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Abstract

Organoid technology offers a powerful platform for modeling human tissues, studying disease mechanisms, and
developing personalized therapies. However, widespread clinical application is hindered by challenges in
scalability, reproducibility, and the handling of ultra-small tissue samples typical of clinical biopsies. Here, we
present a comprehensive and automated protocol for the formulation and characterization of microfluidic droplet-
engineered organoids (DEOs) derived from primary tissue samples. This protocol integrates 3 key stages: (1)
Extraction and purification of viable primary cells from ultra-small tissue specimens using the small-Tissue
Extraction Device (sTED); (2) High-throughput fabrication of uniform cell-laden microspheres using an integrated
microfluidic bioprinter (OrgFab), capable of generating over 100 organoids from just 10 pL of bioink; and (3) Rapid
organoid characterization using lamination-based processing for single-cell analysis while preserving spatial
context. The automated workflow minimizes manual intervention, reducing variability and enhancing
reproducibility, making it suitable for high-throughput applications such as drug screening and disease modeling.
Our method allows for the generation of patient-derived organoids that closely mimic the native tissue
microenvironment, including diverse cell types and structural features, within a significantly reduced timeframe.
This 3-stage protocol enhances the use of organoids in personalized medicine by enabling the rapid assessment
of drug efficacy in patient-specific models. Here, the integration of advanced techniques supports existing
organoid protocols, providing a valuable resource for researchers and clinicians seeking to improve patient
outcomes through more efficient and precise organoid-based applications.
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Guidelines

Cancerous tumors remain a leading global health threat, with persistently high incidence and mortality rates. Their
intrinsic characteristics, such as tumor heterogeneity and dynamic evolution, pose significant challenges for
traditional treatments and even genetic sequencing-based precision medicine. Rapid and extensive screening of
tumors using patient-derived genetic and epigenetic living models, particularly those generated from ultra-small
biopsy samples, is crucial for identifying the most effective treatments and improving patient outcomes. Three-
dimensional (3D) organoid models have emerged as powerful tools for replicating the architecture and function of
original tissues, providing invaluable platforms for disease modeling, drug screening, and personalized medicine.
Organoids derived from patient tumors, known as patient-derived organoids (PDOs), retain the genetic and
histological features of the original tumor, enabling more accurate predictions of therapeutic responses. However,
the widespread clinical application of organoid technology faces significant challenges. Traditional methods for
organoid culture are labor-intensive, time-consuming, and suffer from issues related to scalability and
reproducibility. Moreover, handling ultra-small tissue samples, which are common in clinical biopsies, remains
particularly problematic due to limited cell numbers and difficulties in maintaining viability. Recent advancements
in automated cell extraction, microfluidic organoid formulation, and spatial transcriptomics offer promising
solutions to these challenges. Automated tissue dissociation devices enable efficient and reproducible extraction
of viable cells from small tissue samples. Microfluidic technologies facilitate the high-throughput formation of
uniform organoid microspheres, enhancing scalability and consistency. While single-cell sequencing analysis is
rapidly advancing, revealing more about cell-cell communication, the integration of spatial transcriptomics
enables the comprehensive characterization of organoids at the single-cell level while preserving spatial context,
providing insights into cellular heterogeneity and tumor microenvironment interactions. This protocol presents a
comprehensive, high-throughput system for treating, generating, and characterizing patient-derived organoids
from ultra-small tissue samples. It integrates automated cell extraction, microfluidic droplet-based organoid
printing, and lamination-based spatial transcriptomics. Streamlining organoid workflow presents an opportunity to
accelerate the clinical translation of organoid technology, enabling applications such as personalized therapy
selection in a shorter timeframe.
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Materials

