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Abstract: Hair follicle stem cells, located in the bulge region of the outer root sheath,
are multipotent epithelial stem cells capable of differentiating into epidermal, sebaceous
gland, and hair shaft cells. Efficient culturing of these cells is crucial for advancements
in dermatology, regenerative medicine, and skin model development. This investigation
aimed to develop a protocol for isolating enriched bulge-derived epithelial cells from
scalp specimens to produce tissue-engineered substitutes. The epithelium, including hair
follicles, was separated from the dermis using thermolysin, followed by microdissection
of the bulge region. Epithelial stem cells were isolated using enzymatic dissociation
to create a single-cell suspension and compared with the direct explant culture and a
benchmark method which isolates cells from the epidermis and pilosebaceous units. After
8 days of culture, the enzymatic digestion of microdissected bulges yielded 5.3 times more
epithelial cells compared to explant cultures and proliferated faster than the benchmark
method. Cells cultured from all methods exhibited comparable morphology and growth
rates. The fully stratified epidermis of tissue-engineered skin was similar, indicating
comparable differentiation potential. This enzymatic digestion method improved early-
stage cell recovery and expansion while maintaining keratinocyte functionality, offering
an efficient hair bulge cell-extraction technique for tissue engineering and regenerative
medicine applications.

Keywords: hair follicle; stem cells; regenerative medicine; tissue-engineered skin; cell
culture technique; primary cell culture

1. Introduction
The human skin epidermis has a unique capacity for continuous renewal and repair,

driven by its resident stem cell populations. These cells are distributed across different com-
partments of the skin, including the basal layer of the interfollicular epidermis, hair follicles,
and sebaceous glands [1]. These progenitors reside in a specialized microenvironment
called the niche, which is essential for preserving their stemness and regenerative poten-
tial [2,3]. Among these compartments, hair follicles are dynamic, self-renewing structures
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that undergo cyclic phases of growth and degeneration (anagen, catagen, telogen) [4,5].
Hair follicle stem cells are localized in the outer root sheath (ORS) at the level of the bulge,
surrounding the hair shaft, between the sebaceous gland insertion point and the arrector
pili muscle attachment [6,7] (Figure 1). Several markers have been identified in these cells
isolated from humans, including keratin 19, keratin 15, and CD200 [8]. The bulge region
serves as a reservoir of multipotent epithelial stem cells with the ability to differentiate into
various cell types, including epidermal cells, sebaceous gland cells, and hair shaft cells [7].

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 2 of 19 
 

 

follicles, and sebaceous glands [1]. These progenitors reside in a specialized microenvi-

ronment called the niche, which is essential for preserving their stemness and regenerative 

potential [2,3]. Among these compartments, hair follicles are dynamic, self-renewing 

structures that undergo cyclic phases of growth and degeneration (anagen, catagen, 

telogen) [4,5]. Hair follicle stem cells are localized in the outer root sheath (ORS) at the 

level of the bulge, surrounding the hair shaft, between the sebaceous gland insertion point 

and the arrector pili muscle attachment [6,7] (Figure 1). Several markers have been iden-

tified in these cells isolated from humans, including keratin 19, keratin 15, and CD200 [8]. 

The bulge region serves as a reservoir of multipotent epithelial stem cells with the ability 

to differentiate into various cell types, including epidermal cells, sebaceous gland cells, 

and hair shaft cells [7]. 

 

Figure 1. Schematic representation of human skin and the pilosebaceous unit. The multilayered 

structure of the epidermis, dermis, and adipose tissue, along with the hair follicle and associated 

sebaceous gland, are illustrated. The epidermis is stratified into the basal, spinous, granular, and 

cornified layers. The hair follicle is divided into distinct anatomical regions: the infundibulum, isth-

mus, bulge, and bulb. The bulge region, known to harbor epithelial stem cells, is located at the in-

sertion point of the arrector pili muscle. The sebaceous gland, connected to the hair follicle, plays a 

role in sebum production. The dermal papilla, situated at the base of the follicle within the bulb, is 

essential for hair follicle regeneration. 

