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Abstract

Objective: Different strategies for epithelial cell isolation significantly affect the

viability and physiological properties of primary cells. Trypsin digestion, a conven-

tional method, causes collateral damage owing to its strong digestive potential. To

better preserve the physiological properties of epithelial tissues, we aimed to develop

a modified method (hyaluronidase and collagenase I combination) for primary cell

isolation.

Method: We used conventional and modified methods to compare cell viability,

morphology and stemness. Additionally, we investigated the passaging stability of

epithelial cells and their capacity for organoid formation. Finally, we compared the

two methods for isolating urothelial, oesophageal, lingual, and epidermal epithelial

cells.

Result: Gingival epithelial cells obtained using the modified method had higher viabil-

ity, better morphology and stronger stemness than those obtained using the conven-

tional method. Additionally, primary cells obtained using the modified method were

stably passaged. Regarding organoid culture, adopting the modified method led to a

significant increase in the growth rate and expression of the stem cell markers cyto-

keratin (CK)-19 and Ki-67. Furthermore, the modified method outperformed the con-

ventional method for isolating urothelial, epidermal, oesophageal and lingual

epithelial cells.

Conclusion: We demonstrated that the combination of hyaluronidase and collage-

nase I outperformed trypsin in preserving the physiological properties of primary cells

and organoid formation. The modified method could be broadly applied to isolate dif-

ferent types of epithelial cells and facilitate studies on organoids and tissue

engineering.
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1 | INTRODUCTION

The epithelium, which covers the surface of various tissues and organs,

acts as a barrier against external stimuli and plays a pivotal role in tissue

regeneration.1–4 In vitro studies on epithelial tissues have provided a

significant reference for clinical practices in aspects of tissue engineer-

ing, drug screening and host-pathogen interactions.5–8 Primary epithe-

lial cell-derived organoids are widely used in dermatology, urology,

gastroenterology and several other research fields.9–11 The introduction

of organoids has broadened the potential application prospects of pri-

mary epithelial cells and put forward higher demands for the preserva-

tion of their physiological properties.12,13

Despite the broadening of their application scope, little improve-

ment has been achieved in strategies for epithelial cell isolation.14

Explant culture and enzymatic digestion are the two most commonly

applied methods for epithelial cell isolation.15,16 The former approach

is easier to operate and more cost-effective; however, it is more time

consuming and could lead to fibroblast contamination.17–19 In com-

parison, the enzymatic digestion approach possesses higher efficiency

and specificity and is thereby more widely adopted.16,20–22 The most

commonly applied enzyme in previous studies was trypsin.21,23

Degrading the intercellular junctions of epithelial tissues are more dif-

ficult than those of other tissues; therefore, a prolonged digestion

period is required to obtain an adequate amount of cells.3,20,21 As a

consequence, the isolation process may severely damage the primary

cells. Therefore, despite the feasibility of trypsin digestion in establish-

ing two-dimensional cell culture systems, it cannot preserve physio-

logical properties of the original tissue.21,23 Previous studies have

demonstrated that prolonged trypsin digestion affects cell viability

and impairs surface proteins, some of which are critical stem cell

markers.23,24 When primary cell stemness is weakened, their prolifera-

tive activity and organoid-forming ability severely decline.25 There-

fore, an effective yet gentle approach must be developed to reduce

the alteration of physiological properties, particularly stemness, of pri-

mary cells.23,26

Collagenase, a clostridium histolyticum-derived protease, is widely

applied in primary cell isolation.16 Based on its substrate, collagenase

is divided into six subtypes, among which collagenase I is used for epi-

thelial cell isolation.13 Collagenase I, a less potent enzyme, causes less

damage to primary cells during the digestion process; however, it

requires an extended digestion time to obtain an adequate number of

cells, which reduces efficiency.27 Hyaluronidase, an endogenous gly-

cosidase, is synthesized in animals and microbes and is essential in

cancer metastasis as it promotes cancer cell diffusion by increasing

tissue permeability.28,29 Moreover, in vivo studies on oral microbes

have suggested that hyaluronidase can dissociate intercellular junc-

tions in the sulcular eptihelium.30 Nevertheless, the capacity of colla-

genase and hyaluronidase combination in isolating epithelial cells

remains to be investigated.