Biological Materials: Human samples were collected after informed written consent was obtained from all donors
in accordance with study protocols conforming to the provisions of the Declaration of Helsinki. For the pediatric
participants, written informed consent was obtained from adult legal guardians of the children before enroliment.
The study was approved by the Ethics Committees of Tsinghua Shenzhen International Graduate School (Refs.
202171 and 202295). Mouse: Male BALB/c mice (4-6 weeks old) were purchased from the Medical Laboratory
Animal Center of Guangdong, China, and housed in the animal facility of Tsinghua University Shenzhen
International Graduate School (SIGS). Environmental conditions were maintained at a temperature of 23+2°C, with
a relative humidity of 50-65%, in a pathogen-free environment, under a 12-hour light/12-hour dark cycle, with ad
libitum access to food and water. Human: Patient-derived colorectal cancer and liver cancer samples were
obtained from Shenzhen People's Hospital, Shenzhen, China (Ethical Development No. 2024-08401). Reagents:
Tissue digestion solution: Collagenase | (Yuanye, cat. n0.510053-1g), Collagenase IV (Yuanye, cat. no. S10056-
1g), Dispase Il (Yuanye, S25046-1g), DNase (Solarbio, D8071), DPBS (Biosharp, cat. no.BL310A), FBS (QmSuero,
muO0O01SR), P/S (Biosharp, BL505A), AO/PI (Countstar, cat. no. RE010212). Organoid formulation and culture: 7000
Engineered Fluid (3M Novec, cat. no.25556), MasterAim® organoid complete medium for colorectal cancer
(MasterAim, cat. n0.10-100-018), MasterAim® organoid complete medium for liver cancer (MasterAim, cat. no.10-
100-296). Organoid lamination and characterization: Cell Recovery Solution (Corning, cat. no.354253) , Methanol
(Rhawn, cat. no.R007536), Trypsin (Gibco, cat. n0.15050057), PTFE (Millipore, cat. no.IPVYH00010), BSA (for non-
sterile use) (Biosharp , cat. no. BS114-100g ), DAPI (Biosharp, cat. no.BL739A), AntiFade Mounting Medium
(Beyotime, cat. no.P0131), 4% Paraformaldehyde (PFA) (Biosharp, cat. no. BL539A), PBS (nonsterile) (Biosharp,
cat. no. BL601A), Sucrose (Solarbio, cat. no. $S8271), Tissue-Tek O.C.T. compound (Biosharp, cat. no. BL557A),
TritonX-100 (Solarbio, cat. no. T8200), Tween20 (Leagene, cat. no. PW0026), CEA (Huabio, cat. no.ER1906-09),
Lysozyme (Huabio, cat. no.ET1609-35), MUC1 (Huabio, cat. no. ET1611-14), FAPB1 (Huabio, cat. no.ET1704-23),
RDX (Huabio, cat. no. ET1610-41), AFP (Huabio, cat. no. EM1701-31), OPN (Huabio, cat. no. EM1701-31). Drug
screening: CellTiter-Glo®Luminescent Cell Viability Assay (Promega, cat. no.G7570), Calcein-AM/PI (Solarbio, cat.
no.CA1630), CTG reagent (Promega, cat. no. G7572), 5-FU (Aladdin, cat. no. F100149-1g), Epirubicin (Abmole, cat.
no. M5617), Oxaliplatin (MCE, cat. no. HY-17371), Gefitinib (Aladdin, cat. no. G125799), Gemcitabine (Aladdin, cat.
no. G127944-5q), Cisplatin (Aladdin, cat. no. HY-17394), Paclitaxel (Aladdin, cat. no. P106869), Anti-PD-1 (Aladdin,
cat. no. C412007), Lenvatinib (Aladdin, cat. no. L125518).
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I Development of the Protocol

1 All three steps are performed using automated devices (Synorg, model. no.P01). Manual
sample transport is required between stages and devices.

2 This protocol builds upon previous advancements in primary tissue cell extraction,
organoid microsphere formulation and printing, and organoid profiling. Our focus is on
primary tissue or patient-derived organoids, emphasizing high-throughput formation and
automated processing to enhance scalabi lity and reproducibility. The protocol includes
three key stages (Figure 1):
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Figure 1. Workflow to formulate and characterize microfluidic droplet-engineered
organoids (DEOs)

A) Step 1. Extract cells from tissue, including using forceps and scalpels to cut tissue into
small pieces, grinding tissue cuts using the automated small-Tissue Extraction Device
(sTED), red blood cell lysis, and centrifuging cell suspension to obtain cell pellets.

