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Abstract
Intestinal stem cells (ISC) are characterized by their ability to continuously self-renew and differentiate into various func-
tionally distinct intestinal epithelial cell types. Impaired stem cell proliferation and differentiation can cause severe dysfunc-
tion of the gastrointestinal tract and lead to the development of several clinical disorders. Animal mouse models provide 
a valuable platform to study ISC function, disease mechanisms, and the intestinal epithelium's regenerative capacity upon 
tissue damage. However, advanced in vitro systems that are more relevant to human physiology are needed to understand 
better the diverse disease-triggering factors and the heterogeneity in clinical manifestations. Intestinal biopsies from patients 
might serve as potent starting material for such "gut-in-a-dish" approaches. While many promising tools for intestinal tis-
sue processing, in vitro expansion, and downstream analysis have been developed in recent years, a comprehensive guide 
with recommendations to successfully launch or improve intestinal stem cell culture is missing. In this review, we present a 
selection of currently established methods, highlight recent publications and discuss the potential and limitations of those 
methodological approaches to facilitate and support the future design of novel and more personalized therapeutic options.

Keywords  Methodology review · Intestinal stem cells · Colonic stem cells · Organoids cells culture · Flow cytometry · 
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Introduction

The intestinal epithelial is composed of a single-cell layer 
that is primarily involved in breaking down and absorbing 
nutrients but also acts as a physical barrier against poten-
tially pathogenic microbes. Although the intestinal immune 
system has developed tolerance mechanisms towards harm-
less commensal or dietary antigens, many diseases such as 
inflammatory bowel disease (IBD) or celiac disease result 
from a disruption of this tightly balanced gut immune home-
ostasis. The exact pathogenesis of these chronic diseases is 
still not completely understood, and many patients suffer 
from poor quality of life due to lacking curative therapies. 
While animal studies provide insight on pathophysiological 

mechanisms and serve as models for testing potential thera-
peutic compounds, follow-up clinical trials often fail due 
to low animal-to-human translational success rates. There-
fore, pre-clinical models with improved predictive power 
and which also meet the future demands for more person-
alized medicine are needed. The development of in vitro 
models that are capable of mimicking the complex human 
gut environment is challenging. Recent advances in 2D and 
3D cell culture technology have allowed studying stem cell 
biology, organ regeneration, and disease pathogenesis on 
living patient-derived material that retained its original 
donor's genetic and biological properties. The culture con-
ditions for 2D epithelial monolayer and 3D organoid sys-
tems are constantly optimized to generate more predictive 
and physiologically relevant in vitro models. Better knowl-
edge about the function of important stem cell niche fac-
tors has contributed to the development of improved growth 
medium formulation and more chemically defined extracel-
lular matrix composition. In parallel, considerable efforts 
were allocated to advance downstream analysis, including 
3D live-imaging, high-throughput workflows for automated 
screens, and genome editing with the CRISPR-Cas9 system. 
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By advancing these technologies, animal experimentation 
could, in the future, be partially replaced by human-derived, 
self-sustaining intestinal models, which might also increase 
the success rates in the mandatory phase of clinical trials.

Human intestinal biopsies serve as a valuable source 
for isolating and expanding patient-derived intestinal epi-
thelial cells. Due to the low amount of starting material, 
the successful generation of human intestinal monolay-
ers or organoids from biopsies requires an efficient disso-
ciation of the epithelial tissue and a growth environment 
that provides the important niche factors for expanding 
the culture. Over the years, many methodological papers 
have been published with approaches to optimize growth 
conditions and experimental procedures, starting from the 
digestion of the biopsy and ending with the handling of 
highly sophisticated multi-omics data. However, finding 
suitable methodological input in this fast-growing field 
of research has become increasingly challenging. Addi-
tionally, many publications only cover specific steps of 
the entire process in detail. Therefore, this review aims to 
provide a framework with a comprehensive selection of 
currently established methods and tools, including an eval-
uation of their advantages and disadvantages. This review 
primarily focuses on promising techniques to study intes-
tinal stem cell biology, but we also summarize the basic 
recommendations for successfully culturing human intes-
tinal cells from biopsies (Fig. 1). By linking the different 
methodological steps and describing available options for 

downstream analysis, we hope to guide natural scientists 
who consider building their own pipeline to study human 
intestinal pathophysiology and thereby contribute to the 
promotion of these emerging research platforms (Fig. 2).

Tissue Processing

Transport and Storage of Collected Biopsy

Upon collection of biopsies from a patient, it is recom-
mended to place them immediately in an ice-cold col-
lection buffer. The collection buffer can be prepared in 
advance and stored at 4 °C for at least one month. PBS or 
basal culture medium is often used, supplemented with an 
antibody cocktail (see Table 1).

