at day 4–5 
(pre-established organoids) and day 8 (media optimization) using an 
ImageXpress Micro XL automated microscope (Molecular Devices, San 
Jose, CA, USA) with a 4x objective. Pictures were taken at multiple Z- 
positions and the resulting aligned and max-projected images were 
analyzed using MATLAB (Mathworks, Natick, MA, USA) software. OFE 
was calculated as the ratio between established organoids, and the total 
number of detected objects (single cells and organoids combined). For 
ID#6–11, during each culture passage, five representative images per 
well were taken at day 3–4 and again at day 7–8 using a Leica DMI3000 
B inverted digital light microscope (Leica, Wetzlar, Germany) with a 5x 
objective. The number of organoids and single cells were semi- 
automatically quantified using an in-house MATLAB code based on a 
published adaptive threshold algorithm [25]. The automatic detection 
of objects by MATLAB was verified by the investigators, and objects not 
corresponding to cells or organoids (e.g., cell debris) were excluded from 
the analysis. 

IF: The cell IF was defined as the ratio between the number of cells 
collected at the end of each passage and the number of cells seeded at the 
beginning of that passage. 

Projected total number of cells: The projected total number of cells 
corresponds to the number of cells that would have been obtained if all 
cells had been kept in culture from P0 – P5. For each cell passage this 
was calculated by multiplying the number of cells seeded by each 
sequential IF per passage. 

2.5. Organoid differentiation, RT-qPCR and immunohistochemistry 
(IHC) 

Organoid differentiation: At the end of the sixth culture passage (P5, 
day 7) in IntestiCult medium, a portion of the organoids was collected 
for RNA extraction and immunohistochemistry (IHC), whereas the 
remaining portion was cultured for an additional 3–4 days in a differ-
entiation medium (DM; standard culture medium (SCM) without Wnt3a, 
Rspo1, SB202190 and nicotinamide, Supplementary Table 1) [26,27] to 
induce cell differentiation before cells were harvested for subsequent 
analyses. 
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RT-qPCR: RNA was extracted by dissociating the organoids in Try-
pLE Express in accordance with the protocol described for single cell 
passaging. Cells were then centrifuged at 300 g for 5 min at 4 ◦C and 
washed with ice-cold DPBS. After centrifugation the pellet was resus-
pended in RP1 lysis buffer (Macherey-Nagel, Düren, Germany) and the 
tube was placed in - 20 ◦C, awaiting further processing and analysis. 
RNA extraction was achieved using a NucleoSpin TriPrep purification kit 
(Macherey-Nagel). Reverse transcription was performed using a Mas-
tercycler (Eppendorf, Hamburg Germany) and RT-qPCR on a Light-
Cycler 480 (Roche, Basel, Switzerland). All samples were run in three 
technical replicates. Analyzed genes included Leucine-rich repeat-con-
taining G-protein coupled receptor 5 (LGR5), Ki67, Mucin 2 (MUC2), 
Carbonic anhydrase II (CAII), Cytokeratin 20 (CK20) and Chromogranin 
A (CHGA). TATA-Box Binding Protein (TBP) was used to normalize gene 
expression data. The primer sequences are listed in Supplementary 
Table 2. 

IHC: Organoids cultured in CN99 were harvested by directly trans-
ferring the domes to a biopsy cassette (Tissue-Tek Paraform cassettes, 
Sakura Finetek Europe, Alphen aan den Rijn, The Netherlands) using a 
spatula, after which they were fixed with paraformaldehyde and sub-
sequently embedded in paraffin (Tissue-Tek Paraform Processing/ 
Embedding Medium Formula 3, Sakura Finetek Europe) using an auto-
mated Tissue-Tek VIP vacuum infiltration processor (Sakura Finetek 
Europe). Organoids cultured in Matrigel were transferred to a 50 ml 
Falcon tube (Becton Dickinson) by adding cold DPBS and mechanically 
disrupting the Matrigel domes with a pipette. After centrifugation, 
organoids were embedded into an artificial clot achieved by resus-
pending the organoids in human plasma (isolated in house) and adding 
bovine thrombin (Merck, Darmstadt, Germany). Cells were then fixed 
with paraformaldehyde (4%) (Sigma-Aldrich) and embedded in 
paraffin. Slides were stained with hematoxylin eosin (H&E, Merck) 
before microscopic evaluation. Selected representative slides were then 
stained with periodic acid-Schiff (PAS, VWR, Radnor, PA, USA) along 
with antibodies against MUC2 (FLEX mouse anti-human MUC2, clone 
CCP58, ready-to-use, DAKO, Agilent Technologies, Santa Clara, CA, 
USA), CK20 (FLEX monoclonal mouse anti-human cytokeratin 20, clone 
K 20.8, ready-to-use, DAKO, Agilent Technologies), CHGA (mouse 
monoclonal anti-human chromogranin A LK2H10, ready-to-use, Ven-
tana, Roche) and Ki67 (FLEX monoclonal mouse anti-human Ki67, clone 
MIB-1, ready-to-use, DAKO, Agilent Technologies). 