The development of methods for effectively culturing skin epithelial cells has been a 

significant step in research for both fundamental and clinical applications. Their expan-

sion in vitro has led to important advances in many areas, particularly in dermatology, 

regenerative medicine, and biotechnology [9–12]. The pioneering work of Rheinwald and 

Green on the Cultured Epithelial Autografts (CEAs) [9] led to the first successful clinical 

application of cultured epithelial cells [13]. Over time, skin substitute technology has 

evolved to integrate both dermal and epidermal components, improving models for stud-

ying epithelial differentiation and skin regeneration [11,14]. In addition, hair follicles have 

gained attention as an abundant and promising source of autologous stem cells, harboring 

Figure 1. Schematic representation of human skin and the pilosebaceous unit. The multilayered
structure of the epidermis, dermis, and adipose tissue, along with the hair follicle and associated
sebaceous gland, are illustrated. The epidermis is stratified into the basal, spinous, granular, and
cornified layers. The hair follicle is divided into distinct anatomical regions: the infundibulum,
isthmus, bulge, and bulb. The bulge region, known to harbor epithelial stem cells, is located at the
insertion point of the arrector pili muscle. The sebaceous gland, connected to the hair follicle, plays a
role in sebum production. The dermal papilla, situated at the base of the follicle within the bulb, is
essential for hair follicle regeneration.

The development of methods for effectively culturing skin epithelial cells has been a
significant step in research for both fundamental and clinical applications. Their expan-
sion in vitro has led to important advances in many areas, particularly in dermatology,
regenerative medicine, and biotechnology [9–12]. The pioneering work of Rheinwald and
Green on the Cultured Epithelial Autografts (CEAs) [9] led to the first successful clinical
application of cultured epithelial cells [13]. Over time, skin substitute technology has
evolved to integrate both dermal and epidermal components, improving models for study-
ing epithelial differentiation and skin regeneration [11,14]. In addition, hair follicles have
gained attention as an abundant and promising source of autologous stem cells, harboring
both multipotent and pluripotent populations [15]. Bulge-derived epithelial cells offer
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significant potential, as they are accessible in adults and present high differentiation and
regenerative capacities [6,16]. Beyond hair regeneration to treat alopecia, recent preclinical
and clinical studies have highlighted their capacity to support tissue regeneration [15].
Preclinical studies in rats show that hair follicle stem cell injections accelerate wound heal-
ing and vascularization, while clinical applications like EpiDex® demonstrate efficacy in
treating chronic ulcers [17,18]. More broadly, the ability of mouse bulge cells to differentiate
into osteoblasts, cardiomyocytes, and neurons under specific culture conditions highlights
their potential in regenerative medicine [19–23]. Optimizing hair follicle stem cells isolation
and culturing is crucial to fully harness their therapeutic potential.

Hair follicles can be collected through plucking [24–26] or from scalp tissues obtained
after cosmetic surgery with the patient’s informed consent [27–30]. While minimally in-
vasive, plucking may leave a portion of the bulge attached to the dermis, resulting in
incomplete retrieval of the stem cell-rich compartment and providing a modest yield in
terms of cell number per hair [31,32]. Otherwise, enzymatic digestion of full-thickness
scalp specimens using thermolysin effectively separates the dermis from the epidermis
by targeting the dermal–epidermal junction [33,34]. This process facilitates the easy de-
tachment of the epidermis and pilosebaceous units prior to epithelial cell dissociation.
Therefore, thermolysin allows for the preservation of stem cells while minimizing fibroblast
contamination in the cultures, offering a higher quality and quantity of cells [33,34]. Access
to the various skin epithelial stem cell compartments then becomes possible. Following
digestion, hair follicles can be dissected under a microscope, focusing on isolating the
stem cell-rich bulge region [30]. The area just below the midpoint of the follicle contains a
concentration of colony-forming cells, highlighting its richness in cells with regenerative
potential [35]. The mid-section of the hair follicle can be manually microdissected based
on its distinct morphology. However, without additional purification steps, such as flow
cytometry or magnetic bead sorting, a portion of transit-amplifying cells or differentiated
keratinocytes may be included in the isolated population [6]. Although microdissection
does not yield a pure population of stem cells [6], it remains effective for isolating specific
regions of the hair follicle and enriching the bulge-derived stem cell population.

Given the importance of culturing skin epithelial stem cells to study their differentia-
tion potential into epidermis, hair, and sebaceous glands, the objective of this study was
to develop a protocol allowing for the efficient dissociation of hair bulge epithelial cells
from human scalp specimens to produce tissue-engineered skin. We hypothesized that
the enzymatic digestion of microdissected bulges using trypsin instead of culturing them
as explants would provide a better yield in terms of cells that can be expanded in culture.
This protocol proposed the use of thermolysin to initiate the dermal–epidermal separation,
followed by hair follicle isolation and then microdissection to segment the bulge region
with or without further digestion. The yields in terms of epithelial cell number and the
colony-forming efficiency over passages were compared. Their functionality was assessed
by producing tissue-engineered skin substitutes by the self-assembly method to evaluate
the epidermal differentiation [36,37].

