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Highlights
■   Successfully generated four patient-derived organoids.

■   RNA-seq was used to monitor gene expression changes at various stages of organoid growth.

■   Both propagation methods successfully maintain the typical characteristics and immune microenvironment of glioblastoma (GBM) organoids.

■   The GBM organoids prepared by mechanical fragmentation retained vascular architecture.
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ABSTRACT
Glioblastoma  (GBM)  is  a  highly  aggressive  brain  tumor  characterized  by  rapid  growth  and  high  heterogeneity,  posing
challenges for fundamental research and personalized drug screening due to the lack of suitable models. GBM organoids
serve as an innovative research tool, providing a valuable model for studying the biological characteristics of GBM. In this
study,  we  successfully  generated  4  GBM  organoids  and  employed  enzymatic  digestion  and  mechanical  fragmentation
techniques for  subsequent  cultivation.  Through continuous observation,  pathological  assessment,  and RNA sequencing
(RNA-seq),  we  observed  that  all  the  organoids  generated  through  both  methods  demonstrated  good  growth
characteristics. The organoids derived from mechanical fragmentation not only achieved a two-dimensional (2D) area of
~ 1.5 mm2 but also exhibited distinct vascular structures. The organoids derived from enzymatic digestion achieved a 2D
area of  approximately  0.8 mm2.  Furthermore,  RNA-seq analysis  has revealed that  organoids cultured using two distinct
methods exhibit a heterogeneous cellular composition, comprising a total of 20 cell types (endothelial, immune cells ...).
Our  studies  show  that  both  methods  successfully  maintained  the  essential  characteristics  of  GBM,  encompassing  its
distinctive  tissue  structure  and  gene  expression  patterns.  Each  method  exhibits  its  own  attributes,  contributing  to  the
understanding of GBM organoids.
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Introduction
Glioblastoma  (GBM)  is  the  most  common  high-grade  primary
malignant  brain  tumor  in  adults.  This  tumor  is  characterized  by
its  highly  invasive  nature,  widespread  heterogeneity,  and  has  a
poor  prognosis,  with  a  median  survival  period  typically  not
exceeding  two  years[1].  Despite  recent  progress  in  GBM  research,
there  is  still  no  curative  treatment.  Comprehensive  therapeutic
approaches  such  as  surgical  resection,  radiotherapy,  and
chemotherapy  can  only  marginally  prolong  patients'  survival
times[2,3].  Therefore,  GBM  remains  a  significant  challenge  in  the
field of neuro-oncology.

Traditional  two-dimensional  (2D)  cell  lines  hold  substantial
value  for  disease  research[4,5].  However,  these  models  are

constrained by their inability to fully replicate the complexity and
three-dimensional  architecture  of in  vivo tissues.  They  may  not
accurately  reflect  the  dynamic  and  spatially  organized
microenvironments  found in  real  tissues,  potentially  leading  to  a
reduced  predictive  accuracy  of  therapeutic  responses.  In  recent
years,  organoid  research  has  received  widespread  attention  and
development,  and  organoids  have  significant  advantages  over
traditional 2D cell lines in retaining complexity and heterogeneity
of the original tumor[6–8].  Many studies have shown that organoid
models  exhibit  sensitivities  to  targeted therapies  or  radiation that
are  similar  to  those  of  tumors  in  the  body[9,10],  demonstrating
significant potential in drug screening[11,12]. For instance, the breast
cancer  organoids  established  by  Norman  Sachs  and  colleagues
have  successfully  retained  the  histological  and  genetic
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characteristics  of  the  original  tumors[13].  The  observation  that  the
organoids’ drug  responses  corresponded  with  the  patients’
responses  underscores  the  potential  of  organoids  as  predictive  in
vitro  models.  Currently,  an  increasing  number  of  organoid
models  are  being  developed  to  simulate  various  tumors,  such  as
ovarian, pancreatic,  and liver tumors[14–16].  These organoid models
provide  more  reliable  experimental  evidence  for  studying  the
occurrence,  development,  and  treatment  of  tumor.  With  the
continuous  development  and  optimization  of  organoid
technology,  more  breakthroughs  in  the  field  of  biomedicine  are
expected in the future.