In this study, we introduced a novel strategy for primary epithelial

cell isolation by replacing trypsin with a combination of hyaluronidase

and collagenase I. In view of ethical issues and the accessibility of sam-

ples, we chose human gingiva as a representative of epithelial tissues.

2 | MATERIALS AND METHODS

We used trypsin (Gibco: 25200072) and a combination of hyaluroni-

dase (Merck: H3506) and collagenase I (Gibco: 17018029) for epithe-

lial cell isolation (Figure 1). According to the literature, the digestion

time of trypsin should be limited to 30–40 min, whereas that of hyal-

uronidase and collagenase I ranges from 1 h to overnight.13,16,21,23

We set the digestion time of hyaluronidase and collagenase I to 4 h,

as suggested by most studies.13,16 To control the variables across dif-

ferent groups, we set two different digestion times for each enzyme:

0.5 and 4 h. Consequently, we established four groups (Table 1). To

control the variables, we ensured that all other conditions except for

the enzymes were identical in the four groups.

2.1 | Epithelial tissue collection

Human gingival samples were collected during periodontal surgeries.

A total of three participants were involved in the study. The epider-

mis, tongue, urothelium and oesophagus were obtained from SD rats

(6 weeks, male, 160 g) after euthanasia (15 mg/kg pentobarbital) by

surgical excision. The samples were washed with sterilized saline solu-

tion and preserved at 4�C in Dulbecco's Modified Eagle Medium

(DMEM, Gibco: 12634010) supplemented with 5% penicillin/

streptomycin solution (Gibco: 15140122).

2.2 | Ethics statement

Gingival tissue collection was approved by the Human Ethics Commit-

tee of Peking University School and Hospital of Stomatology

(Approval number: PKUSSIRB-202168143). The donors who partici-

pated in our study volunteered and signed informed consent forms.

The animal surgical procedure was approved by the Institutional Ani-

mal Care and Use Committee of the Peking University (Approval num-

ber: LA2022394). The SD rats were purchased from Beijing HFK

Bioscience Co. Ltd. All efforts were made to minimize the suffering of

animals.

2.3 | Epithelial cell isolation

Epithelial tissues were transferred to a centrifuge tube containing 4 ml

of Dispase II (2.5 mg/ml, Roche: 04942078001), which detached the

epithelial layer from the lamina propria.17,21,23 Centrifuge tubes were

maintained at 4�C for 6 h. Afterwards, the epithelial layer was peeled

off using forceps and washed with a sterilized phosphate buffered

saline (PBS). The epithelial tissue was equally segmented into four

pieces and placed into the corresponding centrifuge tubes marked as

Method 1, 2, 3, or 4 (Table 1). To increase digestion efficiency, the tis-

sues were cut into 1 mm2 fragments. Thereafter, 2 ml of the enzyme

was added to each centrifuge tube. The tubes were placed in an incuba-

tor at 37�C. The tissue suspension was sheared every 10 min using a
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1000 μl pipette. Digestion was terminated by adding 4 ml of DMEM

containing 5% foetal bovine serum (FBS; Gibco: 16140071). The sus-

pension was blended with a pipette, strained over a 100 μm filter, and

centrifuged at 400 � g for 5 min. In case of gingival epithelial cells, the

supernatant was removed, and the sediment was resuspended in oral

keratinocyte medium (OKM, Science Cell: 2611) for cell culture or in

organoid-qualified basement membrane extract (BME) matrix (R&D

Systems: 3533-001-02) for organoid culture.

2.4 | Cell inoculation and passaging

According to the requirements of follow-up experiments, primary epi-

thelial cells were cultured in different culture dishes (Table 2). To con-

trol the variables, the number of cells inoculated in each well was

identical in the four groups. Culture dishes were kept in incubators

(37�C, 5% CO2).

Cell passaging was performed when the cells reached 80% con-

fluency. Adherent epithelial cells were detached by adding trypsin.

Digestion was carefully monitored and terminated using DMEM sup-

plemented with 10% FBS when 80% of cells were detached from the

plate. Cell suspension was centrifuged at 1000 rpm for 5 min. The

supernatant was removed, and the sediment was resuspended in

OKM. The cells were then cultured on new plates. The intervals

between passages were documented.

2.5 | Organoid culture

Primary epithelial cells resuspended in the BME matrix were

plated in preheated 24-well plates (50 μl/well). Afterwards, the

plates were inverted and placed in an incubator at 37�C for

30 min to induce BME matrix solidification. Subsequently, pre-

warmed organoid medium (Table 3) was added to each well.

