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Graphical abstract

We developed a small-tissue extraction device (sTED), an 
automated system that integrates 1-min mechanical disso‐
ciation and enzymatic digestion to extract viable primary 
cells from ultrasmall tissue samples (5–20 mg) within 10 min. 
Unlike conventional methods, sTED minimizes cell loss 
and enhances reproducibility, achieving >90% cell viability 
in mouse tissues and >60% in human tumors, with 1.5×104–
2.5×104 cells/mg yield from mouse liver. Tailored for biop‐
sies and ultrasmall samples, sTED addresses critical stan‐
dardization challenges in organoid-based research.

1　Introduction

Organoid models derived from primary tissues have 
emerged as a powerful tool in precision medicine, integrat‐
ing the strengths of human genetics with rapid modeling 
and compatibility with gene editing techniques [1, 2]. These 
models are particularly promising for personalized medi‐
cine applications [3, 4], including tumor modeling [5–8], 
immune studies [9, 10], and metabolic research [11], among 
others [12, 13]. However, their success depends on the effi‐
cient extraction of viable primary cells, a process that remains 
challenging to standardize.

Current approaches, combining enzymatic digestion 
with manual tissue grinding, face notable limitations. Stan‐
dardization is hindered by the need for repeated optimiza‐
tion of digestion time, enzyme concentration, and manual 
handling [14]. Inadequate cutting impairs enzymatic diges‐
tion and reduces cell yield [15], whereas excessive cutting 
increases cell necrosis [16]. Transfer-related cell loss is 
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particularly pronounced in ultrasmall samples, and expan‐
sion techniques are time-consuming and may alter cell 
properties.

Commercial instruments, such as Singleron’s PythoN® 
System, Miltenyi’s gentleMACSTM Dissociator, and 
TissueGrinder, are optimized for large tissue specimens and 
require approximately 0.5 h per sample [17]. Yet, clinical 
data reveal that over 70% of samples are biopsies, often 
ultrasmall tissues (5–20 mg) [18, 19], emphasizing the de‐
mand for methods tailored to limited sample sizes. The 
sTED system eliminates tissue transfer steps, completes 
mechanical dissociation in 1 min, and achieves full extrac‐
tion within 10 min, offering superior consistency and cell 
viability compared to conventional approaches, particularly 
for ultrasmall samples.

2　Workflow

The sTED system (Fig. 1a) comprises four integrated mod‐
ules: a grinding module, a temperature control module, a pres‐
sure adjustment module, and an injection module (Fig. 1b). 
Its standard workflow streamlines the dissociation of primary 
tissues into viable single-cell suspensions through an auto‐
mated, temperature-controlled process (Fig. 1c). Reagents 
were prepared before device operation as follows:

(1) Wash buffer: To prepare 25 mL of wash buffer, 
24.75 mL of Dulbecco’s modified Eagle medium (DMEM)/
F12 reagent was mixed with 250 µL of penicillin–streptomycin 
solution (P/S reagent).

(2) 10× digestion solution: To prepare the digestion solu‐
tion, 200 mg each of collagenase IV, III, and I, and dispase, 
along with 13.33 mg of deoxyribonuclease I (DNase I), 
were dissolved in 10 mL of Dulbecco’s phosphate-buffered 
saline (DPBS) solution. The solution was vortexed thor‐
oughly to ensure complete dissolution and sterilized by fil‐
tration through a 0.22-μm membrane filter. The digestion 
solution was prewarmed to 37 °C before use.

(3) Serum-containing medium: To prepare 6 mL of serum-
containing medium, 5.4 mL of wash buffer was mixed with 
600 µL of fetal bovine serum.

Tissue samples and equipment were prepared as follows: 
The grinding plate was installed inside a grinding chamber, 
and then the grinding chamber was mounted onto the equip‐
ment. Next, the freshly harvested tissue was manually 
trimmed into approximately 1 cm3 pieces and loaded into 
the grinding chamber, followed by the addition of 3 mL of 
pre-chilled grinding buffer at 4 °C. Three 15-mL centrifuge 
tubes were installed from left to right in the injection mod‐
ule, along with one 50-mL centrifuge tube. A 100-µm cell 
filter was placed on the 50-mL centrifuge tube, and a 5-mL 
pipette tip was attached to the far right. The 15-mL centri‐
fuge tubes were numbered 1, 2, and 3 (Fig. 1g). Then, 

12 mL of wash buffer was added to centrifuge tube 
1, 600 µL of 10× digestion solution was added to centrifuge 
tube 2, and 6 mL of stop digestion solution was added to 
centrifuge tube 3.