Once the collected tissue is placed in the collection 
buffer on ice, it can be transported and stored until fur-
ther processing. Matsumoto et al. [43] have shown that 
after 2 days of storage, they could still isolate cells, which 
were capable of generating organoids. However, in gen-
eral, preparation of the sample for isolation of crypt or 
single intestinal epithelial cells (IEC) should be performed 
as soon as possible. Prolonged storage can lead to a loss 
of intestinal stem cells (ISC) and negatively impact the 
viability of isolated cells.

Fig. 1   Graphical summary of methods to study intestinal stem cells that are described in the review
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Cryopreservation & Thawing

One of the main limitations in stem cells research is access 
to patient material. In most cases, there is a need for geo-
graphical proximity between the place of material collection 
and the research laboratory. Additionally, the samples must 
be processed within the short timeframe give by limited tis-
sue viability [21].

To overcome these limitations, Tsai et al. [72] devel-
oped a practical method to cryopreserve live human biopsy 
tissue. This method allows storage of shipment of frozen 
material, for future thawing and use in the generation of 
a new organoids cultures. In a first step, the authors com-
pared two formulations of freezing media; a simple freez-
ing medium (DMEM/F12, 10% FBS, 10% DMSO) with 
a complex L-WRN medium (conditioned media contain-
ing Wnt3a, Rspondin3, and Noggin mixed with DMEM/
F12, GlutaMax, HEPES, N2 supplement, B27 supplement, 

antibiotics, N-acetylcysteine, nicotinamide, FBS, DMSO, 
Y27632, CHIR99021) [72]. The biopsy fragments were 
frozen in media at -80 °C overnight. As both media types 
performed equally well, the authors suggested to use of 
a simple medium formulation for biopsy preservation. In 
the next step, Tsai et al. compared four different thawing 
protocols, followed by the establishment of organoid cul-
tures (details can be found in publication [72]). As a con-
sensus, the authors recommend thawing the tissue rapidly 
at 37 °C, partially digesting it with dispase, and using next 
a mechanical force to dissociate the tissue and detach the 
cells. Thereafter, the isolated epithelium can be embedded 
in Matrigel and subsequently cultured as organoids. The 
growth of organoids derived from frozen samples is ini-
tially delayed compared to organoids cultured from freshly 
isolated cells. However, after the first passage, frozen orga-
noids become similar to fresh organoids. Finally, as shown 
by mRNA sequencing, cryopreservation does not cause 
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Fig. 2   Interconnections between methods described in the review

Table 1   Biopsy collection 
buffers

BUFFER SUPPLEMENTS REFERENCE

SALINE –––––––– [41]
PHOSPHATE-BUFFERED 

SALINE (PBS)
–––––––– [19]
0.2 mg/ml Primocin [13]

DMEM/F12 5% Fetal Bovine Serum [77]
15 mM HEPES
2 mM L-glutamine
100 U/ml penicillin + 0,1 mg/ml streptomycin

[12]

ADVANCED DMEM/F12 10 mM HEPES
1 × GlutaMAX
100 U/ml Pen-Strep
100 μg/ml Primocin

[47]

10 mM HEPES
1 × GlutaMAX
ROCK inhibitor Y-27632 (10 μM)
100 U/ml Pen-Strep

[7]
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any significant differences in gene expression as compared 
to fresh organoids [72].

The authors show that human biopsy specimens from the 
small intestine and colon can be cryopreserved and used to 
establish long-term organoid cultures after thawing. Thanks 
to this method, the geographic proximity between hospital 
and research laboratory is no longer essential, as frozen tis-
sue samples can be shipped across the globe. Moreover, it 
effectively increases collaboration perspectives between cli-
nicians, researchers, and diagnostic laboratories worldwide.

Biopsy Digestion to Generate Intestinal Crypt 
Suspension

Before digestive enzymes are introduced, washing the 
biopsies thoroughly can help to avoid potential contamina-
tion. For washing, either ice-cold PBS, HBSS, or a culture 
medium-based wash buffer containing an antibody cocktail 
can be applied. Centrifugation between the washing steps 
is unnecessary since the biopsies typically settle to the bot-
tom of the tube after a few seconds. The supernatant can 
be removed with a vacuum pump or manually with a sero-
logical pipette. To increase the surface area and improve 
the digestion process, the washed tissue should be cut into 
smaller pieces (2–5 mm) prior to adding digestive enzymes. 
For mincing the tissue, either sharp, small scissors or two 
razor blades can be used. The minced tissue pieces are then 
incubated in a digestion buffer at 37 °C or on ice, depend-
ing on the applied digestive enzymes. The composition 

of commonly used digestion buffers can be found in the 
Table 2. After the digest, crypts are released into the solu-
tion through vigorous agitation of the tissue pieces either by 
pipetting them up and down, manual shaking, or vortexing 
the tube. The crypt-containing supernatant is then filtered 
over a 40–100 um cell strainer to remove the undigested epi-
thelium, villi, mucus, and large debris. It might be necessary 
to repeat shaking and filtration in order to generate several 
fractions. Fractions containing the highest number of crypts 
can afterward be pooled. Optionally, the number of crypts 
per volume can be counted for calculating the optimized 
seeding density. The crypt-enriched epithelial preparation 
can directly be suspended in a basement membrane mix and 
used for generating intestinal organoids (see chapter). Alter-
natively, the crypt fraction can be further dissociated into 
single cells (see chapter).