GBM  exhibits  extensive  inter- and  intratumor  heterogeneity,
which  hinders  in-depth  investigations  into  the  pathogenesis  of
GBM  and  impacts  the  development  of  effective  treatment
strategies[17].  Existing  models  often  struggle  to  capture  the
intricacies of GBM. Consequently, there is a pressing need for the
development of more sophisticated models that can better reflect
these  complexities.  GBM  organoids  can  better  simulate  the
heterogeneity  and  complexity  of  GBM[18–21].  For  example,  Jeremy
Rich  derived  organoids  from  patient  GBM  tissue  and
characterized the stem cell heterogeneity and hypoxia gradients[18];
Fadi  Jacob  and  colleagues  have  developed  an  innovative  method
to  quickly  establish  GBM  organoids  from  tumor  tissue  without
dissociating  the  tumor  tissue  into  single  cells.  The  organoids
derived  from  this  method  retain  a  significant  degree  of
heterogeneity,  gene  expression  profiles,  and  mutational
characteristics  of  the  original  tumor  cells[19].  These  organoids  are
expected  to  provide  powerful  tools  for  in-depth  study  of  GBM
pathogenesis,  drug  responses,  and  treatment  strategies.  Despite
recent significant progress in the development of GBM organoid,
there  are  still  some  limitations  that  need  to  be  resolved.  Such  as
immune  response  deficiencies  and  the  absence  of  a  vascular
system,  as  well  as  debates  regarding  structural  and  genetic
fidelity[22,23].  Consequently,  the  development  of  novel  GBM
organoids  is  crucial  for  a  deeper  understanding  of  the  biological
characteristics of this disease.

In  this  study,  we  generated  organoid  using  surgical  samples
from four patients with GBM. This method does not require the
dissociation  of  tissue  into  single  cells,  nor  the  addition  of  matrix
gel.  To  avoid  necrosis  in  the  core  of  the  organoids,  we  adopted
two  methods  to  reduce  the  size  of  the  organoids:  One  is  to
mechanically  fragment  the  organoids,  resulting  in  smaller  pieces,
and the other  is  enzymatic  digestion of  the organoids  into single
cells. To enhance our understanding of the characteristics of each
method,  we  conducted  photography,  pathological  staining,  and
RNA-seq  analysis.  Our  results  demonstrated  that  the  organoids
could  preserve  the  key  features  of  GBM  and  a  portion  of  the
tumor  microenvironment.  Furthermore,  we  observed
heterogeneity among organoids derived from different patients. In
summary, both methods provide insights for organoid research. 

Results
 

Generation  of  GBM  organoids  without  Matrigel  and
enzymes
With the full informed consent of the patients, we processed fresh
surgically  resected  GBM  tissue  samples  from  four  patients.  In
contrast to the conventional method of digesting tissue into single
cells  for  organoid  generation,  we  adopted  a  simplified  method:

Initially,  the  GBM  tissue  was  meticulously  washed  with  a  tissue
irrigation  buffer  to  eliminate  contaminants,  ensuring  the  sterility
of subsequent experiments. Subsequently, the tissue was manually
cut  into  small  pieces  approximately  1  mm3 in  size  using
ophthalmic  scissors.  These  pieces  were  directly  mixed  into
organoid medium (without Matrigel) to facilitate in vitro growth.
This  simplified  method  is  designed  to  promote  organoid
formation more efficiently. Typically, these small tissue pieces can
generate  organoids  within  approximately  2  weeks.  To  avoid
necrosis  in  the  core  of  the  organoids,  we  adopted  2  methods  to
reduce  the  size  of  the  organoids.  As  shown  in Fig. 1a,  we  first
treated the surgical tissue from four patients using the method and
successfully  generated  GBM  organoids.  Subsequently,  we
subjected  some  of  these  organoids  to  RNA-seq  analysis  and
divided  the  remaining  organoids  into  2  groups:  one  group
underwent  mechanical  fragmentation into  smaller  pieces  (Group
1),  while the other was enzymatically digested to obtain a single-
cell  suspension  (Group  2).  Both  groups  were  seeded  into  low
attachment  six-well  plates  (with  three  replicate  wells  each)  and
continued to  be  cultured.  On the  third post-inoculation (Day 2),
we observed the formation of GBM organoids with a diameter of
approximately 200 μm in Group 2, partial organoid samples from
all  groups  were  collected  simultaneously  for  RNA-seq  analysis.
After  14  days,  we  collected  all  groups  of  organoids,  with  some
used for pathological staining and others for RNA-seq. 