After the device power and data transfer cables were con‐
nected, the relevant program on the computer was opened, 
and the “Start” option was clicked.

Upon activation, the device automatically lowered the 
upper grinding head to the preset grinding height, initiating 
mechanical dissociation. For most soft tissue types, the ini‐
tial grinding step was completed within 1 min. Immediately 
after this step, a concentrated digestive enzyme solution 
was introduced into the chamber via the injection module. 
Simultaneously, the temperature control module increased the 
chamber temperature to 37 °C, the optimal temperature for 
enzymatic activity. The entire process, illustrated in Fig. 1c, 
integrates seamlessly with the modular architecture of 
sTED (Figs. 1d–1h).

Throughout the enzymatic digestion phase, the grinding 
module continued to operate in a coordinated stirring mode. 
By cyclically separating and rotating the grinding surfaces, 
the system generated dynamic shear and mixing conditions, 
promoting the uniform exposure of tissue fragments to the 
enzymes and preventing sedimentation. After the completion 
of the primary digestion cycle, the injection module delivered 
an additional volume of digestion solution to finalize the 
enzymatic breakdown of tissue. The resulting cell suspen‐
sion was then automatically dispensed onto a built-in filter 
screen, which retained undigested tissue debris and allowed 
single cells to pass through.

The filtrate was centrifuged at 300g for 5 min. The result‐
ing supernatant was discarded, and the pellet was resuspended 
in 3 mL of red blood cell lysis buffer and incubated for 2 min 
at room temperature. A second centrifugation was performed 
at 300g for 5 min, and the final pellet was resuspended in 
culture medium for downstream applications.

3　Experimental methods

3.1 Manual primary cell extraction

Tissues were rinsed three times with DPBS and minced on 
ice into approximately 1 mm3 fragments using sterile scis‐
sors. Fragments were transferred to a 15-mL tube using a cut 
1-mL pipette tip, mixed with 5–8 mL of wash buffer and 
pre-warmed 10× digestion solution, and incubated at 37 °C 
for 5 min (liver tissue). The suspension was filtered through 
a 100-μm strainer, washed with buffer, and centrifuged at 
300g for 5 min. The pellet was resuspended in 5 mL of red 
blood cell lysis buffer for 2 min at room temperature, centri‐
fuged again at 300g for 5 min, and resuspended in culture 
medium.
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Fig. 1  Small-tissue extraction device (sTED). (a) Photographs of the prototype. (b) Three-dimensional model illustrating the following module 
functions: The pressure adjustment module utilizes a mechanical pressure regulator to vary the tissue grinding pressure; the temperature control 
module, equipped with a thermosensor and heating resistors, maintains the grinding chamber temperature; the grinding module features a motor-
driven lower grinding sheet and an upper grinding sheet that applies pressure for continuous tissue cutting; the injection module is designed for 
fluid addition via removable syringes. (c) Flowchart showing the cell extraction process. Detailed images of the device components, including 
the grinding module (d), temperature control module (e), pressure adjustment module (f), and injection module (g), with the power supply and 
microcontroller (h). RT: room temperature
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3.2 Singleron PythoN primary cell extraction

Tissues were rinsed in DPBS, cut into approximately 1 cm3 
pieces, and placed in dissociation tubes. A mixture of 500 μL 
of 10× digestion solution and 4.5 mL of wash buffer (98% 
DMEM/F12+2% P/S) was added. Tubes were sealed, pro‐
cessed on Singleron PythoN for 35 min, filtered through a 
100-μm strainer, centrifuged at 300g for 5 min, treated with 
red blood cell lysis buffer for 2 min, and centrifuged again 
at 300g for 5 min.

3.3 Parameter optimization

Using mouse liver tissue, grinding temperature (4 to 37 °C), 
rotation speed (60 r/min), pressure (1 N), grinding time 
(1 min), and digestion time (5 min) were tested. Cell yield 
and viability were measured with Calcein acetoxymethyl 
ester/propidium iodide (Calcein AM/PI) staining and auto‐
mated counting. Temperature stability was monitored over 
six replicates.

3.4 Cell extraction efficiency

The efficiency of sTED, manual, and commercial methods 
(Singleron, TissueGrinder) was compared. Viability was 
assessed using Calcein AM/PI staining (1 μmol/L Calcein 
AM, 5 μmol/L PI, 15 min at 37 °C), and yield was quanti‐
fied per milligram of input tissue.

3.5 Surgical tissue size evaluation

Ultrasmall (≤20 mg) and small (20–100 mg) samples from 
mouse liver, lung, and patient-derived organoid xenograft 
(PDOX) tumors were processed to compare yield, viabil‐
ity, and batch-to-batch variability under optimized sTED 
conditions.