H&E and PAS stains were performed using a Tissue-Tek Prisma Plus 
automated slide stainer (Sakura Finetek), whereas antibody stains were 
performed using a Ventana Benchmark ULTRA (Roche) or Dako Omnis 
(Agilent Technologies) automated solutions. Slides of human appendix 
(CK20, MUC2 and CHGA) or human tonsils (Ki67) were used as positive 
antibody controls and were stained simultaneously with the respective 
study samples. 

2.6. RNA sequencing 

Organoids were harvested for RNA extraction (n = 6 in each group) 
at the end of the sixth culture passage (P5, day 7) as described above. 
Quantification and purity were assessed using a NanoDrop spectro-
photometer (Thermo Fisher, A260/A280 and A260/230 of approxi-
mately 2), whereas RNA quality was assessed using a Bioanalyzer 
automated electrophoresis (Agilent Technologies, RIN > 9). RNA 
sequencing (RNA-seq) (Illumina PE150 system, Illumina, San Diego, CA, 
USA) was performed by Novogene Ltd. (Beijing, China), and bio-
informatic analyzes were subsequently conducted at the Biotech 
Research and Innovation Center (BRIC, University of Copenhagen, 
Denmark). The raw reads were quality assessed with FastQC [28] and 
FastQ Screen [29] and afterwards trimmed using Trimmomatic (v.0.32) 
[30]. The trimmed reads were aligned to the hg38 genome assembly 
using STAR (v.2.5.1a) [31] in two-pass mode and guided by a RefSeq 
(UCSC, 2018.08.05) gene annotation. 

After mapping, reads were assigned to genes using featureCounts 

(v.1.5.1) [32] thereby generating a count table. In R software (v.3.5.1) 
[33] the DESeq2 (v.1.22.1) [34] package was used for statistical analysis 
of the count data. 

Using the clusterProfiler package (v.3.10.1) [35] Gene Set Enrich-
ment Analysis (GSEA, Broad Institute Inc., Cambridge, MA, USA) [36, 
37] was run against the Molecular Signature Database (MsigDB, Broad 
Institute Inc.) [37,38] focusing on the hallmark gene set collection. 

Raw transcriptomic paired-end data sets GSE104178 [39] and 
GSE50760 [40], containing RNA seq data from healthy human colonic 
epithelium, primary colorectal cancer (CRC) and metastases, were 
downloaded from Gene Expression Omnibus (GEO) [41,42]. To make 
these public data comparable to our own, we first trimmed the reads 
with Trim Galore (v.0.4.4) [43] and then processed the data identically 
to our own data. After combining the gene counts of the three datasets in 
R and normalizing for sequencing depth with the EDASeq package 
(v.2.6.2) [44] we removed visible batch effect (estimated from principal 
component analysis (PCA) plots) with the RUVg function from the 
RUVSeq package (v.1.6.2) [45]. 

2.7. Whole exome sequencing 

Immediately after harvesting (before initial cell isolation), one bi-
opsy per donor was snap frozen in liquid nitrogen and stored at - 80 ◦C 
until processing (n = 6). The biopsies were mechanically dissociated 
using a TissueLyser (Qiagen, Venlo, The Netherlands), after which DNA 
was extracted with the NucleoSpin TriPrep purification kit. 