The culture medium was changed every 2 days, and 10 μmol/L

Rho-associated kinase inhibitor Y-27632 (MCE: HY-10071) was

TABLE 1 Methods applied for isolation of epithelial cells

Group Method
Digestion
time

1 0.125% Trypsin 37�C, 0.5 h

2 37�C, 4 h

3 1 mg/ml hyaluronidase +

2 mg/ml collagenase I

37�C, 0.5 h

4 37�C, 4 h

TABLE 2 Culture dish and cell inoculation

Experiment Culture dish
Number of
cells per well

Light microscopy 24 well plate 2 � 105

Immunofluorescence 24 well confocal plate 2 � 105

Scanning electron

microscopy

24 well plate with glass

coverslip

2 � 105

F IGURE 1 Experiment scheme depicting primary cell isolation and phenotypic validation.

HU ET AL. 3 of 13
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added for the first week as a supplement to facilitate organoid

outgrowth.

2.6 | Comparison of different digestion methods

2.6.1 | Cell count

Cell suspension (20 μl) from each group was collected and mixed with

equal volumes of trypan blue. The total number of cells and number

of live cells were counted using an automatic cytometer. Cell

viability = live cell number/total cell number.

2.6.2 | Flow cytometry

Following isolation, the cells were resuspended in 3% bovine serum

albumin (BSA), and blank medium was used as control. Primary anti-

bodies (diluted at 1:20 in 3% BSA) cytokeratin (CK)-19 (Abcam: 7754)

and Ki-67 (Abcam: 16667) were added to all tubes, except for the

blank control, and incubated at 4�C for 30 min. The tubes were

shaken gently every 10 min. Afterwards, the tubes were centrifuged

at 1000 rpm for 5 min, washed twice with 3% BSA, and resuspended

in 3% BSA. Secondary antibodies (diluted at 1:250 in PBS) were added

to all tubes and incubated at 4�C for 30 min in the dark. The tubes

were gently shaken every 10 min, centrifuged at 1000 rpm for 5 min,

and washed twice with 3% BSA. Prior to testing, the cells were resus-

pended in 300 μl of 3% BSA.

2.6.3 | Scanning electron microscopy

Epithelial cells cultured on glass coverslips were fixed with glutaral-

dehyde (Sigma-Aldrich, 1.04239) for 20 min. Fixed cells were

washed twice with PBS, and dehydrated using gradient ethanol

(30%, 50%, 70%, 80%, 90%, 95% and 100%). Prior to observation,

glass coverslips were placed in a vacuum drying oven overnight to

eliminate moisture.

2.6.4 | Immunofluorescence analysis

Epithelial cells or organoids cultured on confocal plates (Cellvis,

P24-1.5H-N) were washed with PBS and fixed with 4% paraformalde-

hyde for 20 min. Fixed cells were washed with PBS, permeabilized

with 0.5% Triton (diluted in 3% BSA) for 5 min, and washed again with

PBS. Afterwards, 3% BSA was added for 30 min to block non-specific

binding sites. Samples were incubated with primary antibodies (diluted

at 1:200 in 1% BSA) at 4�C for 8 h. Thereafter, the cells were washed

with PBS and incubated with secondary antibodies (diluted at 1:250

in PBS) for 1 h at room temperature. Cell nuclei were stained with

DAPI (diluted at 1:100 in PBS), and the cytoskeleton was stained with

fluorescein isothiocyanate-phalloidin (diluted at 1:200 in PBS). The

plates were incubated at 4�C and covered with ice-cold PBS prior to

examination.

2.7 | Statistics

Experiments for each group were performed in triplicate. All figures

are representative of data sets. Statistical analysis was performed

using SPSS (version 26), and diagrams were plotted using GraphPad

Prism (version 9.0). Analysis between more than two sample groups

was performed by a one-way unstacked ANOVA and post-hoc LSD

testing. Analysis between two paired samples was performed by a

two-tailed unpaired Student's t-test. ns: not statistically significant;

*p < 0.05, **p < 0.01 and ***p < 0.001. p < 0.05 was considered statis-

tically significant.