The growth of GBM organoids
To  monitor  the  development  of  the  organoids,  we  performed
serial  photography.  Organoids  generated  from  tissue  pieces
demonstrated favorable growth characteristics.  Initially,  the edges
of  these  small  pieces  were  distinct.  After  2  weeks  in  culture,  the
organoids’ edges became smooth and even, with cells observed to
proliferate  outward  (Fig. 1b).  On  the  third  day  post-inoculation
(Day  2),  cells  from  Group  2  had  formed  numerous  small
organoids. Over time, these organoids increased in size and began
to  merge  with  adjacent  organoids,  resulting  in  larger,  diversely
shaped  organoids  (Figs.  2a and 2c).  It  is  worth  noting  that  the
organoids  within this  group exhibited a  small  volume difference,
with  a  relative  increase  in  volume  ranging  from  2  to  5  times
(Fig. 3a).  However,  Group  2-2,  after  forming  organoids  with  a
diameter  of  approximately  200  mm,  did  not  exhibit  significant
growth  changes  during  subsequent  cultivation,  and  the  specific
reasons  for  this  observation  are  yet  to  be  elucidated.  In  contrast,
the  organoids  from Group 1,  which  started  with  larger  volumes,
showed a relatively mild growth trend. These organoids gradually
proliferate and grow, and have undergone fusion, resulting in the
formation  of  organoids  with  diverse  shapes.  (Figs.  2a and 2b).  It
was  encouraging  to  observe  that  some  Group  1  organoids
displayed clear  vascular  structures  (Fig. 1c),  although there  was  a
significant variation in the volume of organoids within the group
(Fig. 3a).  To  better  summarize  the  growth  characteristics  of
organoids,  we  conducted  a  detailed  statistical  analysis  of  the
number  of  organoids  (Fig. 3b),  the  maximum  volume  of
organoids  in  each  group  (Fig. 3c),  and  the  number  of  organoids
exceeding  a  volume  of  200,000  μm²  (Fig. 3d).  The  results  show
that,  during  the  early  stages  of  organoid  cultivation,  there  was  a
higher abundance of organoids with relatively smaller volumes. As
the  cultivation  period  progressed,  the  total  number  of  organoids
decreased, while the volume of organoids increased, and the count
of larger organoids also rose. 
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Figure 1.    Generation of GBM organoids. (a) Methodological overview and key steps. (b) Brightfield microscopy images of organoid GBO-2W (organoids generated
after 2 weeks of tissue culture) derived from tissue;  scale bar = 500 μm. (c) Organoids with vascular structures (Group 1);  Scale bar = 500 μm. (d) Organoids with
vascular structures (GBO-2W); scale bar = 500 μm. (e) Schematic diagram of organoid characteristics across groups.
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Figure 2.    Growth record of  organoids. (a)  Organoid growth panorama;  scale  bar = 500 μm. (b)  Brightfield microscopy images of  Group 1;  Scale  bar = 500 μm.
(c) Brightfield microscopy images of Group 2; scale bar = 500 μm.
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Histological characterization of GBM organoids

Hematoxylin  and  Eosin  (H&E)  staining  is  a  commonly  used

histological  technique  that  clearly  reveals  the  morphological
structure  of  tissues  and cells.  Analysis  of  the  organoids  and their
matched  tissues  after  H&E  staining  revealed  that  our  organoids

 

Figure 3.    Growth record statistics chart and H&E staining results. (a) The statistics chart of organoid relative size. (b) The quantitative statistics chart of organoids.
(c)  The  2D  area  statistics  chart  of  the  largest  organoids  per  group.  (d)  The  statistical  chart  of  the  number  of  organoids  with  2D  area  exceeding  200,000  μm2.
(e) Pathological analysis (H&E staining); Scale bar = 100 μm.
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closely resembled their parental tumors in tissue morphology and
exhibited typical features of GBM. In the organoid sections, dense
clusters of tumor cells with irregular shapes and varying sizes were
observed.  The  nuclei  were  enlarged,  irregular  in  shape,  and
exhibited  uneven  chromatin  distribution.  Binucleation  or
multinucleation was also observed. Additionally, necrotic features
characteristic of GBM, such as pseudopalisading, were observed in
the  organoids  from  patients  3  and  4,  designated  as  GBO-2W
(Fig. 3c). 