After the organoids had been cultured for a total duration of six 
passages (P5) DNA was collected and extracted (n = 6 in each group). 
Furthermore, two additional samples (one cultured in CN99 and one in 
Matrigel) were extracted at the end of the eleventh culture passage (P10, 
107 days in culture). DNA concentrations were determined using a 
NanoDrop spectrophotometer and Qubit fluorometer (Thermo Fisher). 
With the purpose of comparing sequencing reads from cells cultured in 
vitro to the baseline reads from the snap-frozen biopsies, whole exome 
sequencing was performed using NextSeq500 or NovaSeq6000 plat-
forms (Illumina). This was done at the Center for Genomic Medicine 
(Rigshospitalet, The Kennedy Center, Glostrup, Denmark) in accordance 
with published protocols [46]. In brief, 200 ng of DNA was used to 
prepare sequencing libraries and fragmentation (approximately 300 
base pair fragments) was done using a Covaris S2 sonicator (Covaris Inc., 
Woburn, MA, USA). A KAPA HTP Library Preparation kit (Roche) was 
used for adaptor ligation. A SureSelectXT Clinical Research Exome kit 
(Agilent) was utilized for exome enrichment, after which paired-end 
sequencing was conducted. BWA-MEM (v.0.7.12) [47] was used to 
trim and map reads to hg19/GRCh37 reference genome. The Genome 
Analysis Toolkit (GATK, v.3.8.0, Broad Institute Inc.) [48] was applied 
to pre-process alignment files, and GATK (v.3.8.0) MuTect2 was used to 
subsequently analyze the alignment files, and called variant were 
filtered with Ingenuity Variant Analysis (v.5.5) (Qiagen). 

2.8. Statistics 

Statistical analyzes of experimental data were performed using 
GraphPad Prism 8.0.0 (GraphPad Software, San Diego, CA, USA). The 
cell expansion, IF, OFE and the gene expression data were analyzed 
using non-parametric Wilcoxon matched pairs signed rank test, and the 
attained results were considered statistically significant at p < 0.05. 
Bioinformatic analysis of RNA- and whole exome sequencing is 
described in sections of relevance above. 

2.9. Regulatory approvals 

The project was approved by the Danish Data Protection Agency as 
well as by the Scientific Ethics Committee of the Copenhagen Capital 
Region. All patients received written and oral information before giving 
their written consent. 
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3. Results 

3.1. De novo establishment and expansion of colonic organoids using fully 
defined hydrogels 

The implementation of a fully defined ECM for the establishment and 
expansion of intestinal organoids with cells obtained directly from fresh 
biopsies, constitutes a key step towards translational applications. 

QGel CN99 is a mechanically dynamic polyethylene glycol (PEG)- 
based hydrogel with an initial shear modulus (G’) of 450 Pa, which ends 
in the same range as that of Matrigel (10–50 Pa, depending on the 
concentration) after 7–10 days of cell culture. This hydrolytic softening 
facilitates harvesting of cells during organoid passaging. The novel 
CN99 gel was identified based on previously published gel screening 
methods [49] and on works describing the growth of intestinal orga-
noids in defined hydrogels [16–18]. For simplified handling CN99 em-
ploys a cross-linking chemistry for hydrogel formation, namely 
Michael-type conjugate addition [17,50], that does not rely on en-
zymes (e.g., FXIII) [16,18]. Furthermore, in contrast to previously 
described hydrogels that require mixing of several components before 
use, all CN99 precursors are lyophilized in a single ready-to-use vial 

allowing hydrogel formation and cell encapsulation by simply adding 
buffer and cells to the vial. 

CN99 was initially tested using organoids pre-established and 
expanded in Matrigel for several passages (ID#1–3) in SCM (Supple-
mentary Table 1) [27]. Cells grown in CN99 showed similar organoid 
forming efficiency (OFE) and morphology compared to the 
BME-benchmark, Matrigel (Supplementary Fig. 1). Based on the prom-
ising results, CN99 was selected for further investigation and biological 
validation for the establishment and expansion of human colonic orga-
noids directly from cells harvested from fresh endoscopically obtained 
colon biopsies, with the goal of completely bypassing the use of BME. 

Of note, for the first ex vivo culture passage (P0), freshly isolated 
single cells were encapsulated, instead of crypt fragments, to allow for 
better control of the starting cell seeding density and to guarantee a 
precise comparison of organoid formation between CN99 and Matrigel. 
Cell seeding density was similarly controlled during the following pas-
sages allowing for the standardization of the entire cell expansion 
process. 