3 | RESULTS

3.1 | Primary gingival epithelial cells obtained
using modified method had higher viability and better
morphology

We used the trypan blue assay to evaluate the efficiency of different

methods. Extending the digestion time significantly increased the

number of cells, particularly live cells, obtained using collagenase I and

hyaluronidase digestion (Figure 2A,B). Importantly, this digestion did

not significantly reduce cell viability (Figure 2C). Additionally, the

mean diameter of primary cells isolated using collagenase I and hyal-

uronidase was larger than that of primary cells isolated using trypsin

(Figure 2D). Thus, trypsin digestion shrank the primary epithelial

cells more.

Light microscopy on the first day of culture revealed that primary

cells isolated using collagenase I and hyaluronidase had a better mor-

phology than that of primary cells isolated using trypsin. Notably, the

TABLE 3 Composition of organoid culture medium

Reagent Product model Concentration

DMEM/F12 Gibco 12634-010

Penicillin-Streptomycin Gibco 15140-122 100 U/ml

Hepes Gibco 15630-080 10 mmol/L

GlutaMax Gibco 35050-061 1�
B-27 supplement Gibco 17504-044 1�
Human R-Spondin 1 R&D 4645-RS-100/CF 10 ng/ml

Human Noggin PeproTech 250-38-5 10 ng/ml

Human EGF PeproTech AF-100-15 50 ng/ml

Nicotinamide Sigma N0636-100 10 mmol/L

A83-01 MCE HY-10432 1 μmol/L

Forskolin R&D 1099 1 μmol/L

CHIR99021 Sigma SML1046 0.5 μmol/L

N-acetyl-L-cysteine Sigma A9165 1 mmol/L
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F IGURE 2 Primary epithelial cells
obtained using modified isolation had
higher viability and better morphology.
(A) The total number of cells obtained
using four methods (Method 2 yielded the
smallest number of cells, whereas Method
4 yielded the greatest number of cells,
p < 0.05; and no significant difference was
observed in the number of total cells

obtained using Methods 1 and 2, p > 0.05,
n = 3). (B) The number of live cells
obtained using four methods (Method
4 yielded a significantly greater number of
cells compared with all other methods,
p < 0.05, n = 3; whereas Method
2 yielded the least number of cells).
(C) Live cell percentages obtained using
four methods (Methods 3 and 4 yielded
significantly higher live cell percentages
than Methods 1 and 2 did, p < 0.05, and
no significant difference was observed
between Methods 3 and 4, p > 0.05,
n = 3). (D) The mean cell diameter
obtained using four methods (Method
3 yielded the largest cell diameter,
followed by Methods 4 and 1, and
Method 2 yielded a significantly smaller
cell diameter than the other methods,
n = 3). (E) Light microscopy images of
cells obtained using four methods on the
first day of culture show that cells isolated
using collagenase I and hyaluronidase had
a larger diameter and better morphology
(scale bars, 40 and 20 μm). (F) Light
microscopy images of cells obtained using
the conventional and modified methods
on Days 3 and 9 of culture show a better
morphology and higher confluency in the
modified group (scale bars, 40 and 20 μm).
(G) Scanning electron microscopy of cells
obtained using the conventional and
modified methods on Day 6 of culture
shows that cells in the modified group had

a larger diameter and more distinct
spreading of pseudopods (scale bars,
5 and 1.5 μm for conventional group;
10 and 3 μm for modified group). *p <
0.05, **p < 0.01, and ***p < 0.001. p <
0.05 was considered statistically
significant.
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F IGURE 3 Legend on next page.
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former resembled slab stones, whereas the latter were mostly round

or oval shaped (Figure 2E).

The optimal digestion time of trypsin should be limited to 30 min,

as prolonged digestion leads to a sharp decline in cell viability,

whereas that of hyaluronidase and collagenase I can be extended to

4 h. Therefore, we chose Methods 1 and 4 for further analysis. The

former is referred to as the conventional method, whereas the latter

is referred to as the modified method.

Regarding cell morphology, light microscopy revealed that pri-

mary cells obtained using the modified method had higher confluency

and better morphology than primary cells obtained using the conven-

tional method (Figure 2F). Scanning electron microscopy revealed that

the mean cell diameter in the conventional group was approximately

15 μm, whereas that in the modified group was approximately 20 μm.

This divergence was due to cell spreading, indicated by filopodia

stretching which was more evident in the modified group (Figure 2G).