Step 2. Formulate and print DEOs using extracted cells from Step 1, including suspending
cells in Matrigel to create bioink, infusing bioink to sampling chip, and installing chip to
OrgFab printer to formulate and print DEOs into 96-well plates. Details are described in
Box 2.

Step 3. DEO profiling by laminating 3D organoid cells into 2D mono-layer distribution. It
includes Matrigel removal by matrix digestion, laminating organoids on a spatial
transcriptome chip using a lamination device, and spatial sequencing profiling.

B) Application examples of DEOs.

From left to right: HE staining of mouse brain glioma organoids, fluorescent staining of
human liver cancer organoids (red: CEA, green: RDX, blue: DAPI), anticancer drug
screening of human thyroid cancer organoids (IC50, the drug concentration at which
anticancer drugs inhibit tumor cell activity by 50%), visualization of cell annotation in
spatial transcriptomics of a primary lung organoid, scale bar, 100pm.
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2.1  Extraction and Purification of Primary Cells from Tissue Samples (Figure 2)

| 2.2 Formulation and Bioprinting of Cell-Laden Microspheres (Figure 3)
| 2.3  Lamination of Organoids for Rapid Characterization (Figure 4)

Stage 1: Obtaining Primary Cells from Tissues 30m

3 Extract cells from primary tissues: 30m
The acquisition of viable primary cells is critical for constructing accurate patient tissue-
derived organoid models. Traditional methods often involve manual grinding of tissue
followed by enzymatic digestion. However, manual techniques are inherently variable, as
the degree of tissue fragmentation and operator proficiency can significantly affect cell
viability and yield. For instance, inconsistencies in tissue preparation can impact the
establishment and growth of organoids. Moreover, specialized tissues like the liver
require perfusion-based extraction methods, which are complex and difficult to
standardize. To address these challenges, we employ the automated small-Tissue
Extraction Device that standardizes tissue processing (Figure 2D), minimizing operator-
dependent variability and enhancing the consistency of primary cell isolation.
ACRITICAL The cell extraction process must be performed within a sterile laminar flow
hood. Prior to

commencing the procedure, the equipment should be sterilized with ultraviolet light.
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Figure 2. Workflow to extract cells from primary tissues
A) Select liver tissue from BALB/c mouse
B) Use forceps and sterilized scalpels to cut the primary tissue sample on ice
into small fragments (approximately < Tmm in size)
C) Open the grinding chamber, and add the tissue fragments with forceps
D) Run the grinding device, which includes 6 steps (a-f):

a)  Select the grinding mode, and lower the upper grinding plate until the grinding
surfaces fuse together

b)  Add the grinding buffer, set the lower grinding plate rotating at 60r/min, and start
the motor to run for one minute

c) Select the stirring mode and lift the upper grinding plate for 10 mm to separate the
grinding plates

d) Add 10x tissue digestion reagent, and rotate the lower grinding plate for 5 min at
60r/min and 37 °C

e)  Pass the cell suspension through a 100 um cell filter

f) Add an equal volume of digestion termination reagent, which contains 10% serum,
to the cell suspension
E) Centrifuge the cell suspension, remove the supernatant, add 2 mL of red blood cell lysis
solution to the cell pellet, pipette the mixture, and incubate it at room temperature for 2
min
F) Re-centrifuge the cell suspension, remove the supernatant, add 2 mL culture medium to
the cell pellet, and pipette the mixture to obtain primary cell suspension

Take out one 60 mm diameter Petri dish, add 2 mL of DPBS (add 2% P/S), and place the
tissue block to be processed into the dish.

Wash the tissue 3 times with DPBS (add 2% P/S).
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3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

Use forceps and sterilized scalpels to cut the primary tissue sample on ice into small
fragments (approximately < 10cm in size).
ICAUTION Avoid excessive cutting during the cutting process.