To optimize the ex vivo establishment of organoids in CN99 at P0, we 
tested multiple variations of the SCM as well as the commercially 
available IntestiCult Organoid Growth Medium (Human). The OFE of 

Fig. 2. Organoids cultured in QGel CN99 and Matrigel demonstrate comparable growth, cell expansion rate and organoid forming efficiency. A. Repre-
sentative bright-field images (5x objective, ID#9) of organoids cultured in CN99 and Matrigel over time (day 3–4 to day 7–8, P0 – P5), scale bar = 100 μm. B. The 
organoid forming efficiency and C. incremental factor of cells (n = 6) cultured in CN99 (blue) or Matrigel (red). For each culture passage (P0 – P5) data were 
compared using Wilcoxon matched-pairs signed rank test. Comparisons were considered significant at p < 0.05 (*) and non-significant (ns.) comparisons are marked. 
D. Projections of the total number of cells, per initial biopsy, at the end of each passage, if all cells from the previous passage had been kept in culture. Results were 
calculated based on the starting number of cells seeded (per biopsy) at each passage and the respective incremental factor for that passage. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cells cultured in CN99 was comparable in all the tested conditions, albeit 
lower than in Matrigel (ID#3–5; Supplementary Fig. 2). Thus, to ensure 
reproducibility (e.g., minimize any variability related to SCM prepara-
tion), we decided to use the commercially available medium for all 
subsequent experiments. 

Optimized culture conditions were subsequently applied to the 
encapsulation of freshly isolated crypt-derived single cells from six 
different patient biopsies (ID#6–11). For all biopsies, organoids were 
cultured for six passages (P0 to P5) (median = 58 days, ICR = 56–59), 
whereas cells from one randomly selected patient ID (ID#8) were 
cultured for up to eleven passages (P0 to P10, 107 days). Baseline in-
formation on cell donors, number of biopsies and the attained number of 
cells are summarized in Table 1. 

Freshly isolated crypt-derived single cells cultured in CN99 and 
Matrigel formed organoids exhibiting the same spherical morphology, 
with rapid growth in both matrices (Fig. 2A). 

The growth efficiency was assessed by determining the OFE and the 
cell incremental factor (IF) – both defined in the methods section. While 
the OFE (n = 6, Fig. 2B and Supplementary Fig. 3A) and the IF (n = 6, 
Fig. 2C and Supplementary Fig. 3B) at P0 were both significantly higher 
in Matrigel than in CN99 (p = 0.03), in the following passages they were 
overall comparable in the two matrices. The IF proved equivalent during 
all subsequent passages, whereas the OFE at P1 was higher in CN99 than 
in Matrigel and the opposite was observed at P4 (p = 0.03). The OFE and 
IF of the sample cultured up to P10 (n = 1) was retained within a similar 
range to that of the samples cultured from P1 to P5 (Supplementary 

Figs. 4A and B). The overall organoid growth in both ECMs is illustrated 
in Video S1 – S4. 

Of note, single cells cryopreserved for approximately four weeks and 
subsequently re-seeded effectively formed new organoids in both CN99 
and Matrigel. 

To highlight the potential of ex vivo colonic organoid growth, we 
projected the total number of cells that would have been obtained per 
initial biopsy, if all cells from each passage were re-seeded (Fig. 2D). 
After six culture passages in CN99 we attained a median cell IF of 1210 
(ICR: 728–3878) and 2896 in Matrigel (ICR: 1456–12,447), p = 0.03, 
with the difference exclusively due to the higher IF in Matrigel at P0. 
These data clearly demonstrate that colonic organoids were efficiently 
expanded de novo using the fully defined QGel matrix. 

3.2. Organoids remain genetically stable, with transcriptomic profiles 
resembling normal epithelium 

Organoid cultures were investigated for their in vitro genetic stability 
and RNA expression profiles. 

Whole exome sequencing analyzes (average sequencing depth of 
100x), comparing cells cultured in QGel CN99 and Matrigel (at P5: n = 6 
in each group, at P10: n = 1 in each group) to the corresponding initial 
snap-frozen biopsies (n = 6), did not detect any acquired nucleotide 
substitutions. This is in line with previously published reports of genetic 
stability of intestinal organoids [27,51]. 