Transcriptome Characterization of GBM Organoids
RNA  sequencing  (RNA-seq)  technology  was  employed  to
elucidate  the  dynamics  of  gene  expression  during  disease
progression.  To  confirm  whether  organoids  retained  key
characteristics of GBM, bulk RNA-seq analysis was conducted on
organoids  from  Groups  1  and  2,  encompassing  two  time  points
(Days 2 and 14), as well as organoids at the GBO-2W (Organoids
generated after 2 weeks of tissue culture) stage (Fig. 4a). Utilizing a
panel of cell markers to distinguish various cell populations within
the  neural  tissue  (Fig. 5a),  our  results  showed  that  organoids
derived from Patient 1 exhibited pronounced expression of genes
related  to  the  immune  and  vascular  systems.  In  contrast,
organoids  from  Patient  3  showed  significant  expression  of  genes
associated  with  astrocytes  and  cell  proliferation.  Organoids  from
Patients 2 and 4 displayed elevated expression of genes related to
astrocytes,  immune  cells,  oligodendrocyte  precursor  cells,
angiogenesis,  and  cell  cycle  regulation.  The  organoids  from  the
four  patients  exhibited  a  rich  diversity  of  cell  types,  including
tumor  cells,  immune  cells,  and  vascular-related  cells  (Fig. 4c).
Moreover,  the  organoids  from  different  patients  exhibited
significant  transcriptional  differences,  which  were  further
confirmed  by  principal  component  analysis  (PCA)  (Fig. 4d).
Notably, organoids from the same patient source in Groups 1 and
2  at  the  two  time  points  (Days  2  and  14)  demonstrated  a  high
degree  of  similarity  in  cell  composition  to  the  GBO-2W
organoids,  with  the  proportion  of  various  cell  types  remaining
relatively  stable  over  time  (Fig. 5b).  Correlation  analysis  further
indicated  a  high  level  of  transcriptional  consistency  among
organoids  from  different  groups  of  the  same  patient  source
(Fig. 4b).

The  tumor  immune  microenvironment  plays  a  crucial  role  in
tumor  growth  and  progression.  To  investigate  the  dynamic
changes  in the immune microenvironment within organoids,  we
analyzed  the  RNA-seq  data.  The  results  showed  that  the
proportions of various immune cells in Groups 1 and 2 remained
strikingly  similar  across  different  time  points  (Fig. 5b),  with
monocytes  consistently  maintaining  a  high  proportion.  Further
analysis of the proportion of each immune cell type revealed that
the immune cell composition in Groups 1 and 2 did not undergo
significant  changes  over  time  (Fig. 5d).  Additionally,  it  was
observed that the endothelial cell population in both Groups 1 and
2 did not exhibit significant changes over time (Fig. 5c). 

Discussion
Traditional  GBM  cell  lines,  including  U87,  U251,  and  GL261,
have  played  a  pivotal  role  in  medical  research,  providing  a
foundational  experimental  platform  for  elucidating  disease
mechanisms,  and  conducting  drug  screening[24,25].  However,  these
cell  lines  are  limited  by  their  inability  to  accurately  replicate  the
three-dimensional architecture and heterogeneity of tumors[26,27]. In

contrast,  GBM  organoid  models  offer  a  more  authentic
representation of  tumors,  providing a  more  precise  experimental
platform for studying cellular interactions, immune cell dynamics,
and drug responses[18,19,28].

In  this  study,  we  successfully  generated  organoids  from  GBM
tissue  resected  from  patients.  HE  staining  showed  that  these
organoids retained the typical histological features of GBM. RNA-
seq confirmed that  the organoids maintained GBM-specific  gene
expression profiles. cell type analysis demonstrated the diversity of
cells within the organoids. Previous studies have shown significant
heterogeneity  among  GBM  patients[29],  a  characteristic  that  was
reflected  in  our  organoids,  The  organoids  derived  from  tumor
tissues of various patients demonstrated a notable diversity in their
transcriptional  profiles.  Unlike  other  methods  for  generating
organoids  from  patient-derived  tissues,  our  methods  circumvent
the  need  for  dissociating  tumor  tissue  into  single  cells  and  does
not employ the use of Matrigel.