Open the grinding chamber, and add the tissue fragments with forceps

Run the grinding device, which includes 6 automated steps (a-f):

a) Lower the upper grinding plate until the grinding surfaces fuse together.

b) Add the grinding buffer, set the lower grinding plate rotating at 60 r/min, and start
the motor to run for 1 min.

c) Lift the upper grinding plate for 10 mm to separate the grinding plates.

d) Add 10x tissue digestion reagent, and rotate the lower grinding plate for S5min at 60
r/min and 37 °C.

e) Pass the cell suspension through a 100 um cell filter.

f)  Add an equal volume of digestion termination reagent, which contains 10% serum,
to the cell suspension.

ICAUTION Close the cover during operation and be cautious of mechanical hazards.

Centrifuge the cell suspension and remove the supernatant.
ICAUTION When aspirating the supernatant using a pipette, avoid disturbing the cell
pellet.

Add 2 mL of red blood cell lysis solution to the cell pellet, pipette the mixture, and
incubate it at room temperature for 2 min.

Re-centrifuge the cell suspension, remove the supernatant, add 2 mL culture medium to
the cell pellet, and pipette the mixture to obtain primary cell suspension.

Thaw the AO/PI reagent and prepare a premix solution containing 50 ug/mL Pl and 10
pMg/mL AO in DPBS.
ICAUTION Avoid contact of AO/PI dye with skin.

Resuspend the cells in 1 mL of basal culture medium and mix thoroughly by pipetting up
and down.

Aspirate 10 pL of the cell suspension and 10 pL of the AO/PI working solution, mix them
together, and then add the mixture to a hemocytometer for cell counting. Calculate the
cell number.

Stage 2: Constructing Primary Cell-Based In Vitro 3D Cell Microspheres

4

Formulate and print organoid precursor, using the OrgFab printer: 1
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The streamlined, automated process not only improves the spatial precision and
reproducibility of organoid precursor fabrication but also enhances scalability for high-
throughput applications in drug screening and disease modeling. At this stage, we focus
on the automated fabrication of primary cell-based in vitro 3D microspheres using an
integrated microfluidic bioprinting system. This approach addresses the challenges of
scalability, consistency, and handling ultra-small sample sizes in organoid production.
Building upon advancements reported in our previous work on the OrgFab printer,
primary cells are combined with Matrigel to form a bioink, which is then processed using
a microfluidic technique employing oil-phase shearing to generate uniform, multi-cell-
laden droplets. These droplets undergo online Matrigel solidification, ensuring immediate
stabilization of the organoid precursors. Subsequently, a 3D bioprinting nozzle precisely
deposits the solidified microspheres onto multi-well plates, our target substrates for
further culture (Figure 3D). The integration of microfluidics and bioprinting technologies
allows for high spatial precision in droplet formation and placement, significantly
improving the reproducibility of organoid fabrication. The streamlined process not only
enhances spatial precision but also improves scalability for high-throughput applications
in drug screening and disease modeling. The OrgFab system is capable of handling
ultra-small sample volumes down to 5 pL, producing more than 100 organoid precursors
from just 10 uL of bioink. For example, this is valuable for needle biopsy samples. The
fully automated workflow minimizes manual intervention, reducing variability and
enhancing reproducibility. The OrgFab printer integrates a computer vision-based
bioprinting module, which enables accurate detection and deposition of organoid
precursors into multi-well plates. This precision facilitates downstream high-throughput
assays and ensures consistency across experiments without requiring an operator.
Additionally, the high-density microfluidic droplet encapsulation used in this method has
been shown to accelerate organoid maturation due to increased paracrine signaling
among densely packed cells. This results in more rapid organoid development and the
potential for earlier experimental readouts, which is advantageous in time-sensitive
research and clinical contexts. By integrating these techniques, our protocol tries to
address the key limitations of existing methods, such as low throughput and limited
automation. It provides an integrated platform for the controllable modeling of organoids,
with promising developments for personalized medicine, drug discovery, and disease
modeling.