Dissociation into a Single‑cell Suspension

For specific experimental approaches and downstream 
analysis such as FACS or single-cell RNA sequencing, 
single-cell suspensions are required. To generate single-
cell suspensions, either freshly isolated crypts from human 
intestinal tissue or disrupted, patient-derived organoids are 
incubated together with a dissociation reagent that cleaves 
cell–cell junctions. Commonly used dissociation reagents 
are summarized in Table 3. To prevent dissociation-induced 
apoptosis, it is recommended to supplement the dissocia-
tion buffer with the Rho kinase inhibitor Y-27632. Released 

Table 2   Digestion buffers

COMPOSITION DURATION TEMPERATURE AND SHAKING REFERENCE

5 MM EDTA IN HBSS 30 min 4 °C [82]
30 MMOL/L EDTA IN HBSS 20 min Ice bath [76]
3 MM EDTA IN PBS 45 min 4 °C, on rocker [23]
10 MM EDTA + P/S + 10 MM HEPES + 2% FCS IN HBSS 15 min 37 °C, rotisserie rack [64]

10 min On ice
8 MM EDTA + 0.5 MM DTT IN PBS 45 min 4 °C, under rotation [14]
2 MM EDTA IN CHELATION BUFFER (2% SORBITOL; 1% 

SUCROSE; 1% BSA; GENTAMICIN AND AMPHOTERICIN 
IN PBS)

30 min On ice, gently on a horizontal orbital shaker [41]

2.5 MM EDTA IN PBS 40 min 4 °C, on shaker with gentle rocking [18]
2 MM EDTA + 0.5 MM IN ISOLATION BUFFER (5.6 MM 

NA2HPO4, 8.0 MM KH2PO4, 96.2 MM NACL, 1.6 MM KCL, 
43.4 MM SUCROSE, AND 54.9 MM D-SORBITOL, PH 7.4)

75 min 20 °C [79]

5 MG/ML COLLAGENASE TYPE II IN ADVDMEM +  +  + (10 
MM HEPES; 1X GLUTAMAX; P/S) AND 10 UM RHOKI

30–45 min 37 °C, orbital shaker 140 rpm [47]

2 MG/ML IN BM (DMEM/F12; 15 MM HEPES; 2 MM L-GLU-
TAMINE; P/S)

20–25 min 37 °C [12]

8 MM EDTA AND 0.5 MM DTT IN PBS 60 min 5 °C, tilt table [7]
3 MM EDTA AND 0.5 MM DTT IN CHELATING SOLUTION 

(NA2HPO4; KH2PO4; NACL; KCL; SUCROSE; D-SORB ITOL 
IN DDH2O)

30 min 4 °C, orbital shaker at 250 rpm [13]
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DNA molecules from dying cells can clump neighboring 
cells together. Therefore, the tissue should additionally be 
treated with DNase I to reduce cell clumping and subsequent 
loss of material through filtration. During the incubation, 
the solution should regularly (every 1–2 min) be checked 
by microscopy to monitor the dissociation progress and stop 
the reaction at the earliest time point at which the major-
ity (80–90%) of crypts are dissociated. If there are still cell 
clumps visible, the dissociation cycle can be repeated. To 
assist the enzymatic digestion, the solution can be gently trit-
urated with a P1000 pipette tip or a glass Pasteur pipette with 
a P10 pipette tip attached and connected to a pipette control-
ler. Following the dissociation of single cells into solution, 
the supernatant should be filtered in order to remove any 
undigested tissue and cell aggregates. After the dissociation 
procedure, it is critical to evaluate the quality of the single-
cell suspension by assessing cell viability, the absence of 
debris, and cell aggregates [51].

In vitro Expansion Techniques

3D Cultivation

Monolayer cultures of colon cancer cell lines (e.g., HT-29, 
Caco-2) often lack tissue-specific cell types and architecture 
and show high gene mutation rates. The resulting insufficient 
clinical predictive power of those traditional culture sys-
tems has led to the development of 3D culture systems that 

enable the growth of self-organized, gut-like structures. In 
contrast to conventional immortalized cell lines, intestinal 
organoids can recapitulate the intestinal epithelium's in vivo 
characteristics and physiological features and even retain 
their self-renewal and differentiation abilities, their pheno-
type, and gene expression profile over several passages [19]. 
Furthermore, since the discovery of stem cell niche factors, 
which allowed long-term cultivation [3, 58], the organoid 
technology has become a powerful, novel system to study 
organogenesis [28, 30, 87], self-organization [61], stem cell 
biology [67, 68, 90] and human disease modeling [16, 17].