The PCA of the RNA sequencing (RNA-seq) data from individual 

Fig. 3. Organoids cultured in QGel CN99 and Matrigel display comparable expression profiles resembling healthy colonic epithelium. A. Principal 
component analysis (PCA) plot of transcriptomic data from organoids cultured in CN99 (triangle) or Matrigel (circle) (ID#6–11). Data from each patient are rep-
resented with a different color. PC: principal component. B. Differential gene expression analysis of the two culture conditions (i.e., CN99 and Matrigel). Analyzes 
were conducted with a significance threshold of log2 fold change ≥ 0.5 combined with a false discovery rate (FDR) ≤ 10%, as well as using a stricter threshold (log2 
fold change ≥ 1 and FDR ≤ 5%, marked with *). Abbreviations of differentially expressed genes are reported. Blue bars correspond to genes higher expressed in CN99 
cultures and red bars correspond to genes with higher expression in Matrigel. C. The normalized enrichment score (NES) of differentially expressed hallmark gene 
sets (GSEA, FDR ≤ 5%) in cells cultured in CN99 (blue) and Matrigel (red). D. 3D PCA plot depicting transcriptomic data from cells cultured in CN99 or Matrigel 
(Bergenheim et al. GSE147133), as well as data from healthy tissue, primary colorectal cancer (CRC) and metastases from two independent datasets (Yamada et al. 
GSE104178 [39] and Kim et al. GSE50760 [40]) downloaded from the gene expression omnibus. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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patient samples cultured for six passages in CN99 and Matrigel (n = 6 in 
each group) generally showed a tendency towards clustering of the in-
dividual patient samples, despite being cultured in different ECMs 
(Fig. 3A). In fact, expression profiles of all sample IDs, independent of 
ECM, displayed a Pearson’s correlation coefficient ≥ 0.99, indicating a 
high degree of association. This was further supported by the fact that 
only 25 differentially expressed genes were detected between the two 
culture conditions, when using a threshold of log2 fold change ≥ 0.5 
combined with a false discovery rate (FDR) ≤ 10% (Fig. 3B). However, 
when applying a stricter significance threshold (log2 fold change ≥ 1 
combined with FDR ≤ 5%) to reduce the risk of inconsequential or false 
positive results, only seven differentially expressed genes were identi-
fied (marked by * in Fig. 3B). While the exact functions of some of these 
genes in the colonic epithelium remain obscure or even unknown 
(KIAA1549L and C5orf38), other genes are known to be implicated in 
cell migration along with signal transduction to the cytoskeleton 
(TNS1), cell division (KLH13), as well as coding for proton-selective 
channels (OTOP3), cytoskeletal components (KRT6A) and transcrip-
tion factors associated with intestinal development (FOXP2) (GeneCards 
– the human gene database, Weizmann Institute of Science, Rehovot, 
Israel and LifeMap Sciences, Alameda, CA, USA) [52]. 

The GSEA (FDR ≤ 5%) detected 10 well defined gene sets that were 
differentially expressed between cells cultured in CN99 and Matrigel 
(Fig. 3C). These represent definite signaling pathways and metabolic 
processes, and statistically significant differences were identified in the 
expression of genes regulated by nuclear factor kappa-light-chain- 

enhancer of activated B cells (NF-kB) in response to tumor necrosis 
factor alpha (TNF-α) (enriched in Matrigel), along with genes up- 
regulated through activation of the mammalian target of rapamycin 
complex 1 (mTORC1) (enriched in CN99), and those involved in 
epithelial-mesenchymal transition (EMT) and hypoxia (both enriched in 
Matrigel). 

To investigate if, after ex vivo expansion in CN99 or Matrigel, the 
cultured cells did maintain expression profiles reminiscent of healthy 
primary tissue, we compared our RNA-seq data with two published 
datasets (GSE104178 and GSE50760) both containing healthy colonic 
epithelium CRC data. The PCA of our data combined with the published 
transcriptomic data revealed that both cells cultured in CN99 and 
Matrigel clustered notably closer to normal colonic epithelium, than to 
primary CRC or metastases (Fig. 3D), suggesting that they did not ac-
quire a tumor-like expression profile. Importantly, although indepen-
dently originated, data from healthy colonic epithelium from the two 
different published datasets clustered closely together, and the same was 
found for CRC samples, which demonstrates the validity of our data 
along with the analysis. 