3.6 Immunofluorescence staining

Dissociated cells were centrifuged onto glass slides at 300g 
for 5 min and allowed to settle for 5 min. Cells were fixed, 
stained, blocked, and permeabilized with 5% bovine serum 
albumin (BSA) and 0.1% Triton X-100 for 1 h. Slides were 
incubated with primary antibodies overnight at 4 °C, washed, 
incubated with fluorophore-conjugated secondary antibod‐
ies for 1 h at room temperature, washed again, stained with 
4′,6-diamidino-2-phenylindole (DAPI) (5 μg/mL) for 15 min, 
and imaged.

3.7 Cell viability fluorescence staining

A Calcein AM/PI working solution (1 μmol/L Calcein AM, 
5 μmol/L PI in DPBS, AM:PI:DPBS=1:3:1000) was prepared, 
and 100 μL was added to wells. Samples were incubated in 

the dark at 37 °C for 15 min, washed with DPBS, and imaged 
at 488 nm (Calcein AM) and 545 nm (PI).

4　Experimental results

4.1 Optimal parameters of sTED 

To investigate the mechanical performance of the grinding 
module in the sTED system, we first compared two shear con‐
figurations, triangle-to-triangle (T–T) and triangle-to-square 
(T–S). As depicted in Fig. 2a, the T–S and T–T configura‐
tions achieved cell viability of >90% (Fig. 2b). However, 
under Calcein AM live-cell staining, the fluorescence of the 
T–S configuration was stronger, indicating greater cell ac‐
tivity and better cell condition (Fig. 2a). This improved out‐
come is attributed to the formation of a microblade array 
generated by the T–S interaction, which enables more effi‐
cient tissue shearing and also minimizes damage to cells. 
The sharper and asymmetric shear interface in the T–S con‐
figuration facilitates rapid tissue disaggregation and delicate 
cell handling, thereby increasing cell viability.

After optimizing the shear interface geometry, we used pri‐
mary mouse liver tissue to evaluate the impact of key opera‐
tional parameters on the overall extraction efficiency of sTED. 
In particular, we investigated the effects of grinding pres‐
sure, grinding temperature, grinding time, and digestion time.

As depicted in Fig. 2c, a grinding pressure of <1 N 
markedly decreased the cell yield, a mechanical pressure 
regulator module indicating that an adequate downward force 
is essential for effective tissue fragmentation. As shown in 
Fig. 2d, different grinding temperatures resulted in no sig‐
nificant differences in the final cell viability and yield. Con‐
sidering that tissue preservation is typically performed at 
4 °C, 4 °C was ultimately selected as the initial grinding 
temperature.

As depicted in Fig. 2e, reducing the grinding time to <1 min 
significantly impaired cell recovery, showing insufficient 
mechanical dissociation at shorter durations, whereas 1 min 
of operation represented the most efficient point in terms of 
cell extraction efficiency (right).

Figure 2f shows that digestion time was also a critical fac‐
tor, wherein a short digestion period of 2 min was inadequate 
for enzyme activity, whereas extending the digestion time 
beyond 15 min negatively impacted the yield, probably due 
to overdigestion and cell degradation.

On the basis of these evaluations, we established the opti‐
mal extraction parameters for mouse liver tissue as follows: 
initial grinding temperature of 37 °C that gradually increases, 
rotation speed of 60 r/min, grinding pressure of 1 N, grinding 
time of 1 min, and digestion time of 5 min. These conditions 
provided a balance between enzymatic and mechanical pro‐
cessing, maximizing both viability and yield.
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4.2 Primary cell extraction from normal 
tissue

We investigated the extraction efficiency of the sTED system 
using mouse liver and lung tissues and compared its perfor‐
mance with that of manual extraction using the Singleron’s 
PythoN tissue dissociation system (Fig. 3). The important 
parameters evaluated in this experiment included cell viabil‐
ity, yield, and batch-to-batch variability.

For liver tissue extraction in both mice and rats, the cell 
viability was similar between sTED and Singleron (averag‐
ing approximately 89%), and both methods yielded higher 
results than the manual method. However, sTED resulted in 
a significantly higher cell yield per gram of tissue than 
manual extraction and the Singleron device. Overall, the 
higher efficiency of sTED provides a greater number of 
viable cells for downstream applications. Moreover, sTED 
achieved markedly lower batch-to-batch variability than the 

manual method, which demonstrated the greatest inconsis‐
tency in yield (Fig. 3a).