ACRITICAL The entire process should be placed and operated within a biosafety cabinet
to prevent bacterial contamination during use.
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Figure 3. Workflow to formulate and print organoid precursor, i.e. cellular spheroids,
using the OrgFab printer
A) Centrifuge the cell suspension and remove the supernatant to obtain a cell pellet
B) Use a pre-cooled pipette tip to aspirate Matrigel on ice, pipette it to the EP tube, and
mix with cells by gently pipetting
C) Manual preparation steps before using the OrgFab printer (a-e):

a)  Turnon UV sterilization for 20 min

b) Install the microfluidic chip to the semiconductor cooling platform, and connect
the inlet/outlet ports to corresponding fluids, including two oil inlet ports, one bioink inlet
port, and one droplet outlet port

c) Insert bioink inlet tubing into the bioink EP tube, aspirate oil out of the channel
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from the front right (Oil inlet 1) to port aspirate bioink with flow rates of 250uL/min from
the tube, and infuse the channel

d) Install the print head, and connect one end of the print head to the
collection/incubation tubing and the other end to the high-pressure gas. The third port is
placed facing straight to the recipient substrate, e.g. 96-well plate

e) Place the EP tube with bioink in the sample tank and insert the bioink tube
D) OrgFab printer operation, which includes 8 automated steps (a-h):

a) Move down the mechanical turntable to fix the chip on the semiconductor cooling
platform

b) Insert the chip bioink inlet tubing into the EP tube for waste collection, and pump oil
into the chip channels with flow rates of 312.5uL/min via the two oil inlets to repel air in
the channel. Afterward, the chip channels are filled with oil. All fluids are conducted via
PTFE tubing

c) Insert bioink inlet tubing into the bioink EP tube, aspirate bioink from the tube, and
infuse the channel, meanwhile, perfuse oil out of the channel segment connecting to the
front right (inlet) port

d) Rotate the mechanical turntable (knob) to change the chip channel tandem, which
connects the bioink channel to the front left port for the bioink outlet

e) Pump oil via the two oil inlets, with flow rates of 312.5uL/min in Qil inlet 2 and
25uL/minin Qil inlet 1

f)  Shear bioink flow into uniform droplets by oil co-flow, forming structural templates
of organoid precursors (or cellular spheroids)

g) Stop pumping oil toward the two inlet channels, store the cell-laden droplets in the
collection tubing, and solidify them at 37°C for 30 min

h)  Pump oil from Oil inlet 1 at 12.5uL/min and Oil inlet 2 at 25uL/min, use a camera
and visual detection algorithm to control the instantaneous opening of the high-pressure
gas toward the print head. Each air beam firing enables one shot of gelled droplet, i.e.
organoid precursor/cellular spheroid, into the 96-well plate, with each well containing one
or a certain number of spheroid
E) Culture organoid precursors/cellular spheroids in a 96-well plate
F) Picture of the consumable microfluidic chip module
G) Picture of organoid precursors after printing in a 96-well plate
H) Violin plot of area and roundness of printed organoids.

4.1  Centrifuge the cell suspension and remove the supernatant to obtain a cell pellet.

4.2  Place the cell pellet on ice to pre-chill for 1 min.

4.3  Use a 100yl pre-cooled pipette tip to aspirate Matrigel on ice, pipette it to the EP tube,
and mix with cells by gently pipetting.
ACRITICAL STEP The uniformity of the mixture of cells with Matrigel determines the
consistency of the organoids.
ICAUTION During the mixing process, maintain a low temperature at all times and avoid
touching the EP tube with hands.
ICAUTION The Matrigel should not be subjected to repeated freeze-thaw cycles.
ICAUTION If the matrix gel that has been mixed with cells cannot be used immediately, it
should be stored in a refrigerator at 4°C and used within 2-4 hours.
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4.4

4.5

4.6

4.7

4.8

4.9

4.10

Turn on the sterilization switch of the equipment and activate the UV sterilization for 20
min.

Install the microfluidic chip to the semiconductor cooling platform, and connect the
inlet/outlet ports to

corresponding fluids, including two oil inlet ports, one bioink inlet port, and one droplet
outlet port.

ICAUTION Ensure that the chip alignment platform is properly aligned to avoid gaps.