Intestinal organoids can be generated directly from 
biopsy-derived crypts or dissociated, single IECs (see 
chapter). Isolated crypts or single IECs need a cell–matrix 
anchorage and cell–cell contact; otherwise, they undergo 
anoikis within hours [53]. Therefore, optimized culture 
matrices that enable attachment of IEC and support 3D 
growth have been developed [29, 31, 33]. Matrigel, a mix 
of extracellular matrix (ECM) components consisting of 
laminin, type IV collagen, entactin, and heparin sulfate pro-
teoglycan perlecan [29], is widely used as a scaffold material 
for organoid cultures. However, its batch-to-batch variabil-
ity in mechanical and biochemical properties can negatively 
affect the reproducibility of experiments. Moreover, it has 
been shown that the inherent properties of the matrix mate-
rial might influence stem cell fate decisions. Therefore, 
alternative scaffolds have emerged on the market ranging 
from simple mixtures of different collagen types to advanced 
synthetic materials, which are xenogenic-free, chemically 

Table 3   Dissociation buffers

COMPOSITION INCUBA-
TION 
DURATION

TEMPERATURE AND SHAKING REFERENCE

DIGESTIVE REAGENT Supplements

1.07 WÜNSCH U/ML OF LIBERASE DH 
AND 600 IU OF HYALURONIDASE IN 
HBSS

NA 2 × 15 min
(with 

mechanical 
disruption 
in between)

37 °C
On shaker rotating at 750 rpm

[54]

0.3 U/ML DISPASE IN HBSS NA 10 min 37 °C [23]
ACC​UTA​SE 2000 U/ml DNase I 30 min 37 °C [56]
1 MG/ML (COLLAGENASE 0.1 U/ML; DIS-

PASE 0.8 U/ML) IN PBS
NA 5 min 37 °C [10]

TRYPLE EXPRESS 10 mM Y-27632
0.5 mM N-acetylcysteine

8 min 37 °C
With pipetting

[76]

10 uM Y-27632
2 μM Thiazovivin
2.5 μM CHIR99021

30 min 37 °C [20]

NA 5 min 37 °C [64]
NA 5 min on ice [9]

5 min 37 °C
10% FCS
10 μg/ml DNase I

5 min 37 °C

1313Stem Cell Reviews and Reports (2022) 18:1309–1321



1 3

defined, and tailorable for specific experimental designs [1, 
31, 33].

For seeding, the isolated crypts or single cells are resus-
pended in ice-cold Matrigel or an alternative ECM (final 
concentration should be between 75 to 100%) and plated 
as drops into wells of a pre-warmed cell culture plate. Due 
to the special rheological properties of Matrigel, the drop-
lets form a stable gel in the incubator at 37 °C after 10 to 
15 min. of incubation. Pleguezuelos et al. [47] have recently 
published a detailed protocol for the establishment of human 
intestinal organoid cultures, including a table with recom-
mendations regarding the volumes of ECM that are needed 
for different multiwall formats. The solidified domes can 
afterward be overlaid with culture medium. Successful cul-
tivation of intestinal organoids requires an optimized culture 
media formulation [43, 57, 62, 86] containing all necessary 
growth factors for promoting intestinal stem cell prolifera-
tion and/or differentiation (see Table 4 with recommenda-
tions for human organoid growth medium). To improve the 
survival of IECs and prevent anoikis after dissociation, it 
is generally recommended to add the Rho kinase inhibi-
tor Y-27632 for the first 2–4 days of culture. The stand-
ard WENR medium, containing Wnt-3a, EGF, Noggin, 
and R-Spondin-1, results in stem-cell enriched organoids 
[57]. Further enrichment for stem cells can be achieved by 

simultaneous addition of CHIR990221 (GSK3β-inhibitor, 
Wnt enhancer) and valproic acid (HDAC inhibitor, Notch 
activator) to the medium (WENR-CV) [84]. While the stand-
ard WENR medium is widely used, Fujii et al. [19] have 
established a refined human intestinal organoid culture con-
dition by adding IGF-1 and FGF-2 instead of SB202190R 
as niche factors to the growth medium. This p38 inhibitor-
free medium has been shown to better conserve the native 
cellular diversity in human small intestinal organoids com-
pared to the conventional methods. Since the growth factors 
Wnt-3a, R-Spondin-1 and Noggin are rather costly; many 
research groups are taking advantage of the L-Wnt3a (ATCC 
CRL-2647) and L-WRN (ATCC CRL3276) cell line that 
produces Wnt3a or Wnt3a + RSpondin + Noggin, respec-
tively, to prepare conditioned media [44, 47, 73, 83]. In 
order to generate stem-cell depleted and more differentiated 
organoids, components like Wnt-3a, Noggin, R-Spondin-1, 
Nicotinamide, SB202190R, CHIR990-21, and valproic acid 
have to be withdrawn or reduced from the culture media 
[89]. Additionally, by stimulating or inhibiting the Wnt, 
Notch, and MAPK signaling pathway, the organoid cultures 
can be enriched for certain IEC types such as Paneth cells 
(+ DAPT, + CHIR99021), goblet cells (+ DAPT, + IWP2, 
or XAV939), enteroendocrine cells (+ DAPT, + IWP2 or 
XAV939, + PD0325901) or Tuft cells (+ IL-4/13) [8]. For 