3.3. Colonic organoids retain the differentiation potential 

Following expansion of colonic organoids in QGel CN99 and Matri-
gel, we demonstrated using RT-qPCR and IHC that the intestinal stem 
cells retained their multipotent differentiation capacity. Specifically, 
gene expression analysis of cells cultured for six passages showed that 

Fig. 4. Stemness and multilineage differentiation were maintained at comparable levels in QGel CN99 and Matrigel. RT-qPCR on organoids cultured in CN99 
or Matrigel both before (cultured in IntestiCult medium) and after (cultured in differentiation medium, DM) induction of differentiation at P5. The expression levels 
of all target genes, Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), Ki67, Mucin 2 (MUC2), Carbonic anhydrase II (CAII), Cytokeratin 20 (CK20) 
and Chromogranin A (CHGA), were compared (n = 6) using Wilcoxon matched pairs signed rank test and were considered significant at p < 0.05. Non-significant 
(ns.). TATA-Box Binding Protein (TBP) was used as an internal reference gene. 
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the stem cell marker LGR5 was expressed at comparable levels in CN99 
and Matrigel (p = 0.69, Fig. 4) in IntestiCult medium. Upon induction of 
differentiation by switching the culture medium from the commercially 
available medium to DM (Supplementary Table 1), the expression of 
LGR5 was drastically reduced and no difference was detected between 
the two matrices (p = 0.44, Fig. 4). The expression of Ki67 exhibited 
notable variations between different cell donors, most evidently prior to 
the induction of differentiation (Fig. 4), but no difference was detected 
between the two ECMs, before (p = 0.09) or after differentiation (p =
0.84). Low expression levels of differentiation markers MUC2 (goblet 
cells), CAII (enterocytes), CK20 (mature colonic epithelium) were 

maintained in both culture conditions before differentiation without any 
significant differences (MUC2 p = 0.56, CAII p = 0.44 and CK20 p =
0.06) and were equally inducible in both CN99 and Matrigel upon dif-
ferentiation (MUC2 p = 0.31, CAII p = 0.22 and CK20 p > 0.99, Fig. 4). 
The levels of CHGA (enteroendocrine cells) proved undetectable in 
many samples and there was substantial variability between different 
cell donors. However, the expression was equally inducible in both 
culture conditions (p = 0.81, Fig. 4). Similar trends were observed in the 
sample cultured up to P10 (n = 1, Supplementary Fig. 4C). 

The undifferentiated and differentiated cell states were confirmed 
with hematoxylin eosin (H&E) staining and by IHC (Fig. 5). In culture 

Fig. 5. Organoid morphology and IHC staining patterns were comparable in QGel CN99 and Matrigel. Representative images of human colon organoids A. 
before (cultured in IntestiCult medium) and B. after induction of differentiation (cultured in differentiation medium (DM)) stained with hematoxylin eosin (H&E), 
periodic acid-Schiff (PAS) and immunohistochemistry (IHC) for Ki67, MUC2 (Mucin 2) and CK20 (Cytokeratin 20). C. Longitudinal sections of human colon crypts 
stained with H&E, PAS or IHC (Ki67, MUC2 and CK20). Black scale bar = 50 μm. 
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conditions supporting the undifferentiated cell state (IntestiCult), cells 
cultured in both CN99 and Matrigel were mainly cubic, although some 
had a more abundant cytoplasm and cylindrical appearance. The nuclei 
were small, round or oval and, although heterogenous, the nuclei were 
generally basally aligned. Few cells had nucleoli and scattered mitoses 
could be identified. The glycocalyx layer was sparse. Focal positive re-
actions for CK20 were detected, and an estimated 80% of the cells 
expressed Ki67 (Fig. 5A). No goblet cells were observed, but some cells 
had PAS-positive mucin vacuoles in the cytoplasm (Fig. 5A). There were 
no positive reactions for MUC2 (Fig. 5A) or CHGA. Conversely, after 
cells had been allowed to differentiate for 3–4 days in DM, cells attained 
a more mature morphology. They became mainly cylindrical with small 
apical vesicles in the cytoplasm containing mucin. The nuclei were 
similarly small and round or oval, but predominantly basally located 
(Fig. 5B). The Ki67 index was estimated to be < 10%, but with sub-
stantial variability between organoids (Fig. 5B). The glycocalyx layer 
became more affluent, and practically all cells stained strongly for CK20, 
but only a few cells stained positive for MUC2 (Fig. 5B). There were 
scattered goblet cells with dense hyperchromatic nuclei and a rich PAS- 
positive cytoplasm (Fig. 5B). The differences in MUC2 staining intensity 
in vitro and in vivo might indicate of changes in mucin composition. 
Scarcely any CHGA positive cells were detected, and importantly, no 
difference in the extent of cell differentiation was observed between 
organoids cultured in CN99 and Matrigel. Overall, cell morphology and 
staining properties of differentiated organoids were similar to the 
luminal part of healthy human colon crypts (Fig. 5C), although with 
some remaining Ki67-positive proliferative activity and notably less 
MUC2 positive reactions, whereas organoids cultured in IntestiCult 
overall bore closer resemblance to the crypts base. In general, using the 
fully defined QGel CN99, ex vivo expanded colon organoids demon-
strated a differentiation capacity comparable to Matrigel. 