Because filopodia protrusions are correlated with cell migration, pri-

mary cells obtained using the modified method had a stronger migra-

tion capacity than cells obtained using the conventional method.31

3.2 | Modified method better preserved primary
epithelial cell stemness during isolation

We performed flow cytometry (FCM) immediately after cell isolation

to examine divergence in the stem cell percentage. Primary cells were

labelled with CK-19, an epithelial stem cell/basal cell marker, and Ki-

67, a broadly applied stem cell marker. The former is predominantly

found in the cell membrane, while the latter is located mainly in the

nucleus.14,32–35 Primary cells in the modified group exhibited a higher

percentage of CK-19– and Ki-67–positive cells than those in the con-

ventional group, p < 0.05 (Figure 3A–D). Because the same piece of

tissue was used for both methods, we determined that the modified

method inflicted less damage to stem cells.

Immunofluorescence (IF) assays revealed divergence in CK-19

and Ki-67 expression levels between the two groups at different time

points during cell culture. IF quantitation indicated that among CK-

19– and Ki-67–positive cells, those in the modified group showed

greater fluorescence intensity than their counterparts in the conven-

tional group, p < 0.05 (Figure 3E,F). Moreover, IF analysis demon-

strated that primary cells in the modified group exhibited a higher

percentage of CK-19– and Ki-67–positive stem cells, which was con-

sistent with the FCM results (Figure 3G–J). Upon cell colony forma-

tion, stem cell markers remained highly expressed in the modified

group (Figure 3K,L).

3.3 | Primary epithelial cells obtained using
modified method were stably passaged

Primary epithelial cells from both groups were sub cultured to exam-

ine passaging stability. No significant difference in cell morphology

was detected within the first three passages (Ps). Specifically, mean

epithelial cell diameter remained consistent, and the cell contour

resembled slab stones (Figure 4A,B). Additionally, cell stretching and

attachment indicated by pseudopods remained essentially identical

from P1 to P3 (Figure 4C,D). However, after P4, epithelial cells gradu-

ally lost morphology homogeneity. Despite the heterogeneity of the

cell contour, giant cells characterized by a significant increase in diam-

eter and dark particle accumulation in the nucleus constituted a fair

percentage.

Despite consistent morphology, marker protein expression varied

after cell passaging. We observed a marked reduction in the expres-

sion of the stem cell marker CK-19 in P1–P3 cells (Figure 4E,F). More-

over, the expression of CK-13, a differentiation-related membrane

marker, significantly increased from P1 to P3 (Figure 4G–I). Therefore,

the percentage of stem cells decreased, whereas that of differentiated

cells increased after passaging.

Noticeably, the growth rate of epithelial cells remained stable

within P2–P3 but eventually decreased after further passaging, which

was reflected by longer intervals between cell Ps (Figure 4J,K). After

P5, we observed a prominent decrease in the growth rate, and epithe-

lial cells gradually lost their passaging ability.

3.4 | Gingival epithelial organoids obtained using
modified method showed a higher growth rate and
stem cell marker expression

In both groups, round and oval organoids grew from epithelial cells

and formed multilayer structures that resembled a stratified epithe-

lium. Despite similar morphology, we observed significant variation in

F IGURE 3 Primary epithelial cells obtained using modified isolation show more distinct stem cell features. (A and C) Counter chart depicting
the percentage of (A) Ki-67– and (C) CK-19–positive cells in the conventional and modified groups identified using FCM. (B and D) Bar chart
depicting the percentage of (B) Ki-67– and (D) CK-19–positive cells in the conventional and modified groups identified using FCM (the modified
method yielded a significantly greater number of both Ki-67– and CK-19–positive cells compared with the conventional method, p < 0.05, n = 3).