Install the collection tubing in the heating chamber, connect the collection port to the
droplet formulation outlet port, and connect the other end to the port on the print head.
ACRITICAL STEP When connecting the PTFE tubing to the chip component, after
securing the tube, confirm whether the tube is in contact with the bottom of the chip.
ICAUTION During the connection process, do not bend the PTFE tubing.

Install the print head, and connect one end of the print head to the collection/incubation
tubing and the other end to the high-pressure gas. The third port is placed facing straight
to the recipient

substrate, e.g. 96-well plate.

ICAUTION Before installation, confirm the orientation of the print head to ensure proper
alignment and maintain airtight connections.

Install the cell culture plate and the waste liquid collection trough on the printing platform
on the right side of the device.

ICAUTION Place the culture plate on the plate tray and secure the plate to the tray by
aligning and locking it into position.

Place the EP tube with bioink in the sample tank and insert the bioink tubing.
ICAUTION During the installation process, handle the cap of the EP tube and avoid
contact with the part of the tube containing the bioink.

Initiating OrgFab printer, which includes 8 automated steps (a-h):

ICAUTION Before starting, ensure that the temperature displayed on the software is set
to 4°C.

ICAUTION Close the chamber lid when starting the printing process and pay attention to
mechanical safety.

ICAUTION During the operation of the equipment, ensure that the ventilation function of
the biosafety cabinet is activated. The temperature should be maintained between 20-
25°C.

a) Move down the mechanical turntable to fix the chip on the semiconductor cooling
platform.

b) Insert the chip bioink inlet tubing into the EP tube for waste collection, and pump oil
into the chip channels with flow rates of 312.5uL/min via the two oil inlets to repel air in
the channel. Afterward, the chip channels are filled with oil. All fluids are conducted via
PTFE tubing.
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411

5.1

5.2

5.3

5.4

5.5

ICAUTION Nove7000 is volatile. After adding it, the cap should be closed promptly.

c) Insert bioink inlet tubing into the bioink EP tube, aspirate oil out of the channel from
the front right (Qil inlet 1) to port aspirate bioink with flow rates of 250uL/min from the
tube, and infuse the channel.

d) Rotate the mechanical turntable (knob) to change the chip channel tandem, which
connects the bioink channel to the front left port for the Bioink outlet.

e) Pump oil via the two oil inlets, with flow rates of 312.5uL/min in Oil inlet 2 and
25ulL/min in Qil inlet 1.

f)  Shear bioink flow into uniform droplets by oil co-flow, forming structural templates
of organoid precursors (or cellular spheroids).

ICAUTION During the initial microsphere preparation, observe the morphology and
uniformity of the microspheres. If any abnormalities are detected, click the interrupt
button to stop the process and

adjust the ratio of the oil-pushing speed.

g) Stop pumping oil toward the two inlet channels, store the cell-laden droplets in the
collection tubing, and solidify them at 37°C for 30 min.

h) Pump oil from Qil inlet 1 at 12.5uL/min and Qil inlet 2 at 25uL/min, use a camera and
visual detection algorithm to control the instantaneous opening of the high-pressure gas
toward the print head. Each air beam firing enables one shot of gelled droplet, i.e.
organoid precursor/cellular spheroid, into the 96-well

plate, with each well containing one or a certain number of spheroid.

Culture organoid precursors/cellular spheroids in a 96-well plate.

Organoid culture:
ACRITICAL The entire process should be placed and operated within a biosafety cabinet
to prevent bacterial contamination during use.

Open the organoid printer cover and take out the organoid printed on the 96-well plate.

Place the plate under a microscope and observe the morphology of the organoid to
check the morphology of the organoid and make sure each well of the plate has 1
organoid.

Place the culture plate in a 37°C CO2 incubator for culture.
ICAUTION Pay attention to the humidity and CO2 concentration of the incubator, and
avoid vibrating the plate.

Change the medium every other day, until organoids fully grow for 7-14 d.