In mouse lung tissue, the Singleron device achieved rela‐
tively high cell viability, although the differences were 
minimal. However, sTED produced a cell yield per gram of 
tissue that was similar to that produced by manual extrac‐
tion and consistently higher than that produced by the Sin‐
gleron device. Remarkably, sTED also resulted in a smaller 
variation in cell yield than the manual method (Fig. 3b). 
These findings emphasize the ability of sTED to deliver 
high-yield and reproducible cell extraction from soft tissues.

4.3 Primary cell extraction from ultrasmall 
samples

A key advantage of the proposed sTED system over exist‐
ing cell extraction platforms is its ability to efficiently pro‐
cess ultrasmall tissue samples. We investigated this feature 

Fig. 2  sTED optimization. (a, b) A comparison of shear shapes shows the T–S and T–T configurations; T–S improved the shearing efficiency 
and reduced cell damage. Evaluation of the effects of varying grinding pressures (c), temperatures (d), grinding times (e), and digestion times 
(f) on cell viability (left) and unit mass extraction rates (right) in mouse liver tissue. Data are expressed as mean±standard deviation (n=4). **p<
0.01, ***p<0.001, and ****p<0.0001; ns: not significant
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Fig. 3  Cell extraction efficiency. Comparison of sTED, manual extraction, and Singleron’s PythoN system for normal mouse liver (a) and lung 
(b) tissues. Each subfigure includes representative images (left), cell viability assays (middle), and extraction rates per unit mass (right). Com‐
parison of sTED and manual extraction for ultrasmall mouse liver (c) and PDOX (e) samples, with the same layout. Immunofluorescent 
staining of cells extracted from ultrasmall mouse liver (d) and PDOX (f) samples (G: green; R: red). Scale bars in (a, b, c, e): 50 μm for the left 
image, 10 μm for the others. Scale bars in (d, f): 50 μm for the left image, 20 μm for the others. Data are expressed as mean±standard deviation 
(n=4). *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001; ns: not significant
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using tissue fragments weighing <0.02 g collected from mouse 
liver and PDOX models.

In the ultrasmall mouse liver samples, sTED achieved 
comparable cell viability to that of manual extraction but 
significantly outperformed manual extraction in terms of 
cell yield per unit mass. Furthermore, the proposed device 
demonstrated lower intergroup variability in extraction rates 
than the manual method (Fig. 3c).

To confirm the cell types extracted from minimal tissue, 
a cytocentrifugation staining method was used to label hepa‐
tocytes (hepatocyte nuclear factor 4α (HNF4α) and radixin 
(RDX)) and bile duct cells (osteopontin (OPN)) (Fig. 3d).

In the PDOX colorectal cancer model, sTED yielded 
slightly higher cell viability than manual extraction. Al‐
though the cell extraction efficiency of sTED was slightly 
lower than the manual method, the difference was not statis‐
tically significant (Fig. 3e). In patient-derived tumor tissues, 
cell viability remained above 80%, and any observed reduc‐
tions were primarily attributed to tissue necrosis rather than 
extraction inefficiency.

For the PDOX colorectal cancer model, a cytocentrifuga‐
tion staining method was used to label normal Paneth cells 
(lysozyme), goblet cancer cells (mucin 1 (MUC1)), normal 
epithelial cells (fatty acid binding protein 1 (FABP1)), can‐
cer epithelial cells (caudal type homeobox 2 (CDX2)), and 
tumor fibroblasts (α-smooth muscle actin antibody (α-SMA)) 
(Fig. 3f).

5　Discussion

Automation via sTED reduces procedural variability and en‐
hances reproducibility in organoid-based research. Unlike 
manual methods, which suffer from cell loss and inconsis‐
tency in ultrasmall samples like needle biopsies, sTED inte‐
grates mechanical dissociation and enzymatic digestion, mini‐
mizing sample loss with specialized pipette designs. While 
commercial systems (e.g., gentleMACSTM, STEMprepTM,  
and PythoN Junior) are suited for larger samples (>100 mg), 
sTED processes as little as 5 mg, yielding 1.5×104 – 2.5×
104 cells/mg from mouse liver with >90% viability and >60% 
in human tumors.

The T–S mechanism enables precise dissection within 
1 min, preserving critical cell populations, such as tumor 
epithelial cells and fibroblasts in colorectal cancer samples, 
for translational organoid models. Automation eliminates 
the need for constant supervision, integrating seamlessly 
into organoid workflows and laying the groundwork for 
fully equipment-driven pipelines. Future enhancements will 
expand sTED’s utility across diverse tissues and human 
tumor biopsies, further supporting its clinical relevance.

Supplementary Information  The online version contains supplemen‐
tary material available at https://doi.org/10.1631/bdm.2500186.
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