(E and F) Bar chart depicting the fluorescence intensity of CK-19– and Ki-67–positive cells on Days 3 (E) and 9 (F) of culture in the conventional
and modified groups (the modified method yielded a significantly higher expression level of both Ki-67– and CK-19–positive cells on Day 3 and
Day 9 compared with the conventional method, p < 0.05, n = 3). (G and H) Immunofluorescence (IF) images depicting CK-19 and Ki-67
expression on Days 3, 6 and 9 of cell culture in the conventional (G) and modified (H) groups (scale bar, 50 μm). (I and J) IF images depicting CK-
19 and Ki-67 expression on Days 3, 6 and 9 of cell culture in the conventional (I) and modified (J) groups (scale bar, 25 μm). (K and L) IF images
and three-dimensional reconstruction of primary epithelial cells during colony formation obtained using the conventional (K) and modified
(L) methods (scale bar, 25 μm). *p < 0.05, **p < 0.01, and ***p < 0.001. p < 0.05 was considered statistically significant.
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F IGURE 4 Primary epithelial
cells obtained using modified
isolation were stably passaged.
(A and B) Light microscopy images
of P1, P3 and P5 cells in the
conventional (A) and modified
(B) groups (scale bars, 40 and
20 μm). (C and D) Scanning electron
microscopy images depicting the

anchorage structures of P1 and P3
cells in the conventional (C) and
modified (D) groups (scale bars,
5 and 2.5 μm). (E and F)
Immunofluorescence (IF) images
depicting CK-19 expression in P1
and P3 cells in the conventional
(E) and modified (F) groups (scale
bar, 50 μm). (G and H) IF images
depicting CK-13 expression in P1
and P3 cells in the conventional
(G) and modified (H) groups (scale
bar, 50 μm). (I) IF images and three-
dimensional structure of P5 cells
obtained in the modified group
depicting the giant cell structure
(scale bar, 50 μm). (J) Intervals of
cell passaging between P0 and P6
in the control group. (K) Intervals of
cell passaging between P0 and P6
in the modified group.
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the growth rate between the two groups. Specifically, light micros-

copy revealed that organoids in the modified group were larger in size

and greater in number than their counterparts in the conventional

group (Figure 5A,B). Moreover, organoids in the modified group also

showed higher expression of the stem cell markers CK-19 and Ki-67

(Figure 5C,D).

Thus, primary epithelial cells obtained using the conventional and

modified methods formed organoids; however, the latter method

yielded higher growth rates and stronger stem cell properties.

3.5 | Modified method outperformed conventional
method in epidermal, gastric and urothelial epithelial
cell isolation

In addition to isolating gingival epithelial cells, our modified method

was generalized to include epidermis, urothelium, tongue and oesoph-

agus digestion. The modified method outperformed the conventional

method in terms of the viability and number of live cells isolated from

all four tissues, p < 0.05, n = 3 (Figure 6A–D). Notably, the modified

method had more significant advantages in urothelial and oesophageal

epithelium isolation than in lingual or epidermal epithelium isolation.

Specifically, regarding urothelial and oesophageal epithelial cell isola-

tion, the modified method yielded several times more live cells than

the conventional method did (Figure 6B,C). This divergence was not

as significant regarding epidermal and lingual cell isolation.

4 | DISCUSSION

In vitro cultured epithelial cells are broadly applied in biomedical

studies.1–4 Consequently, primary epithelial cell acquisition has

attracted increasing attention.21,23 Trypsinization, the most commonly

applied method for obtaining epithelial cells, has been broadly used in

studies based on two-dimensional cell cultures.21 However, despite

its convenience, the simulation of in vivo conditions using two-

dimensional cultured cells is unsatisfactory, as they cannot maintain

genomic stability during long-term amplification.13,36 The introduction

of organoids has overcome several shortcomings of two-dimensional

cell lines and greatly facilitated studies on personalized therapy, drug

toxicity and high-throughput screening.37,38 The broad application of

organoids has set higher demands for primary epithelial cell isolation,

as retaining stemness is essential to establish organoid models.13

We proposed a novel strategy for enzymatic isolation of primary

epithelial cells by replacing trypsin with collagenase I and hyaluroni-

dase. Generally, our modified method better preserved the physiologi-

cal properties of original epithelial tissues. Particularly, collateral

damage to primary cells was reduced by applying the modified

method, which was reflected in cell viability and morphology. More-

over, FCM and IF assays confirmed that the modified method better

preserved primary cell stemness. Consequently, organoids obtained

using the modified method exhibited a faster growth rate. Further-

more, we demonstrated that primary cells obtained using the modified

method were stably passaged, which is crucial for in vitro experiments

and consistent with previous studies.26,39 Ultimately, we generalized

the modified method to include epidermal, lingual, gastric and urothe-

lial epithelial cell isolation.