4. Discussion 

The primary focus of this study was to demonstrate that the fully 
defined hydrogel-based ECM QGel CN99 could reliably sustain ex vivo 
expansion of human colonic organoids, and possibly enable clinical 
translation (e.g., regenerative medicine). With this aim in mind, we 
investigated the following key process requirements: (i) bypass the use 
of BME, (ii) standardize the passaging process, (iii) achieve sufficient 
number of cells through expansion and passaging for either direct clin-
ical use (e.g., autologous transplantation) or biobanking (generating 
HLA-matched master cell banks for allogenic transplantation), (iv) 
demonstrate the maintenance of the differentiation capacity of 
expanded cells, and (v) preliminarily explore the biosafety of ex vivo 
expanded cells, in relation to their genetic stability. We successfully 
achieved efficient de novo establishment, expansion and maintenance of 
human colonic organoids directly from patient biopsies, while sustain-
ing genetic stability and differentiation capacity. Additionally, we were 
able to completely bypass the use of BME benchmark, thus overcoming 
its limitations that hamper translational applications of organoid tech-
nology. In this study, we did not investigate other natural or synthetic 
hydrogel systems as controls, as none so far have demonstrated superior 
growth efficiency to Matrigel [16–20]. 

To the best of our knowledge, we have demonstrated for the first 
time, the successful establishment of organoids directly from freshly 
harvested crypt-derived single cells using a fully defined hydrogel, with 
results comparable to the benchmark BME, Matrigel. Commonly, in-
testinal organoid cultures are established de novo in BME by encapsu-
lating intestinal crypt fragments as opposed to single cells. In subsequent 
passages, the attained organoids are either mechanically or enzymati-
cally dissociated into fragments or single cells allowing the number of 
organoids to increase exponentially. In our study, the direct use of single 
cells starting at P0, made it possible to consistently seed the same 
number of cells from multiple cell donors at every culture passage, 
which allowed for a rigorous and reliable comparison of the two culture 

conditions over time. In addition, we were able to cryopreserve single 
cells and subsequently re-establish organoid cultures after thawing. Of 
note, we successfully established organoids from both fresh biopsies as 
well as from biopsies kept on ice for 24 h before processing. Taken 
together, our data support the applicability of a fully defined hydrogel in 
combination with the single cell-based approach for efficient organoid 
expansion and biobanking. Consequently, our standardized method will 
help pave the way for clinical translation of the organoid technology. 

An important criterion for the possible application of ex vivo expanded 
organoids in a clinical setting is the ability to obtain a sufficient quantity of 
cells in a reasonable timeframe. The projected total number of cells 
(Fig. 2D) demonstrates effective cell expansion in CN99, and except for the 
first culture passage (P0), the overall OFE and cell IF proved comparable to 
Matrigel. The cause of this observation at P0 remains unknown and may 
probably be multifactorial. On one hand we speculate that the difference 
might be due to the supportive effects of other cell types (e.g., differenti-
ated epithelial cells, immune cells or mesenchymal cells) present in freshly 
harvested colonic biopsies [53] that temporarily remain viable in Matrigel 
(in contrast to in CN99) that support epithelial stem cell proliferation 
and/or survival. This hypothesis is in line with recent findings in mice, that 
FOXL1+ mesenchymal cells contribute to the intestinal stem cell niche by 
production of Wnt proteins [54], a cell type likewise found in the human 
colon [55]. Likely, the supporting cells are not maintained in culture after 
P0, explaining the overall comparable results from P1 onwards. An 
alternative explanation could be that epithelial cells are able to cluster in 
Matrigel more so than in CN99, and that the locally increased cell density 
at P0 improves de novo organoid establishment. As shown in Supple-
mentary Video 1–4, cell mobility is reduced in CN99, likely due to its 
higher initial stiffness as compared to Matrigel. Even if this aspect might 
impact organoid establishment at P0, we speculate that it did not play any 
major role, as in the following passages we did not observe differences in 
organoid growth between Matrigel and CN99. It is likely that following 
organoid formation at P0, the number of stem cells is enriched in both 
CN99 and Matrigel and, by seeding the same numbers of single cells, the 
supporting role of external factors (e.g., presence of other cell types or 
higher cell density) becomes dispensable after passaging. Nonetheless, 
further investigations are needed to explain this initial difference between 
CN99 and Matrigel. 