Remove 50 ml of culture medium each time, and then add new culture medium to 100 ml.

protocols.io | https://dx.doi.org/10.17504/protocols.io.yxmvmb770g3p/vi July 7, 2025

Tw

15/23


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.yxmvmb77og3p/v1

€3} protocols.io Partof SPRINGERNATURE

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

ICAUTION Be careful not to suck up the organoids when changing the culture medium.
Tilting the 96-well plate will make it easier to observe.

Drug screening:
ACRITICAL Choose a light-protected plate when culturing the organoids.

For the drug to be tested, prepare a 50 mM drug stock solution and filter it through a
membrane. Aliquot 5 uL per tube.

After culturing for 7-14 days (depending on the organoid type), place the culture plate
under the microscope to observe the organoid structure.

Dilute the drug to the highest concentration and then perform a 5-fold gradient dilution.
Calculate the volume of drug and culture medium required for each gradient.

Use a 1000 L pipette to add the culture medium in a 15 ml centrifuge tube, and then add
the
drug stock solution.

Use a 100 L pipette to aspirate and remove the culture plate medium completely.

Add the drug-containing culture medium to the plate wells in ascending order of drug
concentration.

ICAUTION For each concentration, set up three replicate wells, and also reserve one
additional well for live/dead staining at each concentration.

Replace the culture medium with a drug-containing medium to prevent drug degradation
every other day.

After culture 5 days, thaw the CTG reagent at room temperature and equilibrate the CTG
reagent.
ICAUTION Do not vortex the reagents.

After culture 6 days, Thaw the Calcein-AM/PI reagent. In a light-protected EP tube,
sequentially add 900 pL ddH,0, 100 uL 10x Assay Buffer, 1 uL Calcein-AM Solution (2
mM), and 3 pL PI Solution (1.5 mM). Mix them and set aside for use.

Using a 100 uL pipette, aspirate the culture medium from the live/dead staining wells.
Wash
with DPBS, then add the Calcein-AM/PI working solution.

Stain at room temperature in the dark for 5 minutes. Then, using a 100 L pipette,
aspirate the
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staining solution, wash with DPBS, and observe under a fluorescence microscope for
imaging.

6.12 Add 100 uL of CTG reagent to each well (maintaining consistency with the culture
medium volume).
Place the culture plate on a shaker and shake for 2 minutes. Use a microscope to
observe whether the organoid spheroids have dispersed. If not dispersed, use a
multichannel pipette to pipette up and down 10-15 times, and then recheck under the
microscope to ensure the spheroids are dispersed.
ICAUTION When using a multichannel pipette to blow and mix, be careful to avoid
creating bubbles.

6.13 Incubate at room temperature for 10 minutes. Record the luminescence (LUM) signal
intensity using a microplate reader and construct an IC50 curve.

I Stage 3: Laminating Organoids for Rapid Characterization 30m

7 Laminate organoids on the chip: 30m
Traditional methods for organoid characterization, such as sectioning, immunostaining,
and even more recent single-cell sequencing, are labor-intensive and can result in cell
loss and incomplete spatial information. Recent advancements in spatial transcriptomics
have enabled high-resolution mapping of gene expression within tissues and organoids.
However, applying these techniques to primary tissue-derived organoids remains
challenging due to their small size and low cell count, which limits the feasibility of tissue
sectioning as a pre-processing step before profiling. Based on these limitations and
advancements, we developed a lamination device that compresses organoids into a
single-cell-layer morphology without disrupting cellular architecture (Figure 4, Figure 7).
This lamination technique allows projecting 3D organoid spheres onto a 2D plane,
preserving spatial relationships between cells. By integrating lamination, which enables
spatial transcriptomics profiling, our protocol facilitates the comprehensive
characterization of organoids at the single-cell level, followed by immunofluorescence
staining. This approach is particularly valuable for understanding cellular heterogeneity
and interactions within tumor organoids.
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Figure 4. Workflow to laminate organoids on the chip
A) Select and pick out organoids using a Pasteur pipette under the guidance of a
microscope
B) Clean the culture medium by repeated washing with 1x SSC buffer, add cell recovery
solution for the Organoid, and incubate it at 4°C for 15min
C) Wash the cell recovery solution for Organoid with 1x SSC buffer, add cell dissociation
reagent, and incubate at room temperature for 2min
D) Use the lamination device to create 2D cell distribution, which includes 8 manual steps
(a-h):