2. Results
This study compared the quality of primary cultures of epithelial cells extracted from

scalp specimens using three methods. The experimental design is illustrated in Figure 2.
After dermal–epidermal separation using thermolysin, hair follicles were isolated and
segmented at the level of the bulge. Microdissected bulges were either digested with
trypsin to dissociate cells prior to seeding (referred to as digested bulge) or cultured as
explants (referred to as explanted bulge). Cell cultures obtained from these two methods
were compared to those obtained using the two-step thermolysin and trypsin keratinocyte-
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isolation procedure that served as the benchmark method [24]. With this third method,
scalp epithelial cells were isolated from the epidermis and from hair follicles (referred to
as scalp).
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Figure 2. Flowchart of methodological approaches used to obtain epithelial cell populations from
human scalp tissue. Scalp tissue was cut into small pieces and incubated overnight with thermolysin.
After separating the epithelium from the dermis, epithelial cells from the epidermis and hair follicles
were either extracted using the two-step thermolysin and trypsin keratinocyte-isolation procedure
that served as the benchmark method (A) or microdissected to enrich for bulge-derived epithelial cells
(B). After microdissection, bulge-derived cells were isolated using two different protocols; (B1) bulges
were digested with trypsin to obtain a single-cell suspension, or (B2) bulges were cultivated as
explants. For all conditions, cells were cultured on a human feeder layer (HFL) in keratinocyte
medium. Created in BioRender. De koninck, H. (2025) https://BioRender.com/c48t805 (accessed on
29 December 2024).

The impact of the extraction method on the morphological aspect of the cells by phase
contrast microscopy was first evaluated. Cells derived from digested bulges (Figure 3(A1)),
explanted bulges (Figure 3(A2)), and scalps (Figure 3(A3)) exhibited similar characteristics
in primary cultures. They formed colonies showing cells with polygonal morphology and
a high nuclear-to-cytoplasm ratio.

https://BioRender.com/c48t805
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Figure 3. Effect of the isolation method on the number of cells and colony-forming efficiency after
the extraction and in primary culture. (A) Phase-contrast microscopy of epithelial cells derived from
trypsin-digested bulges (A1), explanted bulges (A2), or trypsin-digested cells extracted from scalp
(epidermis and hair follicles) (A3) after 6 days of culture. Pictures show cells from the same donor.
(B) Number of bulge-derived epithelial cells obtained according to the isolation method used at the
extraction step (B1) and extrapolated for 8 days of culture (B2). (C) Comparison of cells isolated
by digestion from the bulge or from the scalp. Population doubling time of epithelial cells derived
from digested bulge and from scalp after primary culture (C1) and number of epithelial cells per cm2

extrapolated for 8 days of culture (C2). Colony-forming efficiency (CFE) after the primary culture.
(C3). Scale bar = 1 cm (A,C3). Each point represents a different donor (N). Detailed information about
the donors, identified by their corresponding symbols, is provided in the table in the Section 4.1. The
quantification of CFE (%) was performed in at least three technical replicates (n). Data are presented as
mean ± standard error of the mean (SEM). Statistical analysis: bilateral t-test (B2,C1,C3) or Wilcoxon
test (C2) for paired samples. (*) p-value < 0.05, (**) p-value < 0.01.

The advantage of enzymatic digestion over the explant method was the possibility of
counting the cells after extraction and seeding them at a given cell density. An average of
7400 (standard error of the mean (SEM) = 2300) viable cells per bulge were obtained after
digestion (Figure 3(B1)). In contrast, for explant cultures, the initial cell density has to be
estimated, since it could not be measured because the bulge-derived cells migrated outward
from the bulge tissue; they were not dissociated (Figure 3(A2)). The time necessary for cells
to reach 80–90% confluency was not synchronized across the tested conditions. Therefore,
to better compare the cell yield of the primary culture for cells obtained using the different
methods, we calculated the number of cells generated per bulge after 8 days of culture
using doubling time (see Section 4). After 8 days in culture, the number of viable epithelial
cells per bulge was 62,200 (standard error of the mean (SEM) = 13,200) for digested bulge,
compared to 11,700 (SEM = 4800) for explanted bulge (Figure 3(B2)).

The population doubling time was compared between digested bulges and scalp-
derived cells. Cells extracted from the bulges exhibited a 1.7 times lower population
doubling time (98.2 h (SEM = 16.6)) compared to scalp-derived cells (59.3 h (SEM = 8.5)),
indicating significantly faster proliferation (Figure 3(C1)). Using the population dou-
bling time, the cell yield after 8 days was extrapolated (see Section 4) and compared.
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The mean yield of cells from digested bulges was 2.9-fold higher than the one from the
scalp (172,900 (SEM = 100,500) cells/cm2 compared to 59,400 (SEM = 18,700) cells/cm2,
respectively—p-value = 0.0625) (Figure 3(C2)).