Studies on epithelial cell isolation have mostly focused on diges-

tion efficiency, cell viability and cell morphology. We revealed that

after P1, differences in cell morphology and proliferation rates nar-

rowed between the two groups. Because studies on two-dimensional

cell lines typically adopt P2 or P3 epithelial cells, the conventional

method is feasible, which might be why trypsinization has been pre-

dominantly employed in previous studies.19,26 Nevertheless, primary

epithelial cells are indispensable in organoid cultures and tissue engi-

neering. Since organoid formation is highly dependent on stem cell

state, collateral damage caused by digestion could affect organoid

phenotype. Therefore, the conventional method has inevitable short-

comings when used for organoid construction, which might be why

the success rate of organoid formation was relatively low in previous

studies.32 Generally, stem cell state is critical for organoid formation,

as phenotypic differences in organoids can be attributed to differ-

ences in the stemness of primary cells obtained using the two

methods.13,32 Additionally, cell passaging assay indicated that epithe-

lial cell stemness diminished markedly after passaging. Thus, P3 cells

might not be ideal for use in experiments regarding epithelial stem

cells.

Owing to stemness preservation, our novel method significantly

accelerated the growth rate of organoids. Since personalized therapy

sets higher demands for the efficiency of organoid formation, our

modified method might be of great significance in clinical settings, as

it reduced the time of organoid formation, which reduced the timeline

of in vitro experiments.36 Because some cancer cells are epithelial-

derived, our modified method might also be applied in digesting can-

cer tissues, which should be further researched.40,41 The application

scope of our method could be significantly expanded once it is applied

to cancer cell isolation. Moreover, as cancer and stem cell markers

share similar expression patterns under certain circumstances, investi-

gating whether our modified strategy is also superior in preserving

cancer tissue phenotype would be relevant.42,43

Regarding the isolation of different epithelial cell types, we

noticed that our novel strategy was better in digesting non-

keratinized epithelium, such as the oesophagus and urothelium. One

possible reason is that the stratum corneum, a protective layer against

external stimuli, decreased enzymatic digestion.33 Since the digestive

capacity of the modified method was weaker than that of the conven-

tional method, the stratum corneum had a more significant impact on

the modified method. Consequently, the counteraction of the stratum

corneum narrowed the gap between the two methods. Notably, epi-

thelial structures vary between different epithelium types.44 There-

fore, required isolation conditions may vary for different tissues,

which remains to be elucidated. Further research is required to exam-

ine the differences in protein expression and function between the

modified and conventional groups.

The popularization of organoids and tissue engineering has

increased the demand for primary epithelial cell isolation, thereby
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F IGURE 5 Primary epithelial cells obtained using modified isolation formed gingival epithelial organoids. (A and B) Light microscopy images of
gingival epithelial organoids derived from primary cells obtained using the two methods on Days 5, 10 and 15 (scale bar, 400 and 100 μm). (C and
D) Immunofluorescence image depicting the comparison of Ki-67 and CK-19 expression levels in gingival epithelial organoids derived from the
control and modified groups (scale bar, 50 and 10 μm).
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F IGURE 6 Modified method
outperformed conventional method in rat
epidermal, lingual, urothelial and
oesophageal epithelial cell isolation in terms
of cell viability and live cell count. (A–D) Bar
chart depicting the total number of cells
(left), number of live cells (middle) and live
cell percentage (right) obtained using
different methods of isolating murine

epidermal (A), bladder (B), oesophageal
(C) and lingual (D) cells (n = 3). *p < 0.05,
**p < 0.01, and ***p < 0.001. p < 0.05 was
considered statistically significant.
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emphasizing the importance of preserving the physiological state of

original tissue. In addition to focusing on efficiency, further research

on isolation methods should highly focus on preserving primary cell

stemness and proliferation activity. Notably, compared to IF analysis

and FCM, high-throughput sequencing might provide a more compre-

hensive understanding of the divergence in gene expression patterns

between primary cells and organoids obtained using the two methods.

5 | CONCLUSION

In summary, we proposed a novel strategy for the enzymatic isolation

of primary epithelial cells by replacing trypsin with hyaluronidase and

collagenase I; the isolated cells exhibited higher cell viability, better

cell morphology, and stronger stemness than those obtained by tryp-

sinization did. Moreover, the modified method significantly shortened

the growth cycle of and enhanced stem cell marker expression in

organoid cultures. Thus, our novel strategy might facilitate studies on

in vitro cultured epithelial cells and organoids.
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