Table 4   Intestinal stem cells expansion media composition

COMPONENT CONCENTRATION FUNCTION

BASAL MEDIUM
ADVANCED DMEM/F12

  HEPES 10 mM Buffering agent
  GLUTAMAX OR L-GLUTAMINE 1 × or 2 mM Supplement
  N2 SUPPLEMENT (100X) 1 ×  Serum-free supplement
  B27 SUPPLEMENT (50X) 1 ×  Serum-free supplement
  ANTIBIOTICS (E.G. PENICILLIN–STREPTOMY-

CIN OR PRIMOCIN
1 × /50 ug/ml or 100 μg/ml Antimicrobial activity

COMPLETE MEDIUM
  RECOMBINANT WNT-3A 100 ng/ml Wnt activator
  RECOMBINANT R-SPONDIN-1 500–1000 ng/ml Wnt agonist
  RECOMBINANT NOGGIN 100 ng/ml BMP inhibitor
  RECOMBINANT EGF 50 ng/ml RAS/RAF/MEK/ERK signaling activator
  A83-01 0.5 μM TGFβ-R/ALK4,5,7 inhibitor
  SB202190 10 μM IGF-1R/MAPK, p38 inhibitor
  NICOTINAMIDE 10 mM PARP-1 inhibitor
  N-ACETYL-L-CYSTEINE 1 mM ROS scavenger
  [LEU15]-GASTRIN 10 nM Growth hormone
  Y-27632 10 μM RHO/ROCK pathway inhibitor
  CHIR99021 10 μM GSKβ-3 inhibitor (Wnt enhancer)
  VALPROIC ACID 1 mM HDAC inhibitor (Notch activator)
  IGF-1
 + 
  FGF-2 (INSTEAD OF SB202190)

100 ng/ml Growth hormone
30–50 ng/ml Growth factor
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optimal results, Pleguezuelos et al. [47] recommend con-
ducting experimental assays and sample collection as early 
as possible after terminal differentiation since the viability 
of fully differentiated organoids tends to drop quite rapidly. 
During the differentiation process, more granular cells (like 
Paneth cells) appear, organoid walls start to thicken, and 
dead cells are accumulating in the organoid lumen. Alto-
gether this leads to a less transparent appearance of the 
organoids and can be used as an indicator for the progress 
of differentiation.

The first and all following passages should be performed 
after 7–12 days in culture (each line must be determined 
empirically). Passaging organoids repeatedly at a too early 
timepoint will lead to higher material and reagent costs and 
is therefore not recommended. Late passaging, on the other 
hand, might substantially decrease cell viability and conse-
quently recovery after splitting. For passaging, the organoids 
have to be released from the growth matrix and dissociated 
into smaller fragments. Commonly used techniques for 
splitting either involve mechanical disruption by pipetting 
and/or the addition of a chemical dissociation reagent (e.g., 
EDTA, Dispase, TrypLE). After dissociation, the fragments 
are resuspended in fresh ECM and replated as domes. The 
split ratio for a fully developed culture is typically 1:3 to 1:4. 
By repeating this process regularly, the organoids can be 
expanded further for experimental purposes and downstream 
analysis (see chapters). For cryopreservation (see chapter), 
ideally, exponentially growing small organoids should be 
collected (2–3 days after passaging) to optimize the recovery 
after thawing.

Instead of freshly isolated crypts, intestinal organoids 
can also serve as a source of IECs to generate 2D epithelial 
monolayers culture systems (see chapter).

Despite the significant advances in using organoids as 
intestinal models, the system also comes with several limita-
tions. For example, the inaccessibility of the apical side, due 
to the orientation of the epithelia into the lumen of the orga-
noid, complicates studies to characterize epithelial transport 
mechanisms and barrier function after exposure to chemi-
cal compounds or microorganisms. Moreover, intestinal 
organoids lack the interaction with the immune, vascular, 
and enteric nervous system that are essential components 
of the living digestive tract. In addition, a great heterogene-
ity between organoids within one dome is often observed, 
and the 3D architecture tends to be less regular than in vivo. 
However, these issues might be solved in the future with 
more defined growth substrates (e.g., synthetic polymers) 
that allow for consistent interaction with matrix components 
and prevent spatiotemporal gradients of essential growth fac-
tors within the dome. Besides that, the microfluidic gut-on-
chip technology (see chapter) will allow for the development 
of more complex models, including interactions with the 
microvascular endothelium, commensal microbes, immune 

cells, pathogens, and even provide the option to mimic per-
istalsis-like deformations. Nevertheless, the 3D intestinal 
organoid system remains a promising tool for a broad range 
of applications [46] and still harbors a substantial potential 
for further development and improvement, which might in 
the future also increase the consistency and reproducibility 
of the in vitro 3D models.