The  generation  of  organoids  from  tissue  pieces  typically  takes
about  two  weeks.  As  organoids  increase  in  size,  larger  ones  may
experience  hypoxia  and  nutrient  deprivation  in  their  central
regions,  leading  to  cell  apoptosis  and necrosis.  To  overcome this
limitation,  we  adopted  two  methods—enzymatic  digestion  and
mechanical  fragmentation—to  reduce  the  organoids’ size.
Encouragingly,  after  enzymatic  digestion,  the  dissociated  single
cells  exhibited  the  capacity  to  self-assemble  into  new  organoids
without  the  supplementation  of  any  extracellular  matrigel.  Both
H&E  staining  and  RNA  sequencing  analysis  showed  that
organoids  treated  with  enzymatic  digestion  (Group  1)  and
mechanical  fragmentation  (Group  2)  successfully  retained  the
typical histological features and gene expression profiles of GBM.
Additionally,  organoids  from  both  treatment  methods  showed  a
significant  similarity  in  transcriptome  and  cell  diversity  to  the
GBO-2W  organoids.  Photography  records  indicated  that  the
mechanical fragmentation tended to preserve some of the original
tissue’s  architecture,  while  the  enzymatic  digestion  required  cells
to  re-establish  interactions  during  the  cultivation  process,  which
might  have  resulted  in  the  loss  of  the  original  tissue  structure.
However, enzymatic digestion leads to the formation of uniformly
sized  organoids.  Both  methods  have  their  advantages  in  the
cultivation of patient-derived organoids mechanical fragmentation
may be suitable for experiments requiring the preservation of the
original  tissue  structure,  while  enzymatic  digestion  may  be  more
appropriate for studying the process of cellular tissue remodeling.

Tumors  are  complex  ecosystems  composed  of  various  cell
types, not just tumor cells, but also including multiple non-tumor
cell  types[30].  Our  organoids  also  contained  other  non-tumor  cell
types,  such  as  endothelial  cells,  mural  cell  and  immune  cells.
Significantly, the relative proportions of these cell types remained
stable  throughout  the  cultivation  process.  The  tumor  immune
microenvironment plays a pivotal role in tumor development, and
researchers  are  continuously  optimizing  organoid  culture
techniques to mimic the immune response more accurately within
tumors[31–33].  Currently,  two  main  strategies  are  employed:  one
involves retaining and expanding the original immune cells within
the  organoids,  and  the  other  involves  introducing  new  immune
cells  into the organoid culture system[34].  We have paid particular
attention  to  the  retention  of  immune  cells  during  the  organoid
culture  process  and  found  that  our  culture  system  effectively
maintained  the  immune  microenvironment  in  both  Groups  1
and 2.

Although  we  successfully  generated  organoids  that  reflect
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typical  GBM  features  and  partially  retain  the  immune
microenvironment,  our  study  still  faces  some  limitations.  The

scarcity  of  GBM patient  tissue,  coupled  with  their  small  volume,
limits  the  number  of  organoids  we  can  generate.  In  this

 

Figure 4.    Bulk  RNA-Seq  analysis  of  organoids. (a)  The  workflow  for  Bulk  RNA-Seq  analysis.  (b)  Correlation  analysis.  (c)  Cell  type  distribution.  (d)  Principal
component analysis.

8 Article

 

 

https://www.sciopen.com

https://www.sciopen.com/


 

Figure 5.    Cell type-specific molecular markers in organoids and RNA-Seq analysis of the immune microenvironment. (a) Cell  type-specific molecular marker
expression analysis. (b) Relative expression of immune microenvironment cells in organoids. (c) Alteration of immune microenvironment cells presence over time in
organoids at Days 0, 2, and 14 of culture.
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experiment,  we  generated  organoids  from  GBM  tissue  of  only
four  patients.  Moreover,  despite  adopting  some  histological
staining  and  RNA-seq  analysis,  the  limited  number  of  organoid
samples  may  not  fully  reveal  the  characteristics  of  our  GBM
organoids.  Therefore,  enhancing  the  efficiency  of  organoid
generation  and  delving  into  a  more  comprehensive  analysis  of
their  characteristics  will  be  central  to  our  upcoming  research
endeavors.

In summary, our study shows the characteristics of mechanical
fragmentation  and  enzymatic  digestion  within  the  organoid
cultivation  process,  which  may  offer  a  preliminary  reference  for
future  research  in  this  area.  Furthermore,  it  is  advisable  for
researchers  to  take  into  account  their  research  objectives  and
specific needs when choosing a suitable cultivation method. 