a) Use a Pasteur pipette to load the organoid on the chip

b)  Use a gas cylinder to blow and dry the liquid around the organoid

c) Use tweezers to cover the chip with a piece of PTFE film

d) Install the chip on the lamination device

e) Place a glass slide on the laminating device and place a weight on top of the glass
slide

f) Switch the knob to lift the chip until it touches the glass slide installed on the top

g)  Gently and vertically remove the weight and then the glass slide

h) Uninstall the chip from the lamination device, heat the chip at 37°C for 5 min, and
use tweezers to remove the PTFE film
E) Immunofluorescence staining of a laminated organoid, showing DAPI staining of the
laminated cellular spheroid. Scale bar=100pum
F) Laminated organoids on a spatial transcriptomic chip, enabling sequencing and
resolution of cell types and cellular interactions

7.1  Place the cell culture plate under the microscope.

7.2 Select and pick out organoids using a Pasteur pipette under the guidance of a
microscope.
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7.3
7.4
7.5
7.6

1.7

| 7.8

7.9
7.10
7.11
7.12

1

Aspirate the culture medium from the wells using a pipette and wash with 1x SSC buffer.
ICAUTION When using the pipette, take care not to touch the organoids.

Add cell recovery solution for the organoid and incubate it at 4°C for 15min.

Wash the cell recovery solution for organoid with 1x SSC buffer, add cell dissociation
reagent, and incubate at room temperature for 2 min.

Place a drop of ddH,0 on the microscope slide and adhere the chip to the slide.
ICAUTION If lamination is performed on the microscope slide, this step is not required.

Use a Pasteur pipette to load the organoid on the chip/microscope slide.
ICAUTION When using a Pasteur pipette, take care not to touch the surface of the chip.

Use a gas cylinder to blow and dry the liquid around the organoid.

ACRITICAL STEP Remove the liquid to ensure that there is no slipping during the
lamination process.

ICAUTION When using a gas cylinder, pay attention to the gas flow rate to avoid blowing
away the organoids.

ICAUTION The surface of the organoids needs to be dried as much as possible, but
complete desiccation should be avoided. A thin layer of water film should be retained on
the surface of the organoids.

Use scissors to cut the PTFE film into a size of 3cm x 3 cm.
ICAUTION During the cutting, avoid the creased sections of the PTFE film.

Use tweezers to cover the chip with a piece of PTFE film.

ICAUTION Avoid the formation of wrinkles during the covering process. If the cover is
misaligned, do not lift it to reposition.

ICAUTION This step should be completed as quickly as possible to avoid the
disappearance of the water film on the organoids.

Install the microscope slide on the lamination device.

Place another glass slide on the lamination device and place a weight on top of the glass
slide

ICAUTION When installing another microscope slide, align the edge of the slide with the
raised platform on the device.

ICAUTION Before installing the glass slide, lower the manual height adjustment stage to

its lowest position to avoid contact between the glass slide and the PTFE film.
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7.13  Switch the knob to lift the chip until it touches the glass slide installed on the top.
ICAUTION The upper microscope slide should be detached from the boss and
maintained in this position for 10s.

7.14 Remove the weight and the glass slide gently and vertically in sequence.
ACRITICAL STEP When removing the weights and the microscope slide, avoid any
movement or sliding of the PTFE film.

tweezers to remove the PTFE film.
ACRITICAL STEP Use tweezers to lift the PTFE film from one side, ensuring it does not
slip.

7.16 Immunofluorescence staining of a laminated organoid, showing DAPI staining of the
laminated cellular spheroid.

7.17 Laminated organoids on a spatial transcriptomic chip, enabling sequencing and

| 7.15 Uninstall the chip from the lamination device, heat the chip at 37°C for 5min, and use
| resolution of cell types and cellular interactions.
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