2D – Enteroid Monolayer Cultivation

Human intestinal organoids have become a powerful 
tool to study intestinal epithelial physiology and model 
human diseases. Due to the increasing interest in using 
patient-derived organoids for disease modeling and drug 
screening, substantial efforts have been made to advance 
the 3D-based organoid culture. However, the restricted 
luminal access of the spheroidal structure to exogenous 
compounds and pathogens complicates studies on nutri-
ent metabolism and absorption, epithelial barrier function, 
and gut microbiota [37]. To overcome these limitations, 
researchers have focused on 2D monolayer culture sys-
tems, which also allow for improved live-cell imaging, 
observation of ISC growth, and cell-to-cell interaction. 
Rapid stem cell loss and high apoptosis rates made the 
long-term culture of primary intestinal epithelial cells as 
monolayer practically impossible in the past. Meanwhile, 
several 2D monolayer culture systems that support ISC 
maintenance have been successfully established [2, 36, 
38, 39, 52, 55, 60, 70, 78]. Extracellular matrix (ECM)-
coated surfaces are commonly used as a base for generat-
ing intestinal epithelial monolayers. While initially those 
ECM were produced by feeder layers of irradiated fibro-
blasts [69], reproducibility issues with cell batch-to-batch 
variability and potential risk for pathogens and xenogeneic 
transmission have led to the development of feeder-cell-
free culture systems [74]. In these systems, often type 1 
collagen, recombinant human laminin, or Matrigel are 
used for coating. Alongside biological matrices, synthetic 
matrices with more defined physiochemical and mechani-
cal properties have been developed [65].

Several groups showed robust epithelial monolayer 
growth by using transwell systems where the apical part 
of the growing epithelial monolayer faces towards the 
culture medium allowing for direct contact with other 
cell types or compounds. The transwell-based monolayer 
culture therefore serves as a particularly suitable system 
to study the crosstalk between IECs and immune cells, 
myofibroblasts, pathogens, or microbiota [32, 66, 81, 88]. 
There is also a more complex sandwich culture system 
described, consisting of a bottom collagen IV coating and 
collagen I gel overlay with IECs between the two layers 
[71]. While this approach seems to improve the expansion 
of human LGR5+ intestinal stem cells, the complexity of 
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the system and the lack of certain mature secretory cell 
types may limit its application for pathophysiological 
models. To mimic the architectural organization of the 
intestine, more sophisticated collagen scaffolds microfab-
ricated with an array of crypt-like invaginations have been 
developed [27],Y. L. [79]. After seeding and expanding 
primary, immature IECs, the proliferative monolayer can 
be converted into fully polarized, mature crypts with the 
typical basal stem cell niche and luminal differentiated cell 
zone. Using the micromold-scaffold platforms, a chemical 
gradient across the crypt array can be generated to study 
the impact of growth and differentiation factors, inflam-
matory cues, food, and bacterial metabolites on stemness 
and differentiation.

Dutton et al. [15] concluded that the proliferation of stem 
cell monolayers is controlled by a synergistic combination 
of different factors, including stiffness, porosity, and ECM 
composition. According to the authors, systems utilizing 
thick collagen layers are most suitable for long-term mon-
olayer expansion of ISC in vitro. The ability to cultivate and 
expand ISC has laid the foundation for the development of 
in vitro 2D models that recapitulate the physiological fea-
tures of the in vivo intestinal epithelium. Micro-engineered 
models harbor the potential to become cost-effective and 
customizable experimental platforms, which can mimic the 
most relevant physiological properties of the gastrointesti-
nal tract, including tissue architecture, chemical gradients, 
luminal flow, and mechanical forces, all of which cannot be 
modeled by a 3D organoid system.

Downstream Analyses

Flow Cytometry / FACS

Jung et al. described a method to isolate stem cells directly 
from the human colon sample without the need for cell 
culture [34]. The authors took advantage of the differ-
ential expression of EPHB2 (ephrin type-B receptor 2) 
on the cell surface to isolate different cell types from 
human colon biopsies. As shown by qRT-PCR, CD45(-)
CD11b(-)CD31(-)EpCAM( +)EPHB2(high) sorted cells 
are characterized by a lower expression of differentia-
tion markers (KRT20, ANPEP, CEACAM7, CA1, FAB2) 
but higher expression of intestinal stem cells markers 
(LGR5, ASCL2, OLFM4, EPHB3) and proliferation genes 
(MKI67, FOXM1, MYC, AURKB) when compared to 
cells expressing low or medium levels of EPHB2. Fur-
thermore, single EPHB2(high) cells from the human colon 
could form in vitro spheroids characterized by multiline-
age differentiation capacity and long-term proliferation 
[34].