Methods and materials
 

Tissue collection
We  strictly  adhere  to  ethical  norms  and  standard  operating
procedures in the collection of clinical tissue samples, ensuring the
integrity  and  quality  of  the  samples.  The  main  steps  include:
identifying  patients,  obtaining  informed  consent,  collecting
samples,  processing  samples,  storage,  and  documentation.  All
sample  collection  work  is  carried  out  by  professionally  trained
medical  personnel  following prescribed procedures  to  reduce the
risk of sample contamination, ensure the viability of the samples,
and  facilitate  subsequent  analysis.  At  the  same  time,  we  also
implement  strict  record-keeping  and  label  management  systems
to  ensure  the  traceability  of  samples  and  facilitate  accurate  data
management.  In  the  collection  of  all  clinical  samples,  we  strictly
adhered to the ethical guidelines of the Xinhua Hospital Affiliated
to  Shanghai  Jiao  Tong  University  School  of  Medicine  and  the
ethical code XHEC-D-2024-019. 

Organoid culture
In this study, we employed a standardized protocol for processing
fresh  GBM  tissue  samples  to  generate  organoids.  First,  freshly
obtained GBM tissue samples were immersed in a tissue irrigation
buffer  (LSNO00100201;  Shanghai  Lisheng  Biotech,  China)  for
3 min to eliminate potential contaminants and non-cellular debris.
The  tissue  samples  were  then  transferred  to  a  50  mL  centrifuge
tube and washed 3–5 times with fresh tissue irrigation buffer, each
time  adding  5–10  mL  and  gently  agitating  to  ensure  thorough
cleansing.  Following  the  washing  steps,  the  tissue  samples  were
placed  into  a  10  cm  dish  and  infused  with  100  μL  of  medium
(LSTO015004;  Shanghai  Lisheng  Biotech,  China).  Utilizing
ophthalmic scissors, the tissue samples were cut into micro-tissue
pieces approximately 1 mm3 in size. After resuspending the micro-
tissue pieces in 1 mL of medium, they were transferred to a new
10 cm dish for observation and further cultivation. Finally, 15 mL
of medium was added, and the dish was incubated in an incubator
at 37 °C with 5% CO2 to facilitate growth.

During the organoid cultivation process, we replaced part of the
medium  every  5–7  days,  or  adjusted  it  in  time  according  to  the
color  and  turbidity  of  the  medium  to  ensure  sufficient  nutrition
for  the  growth  of  organoids.  We  meticulously  monitored  and
regulated  the  cultivation  conditions  throughout  the  process  to
guarantee  the  precision  and  reliability  of  our  experimental
outcomes.

Group 1:  A portion of the GBO-2W organoids were aspirated

and transferred  to  a  new 10  cm dish,  with  a  minimal  volume of
liquid  retained  to  preserve  organoid  hydration  while  excess
medium was removed. The organoids were cut into smaller pieces
using  ophthalmic  scissors.  Subsequently,  6  mL  of  medium  was
added,  and  the  organoid-laden  medium  was  evenly  distributed
into  low-adhesion  6-well  plates.  Throughout  the  cultivation
process, the medium was consistently replenished every 5–7 days,
and its composition was promptly adjusted based on its color and
turbidity to ensure an optimal environment for organoid growth. 

Enzymatic digestion
Group  2:  An  appropriate  number  of  organoids  was  carefully
taken,  transferred  to  a  6-well  plate,  and  allowed  to  settle  at  the
bottom,  with  any  excess  supernatant  being  removed.
Subsequently,  200  μL  of  organoid  dissociation  reagent
(LSNO00100501;  Shanghai  Lisheng  Biotech,  China)  was  added,
and  the  organoids  were  cut  into  small  pieces  with  ophthalmic
scissors  to  facilitate  enzymatic  digestion.  After  adding  1  mL  of
organoid dissociation reagent and thoroughly mixing, the mixture
was placed in an incubator and shaken for 20 min to complete the
digestion  process.  The  mixture  was  repeatedly  aspirated  with  a
1  mL  pipette  to  break  up  any  visible  clumps.  If  a  noticeable
resistance  due  to  clogged  particles  was  felt,  the  digestion  was
continued  for  an  additional  10  min.  The  mixture  was  filtered
through  a  70  μm  cell  strainer,  and  the  strainer  was  rinsed  with
2  mL  of  medium  to  collect  a  single-cell  suspension.  This
suspension  was  then  centrifuged  (600  r/min,  10  min).  After
centrifugation,  the  supernatant  was  carefully  removed,  and  the
cells  were  resuspended  in  2  mL  of  medium.  This  suspension
underwent  a  second  centrifugation  at  600  r/min  for  10  min.
Following  the  second  spin,  the  supernatant  was  again  removed,
and the cells were resuspended in 6 mL of fresh medium. This cell
suspension was then evenly distributed into three replicate wells in
a  6-well  plate.  The  medium was  routinely  replenished  every  5–7
days, with adjustments made as necessary based on the medium’s
color and turbidity to ensure a conducive culture environment. 