We additionally investigated the ability of expanded cells to preserve 
their differentiation capacity. After in vitro induction, we clearly 
observed cell differentiation without any differences between the two 
matrices. Hence, despite prolonged culture in the fully defined QGel 
ECM, we maintained the multilineage differentiation capacity of the 
colonic stem cells, as supported by both the gene expression and IHC 
data. Nonetheless, the cytologic evaluation of H&E stained cells in 
combination with the limited MUC2 staining and the minimal CHGA 
positive reactions indicate that secretory lineage cell differentiation is 
only partially achieved in both ECM when simply omitting important 
niche factors (i.e., Wnt3a, Rspo1, SB202190 and nicotinamide) from the 
culture medium. The applied differentiation model has apparent limi-
tations in that organoid dissociation and cell apoptosis becomes evident 
already approximately 3–4 days after induction of differentiation, which 
impedes prolonged organoid maintenance. Preserving differentiated 
cells in human intestinal organoid cultures is a well-known and chal-
lenging phenomenon, but recently it was shown that by omitting a p38 
inhibitor and adding insulin-like growth factor 1 (IGF-1) and fibroblast 
growth factor 2 (FGF-2) to the culture medium, differentiation towards 
the secretory lineage is improved, while simultaneously achieving stem 
cell- and organoid maintenance [56]. In our culture system with QGel 
CN99, the RT-qPCR data and IHC before induction of differentiation 
suggest that the stem cell population was effectively maintained in the 
IntestiCult medium at a comparable level to Matrigel. Furthermore, the 
transcriptome analysis clearly showed that the expression patterns of 
cells cultured in CN99 for six passages closely resembled healthy colonic 
epithelium. The differential gene expression analysis and GSEA did 
identify certain differences between cells cultured in CN99 and Matrigel, 
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especially in genes related to hypoxia (enriched in Matrigel) and 
metabolism (enriched in CN99). These observations could be attributed 
to differences in characteristics between CN99 and Matrigel 
(i.e., composition, initial stiffness and permeability). However, it re-
mains to be determined whether the differences detected with GSEA 
translate into any biological differences as the overall transcriptome 
signatures were very similar. Also, with a limited number of samples the 
risk of false positive results needs to be taken into consideration as well. 

Finally, the exome sequencing analysis together with the comparison of 
our transcriptomic data with two independent datasets, suggest that colonic 
organoids expanded in our culture conditions remain genetically stable, 
with transcriptomic profiles comparable to healthy colonic epithelium. 
While these data are highly promising, further in vitro and in vivo studies are 
needed to demonstrate complete cell biosafety for translation into the clinic. 

In contrast to previously described defined matrices, CN99 can be 
easily used by any laboratory without specialized knowledge of hydro-
gel manufacturing. Since QGel matrices have a fully defined composi-
tion, they can be manufactured with high reproducibility and 
scalability, and in this way, they significantly contribute to the stan-
dardized use of organoids for clinical applications. Overall, we believe 
that the fully defined CN99 is a suitable alternative to the naturally 
derived BMEs (e.g., Matrigel) for colonic organoid establishment and 
growth. Finally, the combination with the commercially available 
IntestiCult culture medium further mitigates potential variability. 

The use of intestinal organoids for regenerative applications will 
require that both the ECM and the culture medium are produced in 
accordance with regulatory guidelines. Hence, QGel SA is currently 
optimizing the hydrogel to comply with relevant regulatory re-
quirements. We believe that the combined culture method employing 
the QGel CN99 matrix and IntestiCult medium presented in this paper 
builds the foundation for translational research of stem cell-based 
regenerative therapies for diseases characterized by barrier dysfunc-
tion, e.g., inflammatory bowel disease. 

5. Conclusions 

In conclusion, we have successfully identified an off-the-shelf and 
easy-to-use ECM that is fully defined and supports efficient establish-
ment, expansion and biobanking of primary human colonic organoids. 
Furthermore, no pre-amplification in BME is required and as a result, we 
expect that QGel CN99 ECM will drastically improve standardization 
and reproducibility, while also enabling the use of organoids for clinical 
applications, such as regenerative and precision medicine. 
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