On the other hand, some authors [75]

An alternative approach combines staining for the 
markers CD44 and CD24 [23] to isolate stem cells from 
human jejunum-derived patients samples. This method, 
proposed by Gracz et al., takes advantage of the fact that 
cells originating from the region between the crypt base 
to the crypt-villus junctions express CD44, whereas the 
remaining upper part of the villus does not. A similar 
expression pattern is observed for CD24 with a main stain-
ing distribution along the apical cell membranes. Both 
markers are also broadly expressed by non-epithelial cells 
such as the lamina propria, submucosa, and muscle cells, 
but the staining protocol that combines CD326 (EpCAM) 
with CD24 and CD44 allows to separate epithelial from 
non-epithelial cells [23]. The authors demonstrate that 
the CD24(-)CD44( +) cell population is enriched for the 
active cycling intestinal stem cells (ISC) markers LGR5 
and OLFM4. On the contrary, the cell population express-
ing both markers CD24( +)CD44( +) is enriched for the 
reserve/facultative ISC maker HOPX. Subsequently, 
sorted cells were cultured to assess the functional proper-
ties of stemness. CD24(-)CD44(-) and CD24( +)CD44(-) 
single cells failed to form cystic enterosphere structures 
while CD24(-)CD44( +) as well as CD24( +)CD44( +) 
succeeded to do so. Interestingly, after the first week of 
culture, CD24( +)CD44( +) derived enterospheres exhib-
ited a limited increase in size, but CD24(-)CD44( +) con-
tinued to develop. The cell culture efficiency of CD24( +)
CD44( +) was even further increased when cells were 
cocultured with myofibroblasts. Finally, at day 21, enter-
oids derived from both cell populations contained enter-
oendocrine cells, goblet cells, Paneth cells, and absorp-
tive enterocytes, demonstrating functional stemness of the 
originally sorted populations [23].

A more complex FACS staining protocol to identify ISC 
from human as well as mouse tissue, based on the expression 
of surface markers, was developed by Wang and colleagues 
[75]. Analysis of CD44, CD24, CD166, and GRP78/c-kit 
expression allowed the identification of putative stem cells 
in the gastrointestinal tract. The authors show that CD44( +)
CD24(lo)CD166( +) and GRP78(lo/-) or c-kit identifies 
putative intestinal (GRP78) or colonic mouse stem cells. In 
addition, the authors prove that, in principle, a similar gat-
ing strategy can be applied to human settings and will have 
a critical influence on future clinical applications.

OMICS Analysis

The term Omics usually refers to the global profiling of spe-
cific molecules in order to extract a meaningful message or 
pattern by analyzing the large-scale and high dimensional 
dataset as a whole. In recent years, advances in sequencing 
technology have allowed the generation of massive omics 
datasets. This section discusses the most recent technologies 
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to study the multilayer of omics, including genomics, epi-
genomics, transcriptomics, proteomics, metabolomics, and 
metagenomics.

High‑throughput Sequencing

Next-generation sequencing (NGS) has multiple advan-
tages over traditional sequencing, including multiplex-
ing of samples and parallel sequencing, leading to faster 
sequencing with lower costs (see Table 5). Nowadays, a 
complete human genome can be sequenced within a few 
days for less than $1,000 [59]. Generally, the omics analy-
sis is done in two significant steps, 1) library prepara-
tion and 2) sequencing via sequencer platform. Once the 
biopsy has been digested, as mentioned earlier, the choice 
of library preparation is based on the used technology 
for the sequencing. For example, Van et al. used Ion tor-
rent technology to study the genomic alteration in human 
embryonic stem cells [45]. The Ion Torrent platform is 
more rapid, direct, and less expensive than other technolo-
gies. It is suitable for targeted sequencing since one run 
could be finished in 2–7 h [42]. Ying et al. used Illumina 
platforms to compare the differentially expressed genes 
between embryonic stem cell lines and feed cell lines [85]. 
Illumina platforms are currently the most used in the NGS 
field. Also, researchers can use customized panels to detect 
specific profiles of interest, as Anezeka et al. who stud-
ied the allogeneic hematopoietic stem cell transplantation 
using custom next generation sequencing (NGS) panel to 
detect the mutations on DNA and these panel sequenced 
by MiSeq device [26].

The remarkable increase in data output and decrease 
in cost per base sequenced has been driven primarily by 
increases in parallelization in short-read sequencing tech-
nologies such as the Illumina and Ion Torrent platforms. 
These short reads usually cause errors and gaps in genome 
assembly and face many challenges in repetitive regions and 
structural information of genomic. That was the motivation 
for the development of third technologies sequencing plat-
forms. Pacific Biosciences single-molecule real-time SMRT 
technology does not require amplification and offers much 

longer reads than second-generation sequencing technolo-
gies. On the other hand, Oxford Nanopore sequencing tech-
nologies do not rely on DNA polymerase like PacBio SMRT, 
and it can directly sequence RNA and protein. [49] These 
technologies enabled Wu et al. to study the DNA methyla-
tion in mammalian embryonic stem cells [80].