Organoids growth analysis
In  this  study,  we  used  ImageJ  software  to  quantitatively  analyze
the  size  of  the  organoids,  measuring  the  changes  in  size  at
different time points and continuously monitoring the growth and
morphological  changes  of  the  organoids.  These  data  provided
important  information  for  assessing  the  impact  of  experimental
methods on organoid growth. 

H&E staining
Tissue  and  organoids  were  fixed  in  4%  paraformaldehyde  (PFA,
BL539A,  Biosharp)  for  48  h,  followed  by  gradient  dehydration
(1  h  in  10%,  2  h  in  20%,  and  overnight  in  30%  sucrose),  then
embedded  in  tissue-freezing  medium  (OCT)  and  rapidly  frozen
with liquid nitrogen. Section 10 micrometers thick were prepared
using  a  microtome.  Subsequently,  H&E  staining  was  performed
according to the instructions provided with the H&E staining kit
(G1120) from Solarbio (China). 

RNA sequencing
After  the  collection  of  organoids,  the  samples  were  immediately
placed  on  ice  and  treated  with  an  adequate  amount  of  TRIzol
reagent  for  tissue  lysis.  The  samples  were  then  thoroughly
homogenized  using  a  disposable  pestle  to  ensure  complete
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disruption of the tissue cells. The homogenate was carefully stored
at –80  °C  in  a  low-temperature  freezer  to  maintain  sample
integrity.  Subsequently,  the  samples  were  sent  to  Shanghai
HonSun  Biological  Technology  Co.,  Ltd.  for  professional
sequencing  services  to  ensure  the  accuracy  and  quality  of  the
analysis.The  bulk  RNA-seq  data  were  processed  using  the  kb
Python  package,  a  wrapper  around  kallisto  and  bustools.  The
reference  genome  and  gene  annotation  files  were  sourced  from
10× Genomics. A kallisto index was created for efficient transcript-
to-gene  mapping.  The  resulting  count  matrices  were  imported
into R for normalization and differential gene expression analysis
using the DESeq2 R package. PCA was performed on the variable
gene matrix, selecting the top 50 components for further analysis.
To correct for batch effects from different organoids, the harmony
algorithm  was  employed.  Cell  clusters  were  defined  using  the
Leiden  algorithm  on  nearest  neighbor  graphs  based  on
harmonized  embedding.  UMAP  was  used  for  visualization.
Marker genes were identified using Scanpy’s `rank_genes_groups`
function  with  logistic  regression  (method='logreg')  for  up  to  200
genes.  Cluster  markers  were  interpreted,  and  cluster  identities
were  assigned  based  on  known  cell  type  annotations  from
literature,  such  as  Astrocyte  (SLC1A2,  S100B  GFAP,  ALDOC,
PTN...),  Cell  Cycle  (MKI67,  TPO2A,  PCNA,  MCM5),  Immune
cell  (PTPRC,  CD8A,  CD4,  CD79A,  CD19...),  Oligodendrocyte/
OPC(MOG,  MBP,  MAG,  MOBP,  SOX10,  OLIG1,  OLIG2,
PDGFRA...), Vasculature (COL4A1, CLDN11, FN1, COL1A2). 

Statistical analysis
Data were gathered from a minimum of three replicates, with the
quantitative outcomes presented as the mean value accompanied
by  the  standard  deviation.  The  statistical  analysis  was  executed
utilizing GraphPad Prism 8.0. 

Research ethics and patient consent
Clinical  samples  were  collected  in  accordance  with  the  ethical
guidelines  set  forth  by  the  Ethics  Committee  of  Xinhua Hospital
Affiliated with Shanghai Jiao Tong University School of Medicine.
The study was granted ethical  Approval  No.  XHEC-D-2024-019.
Before  donating  samples,  all  participants  provided  informed
consent,  explicitly  stating  the  intended  use  of  their  samples  for
future research. The voluntary participation and understanding of
the  study's  objectives  by  the  participants  played  a  vital  role  in
upholding  ethical  standards  throughout  the  course  of  this
research. 
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