Single‑cell RNAseq

For the analysis of tissues, cell dissociation is the most 
critical step, as the conditions of this step directly affect the 
molecular profiles of cells, and the impacts of stress and 
damage depend on the cell type. To measure transcripts in 
individual cells, reverse transcription (RT) and cDNA ampli-
fication must be performed from minimal amounts of RNA 
[35]. Several methods for the simple procedure of scRNA-
seq library construction have been reported [50].

Several protocols based on microdroplet technology have 
been reported, such as Drop-Seq and DroNc-seq. In these 
methods, a cell/nucleus, reaction liquid, and a barcoded 
bead are included in an oil droplet, and RT is conducted 
with molecular/cell barcoding within each oil droplet. On 
the other hand, in the microwell-seq approach, a cell and 
barcoded bead are isolated in a well. Nx1-seq and Seq-Well 
are reported to be portable, low-cost microwell-based plat-
forms. In addition, this microdroplet- and microwell-based 
protocols enable the easy handling of thousands of single 
cells [, 22, 25].

Microdroplet-based systems such as Chromium 
(10 × Genomics), ddSEQ (Bio-Rad/Illumina), Nadia (Dolo-
mite), and inDrop (1CellBio), and microwell-based systems 
such as Rhapsody (BD) and ICELL8 (Takara) also exist. 
Problems such as limited cell capture, low RT efficiency, 
amplification bias, and the requirement for a large number of 
sequencing reads remain, depending on the platform. Users 
should select appropriate methods of scRNA-seq for their 
sample type and research purpose [24].

Table 5   Summary of next 
generation sequencing 
technologies[63]

PLATFORM
SEQUENCING

READ 
LENGTH
(BP)

MAX NUMBER
OFREADS⁄ RUN

OUTPUT⁄ RUNRUN TIME

ROCHE454GSFLX +  600–800 1 × 106  ≤ 700 Mb 23 h
ILLUMINA HISEQ 2000 100–200 6 × 109  ≤ 540–600 Gb 11 d
ILLUMINA HISEQ 1000 100–200 3 × 109  ≤ 270–300 Gb 8.5 d
ILLUMINA MISEQ 100–150 7 × 106  ≤ 1–2 Gb 19–27 h
ION TORRENT -318 CHIP 100–200 11 × 106  ≥ 1 Gb 5.5 h
PACIFIC BIOSCIENCES  ≥ 1500 50 × 103 ∼60–75 Mb 0.5 h

1317Stem Cell Reviews and Reports (2022) 18:1309–1321



1 3

Future Directions

Multi‑layered Sequencing from the Same Cells

A single omics layer alone cannot sufficiently decipher the 
complexity of the biological system. The use of individual 
cells for sequencing prevents the recognition of different 
omics profiling layers of the same cell. Therefore additional 
methods, developed to analyze tow or more omics layers 
from a single cells have been reported e.g., G&T-seq and 
DR-seq. These methods allowed simultaneous analysis of 
genomic DNA sequences and mRNA profiles from single 
cells. They accuracy of the copy number profile and expres-
sion profile of these methods are similar to conventional 
WGA and WTA methods, respectively. ScDam&T-seq also 
measures both protein–DNA interactions and transcriptome 
profiles in the same cell and thus couples transcriptional 
regulation and gene expression analysis in individual cells 
[, 11, 40].

The Organ on a Chip

The human gut-on-a-chip technology provides an ideal tool 
to establish a microenvironment that mimics the natural con-
ditions of the human intestine in a small-scale and controlla-
ble in vitro platform [6]. This microfluidic-based technology 
imitates different organs to address the complexity of ani-
mal-based models. Organ-on-chips consist of multiple cell 
types in 3D cell culture, allowing cell interactions similar to 
tissue. Additionally, peristaltic motion, mechanical forces, 
and flow of nutrients in fluidic channels recreate the micro-
environment seen in the living colon. As a unique feature, 
the fluidic channels of the chip even offer the possibility to 
coculture microbes with host cells. As a result, the method 
can mimic normal organ physiology or, even more impor-
tantly, induce disease pathology on the organ level [4, 5].

The development of the first gut-on-a-chip model tech-
niques opens new avenues to study the contributions of a 
broad range of factors to the pathogenesis of different intes-
tinal diseases and to control these parameters independently. 
In addition, the ability to co-culture microorganisms [48] 
with patient-derived gut cells, falls into the field of preci-
sion medicine, where patients' own cells and microbiota are 
cocultured on the chip. More importantly, in the near future, 
a patient-derived disease-on-a-chip model will be available 
to test different therapeutics for the possible identification 
of individualized treatment strategies.
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