Colony-forming efficiency (CFE) reflects the proliferative capacity of the cells [38]. No
statistically significant difference was obtained between digested bulge-derived cells and
those from the scalp (Figure 3(C3)). It was not possible to measure CFE from explanted
bulge, as it requires cell suspension.

The impact of the tested extraction methods on the growth rate and clonogenic capacity
of the cells over successive passages was evaluated by determining the population dou-
bling time and colony-forming efficiency (CFE). After the first passage (P1), the population
doubling time was significantly higher in explanted bulge-derived cells compared to those
derived from scalps (Figure 4(A1)). When compared to digested bulges, the population
doubling time was longer for explanted bulges for a given donor, but no statistically signifi-
cant difference was detected between the means of aggregated data (Figure 4(A1), p = 0.17).
No statistically significant difference was observed between the population doubling time
of digested bulge- and scalp-derived cells (Figure 4(A1)). For subsequent subcultures
(passages 2 and 5), the population doubling time and the CFE were similar for the three
groups (p > 0.3 for all comparisons) (Figure 4(A2,A3),B, and Supplementary Figure S1).
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Figure 4. Effect of the extraction method on the cell population doubling time and colony-forming
efficiency over cell passages. (A) The population doubling time of epithelial cells derived from
digested bulges, explanted bulges, or from scalps (epidermis and hair follicles) after 1 (A1), 2 (A2),
and 5 (A3) passages. (B) Comparative colony-forming efficiency (CFE) of cells extracted with the
3 methods after 1 (B1), 2 (B2) and 5 (B3) passages. Each point represents a different donor (N).
Detailed information about the donors, identified by their corresponding symbols, is provided in
the table in Section 4.1. Data are presented as mean ± standard error of the mean (SEM). Statistical
analysis: Friedman test with Dunn’s multiple comparisons (A1) and one-way ANOVA with Tuckey’s
multiple comparisons (A2,A3,B1–B3). * p-value < 0.05.
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The impact of the extraction methods on epithelial cell functionality was assessed
by evaluating their epidermal differentiation potential through the generation of tissue-
engineered skin substitutes (TESs) using the self-assembly approach developed in our
laboratory [39]. Histological analysis showed that TESs produced with each of the three
epithelial cell populations displayed the typical architecture of a stratified epidermis with
the four expected layers, including the stratum corneum (Figure 5(A1–A3)), indicating a fully
differentiated epidermis. The proliferation marker Ki-67 [40] was detected in the nucleus of
a proportion of keratinocytes within the basal layer of all TESs (Figure 5(B1–B3)), see white
arrows), indicating active keratinocyte proliferation in the epidermis. Similarly, keratin
15 (K15), a progenitor cell-associated marker [41,42], was comparably expressed across all
TESs (Figure 5(C1–C3)). The stem cell marker keratin 19 (K19) [43] was expressed in a small
subset of basal keratinocytes in all TESs (Figure 5(D1–D3), see white arrows), indicating
the persistence of stem cells in the reconstructed epidermis. Interestingly, TES generated
from bulge-derived cells showed a trend toward higher K19 expression.
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Figure 5. Effect of the extraction method on the production of tissue-engineered skin substitutes
(TESs). TESs were produced with scalp fibroblasts and keratinocytes obtained from digested bulges
(TES-1, A1,B1,C1,D1), explanted bulges (TES-2, A2,B2,C2,D2), or from scalp (epidermis, hair follicles)
(TES-3, A3,B3,C3,D3). (A1–A3) Masson’s Trichrome staining (colors the cells in pink and extracellular
matrix in blue). (B1–B3) Immunostaining of Ki67 (red, white arrows). (C1–C3) Immunostaining
of keratin 15 (K15, red). (D1–D3) Immunostaining of keratin 19 (red, white arrows). Pictures are
representative of TESs made with cells from two different donors (see the table in Section 4.1—
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The integrity of the dermal–epidermal junction and epidermal differentiation within
the TES was evaluated (Figure 6). Filaggrin, a key protein of the cornified envelope [44,45],
was detected in the upper layers of the epidermis in all TES conditions (Figure 6(A1–A3)),
indicating that the cell-isolation method did not impair epidermal maturation. A continu-
ous type IV collagen deposition was detected at the dermal–epidermal junction in all TESs
(Figure 6(B1–B3)), confirming the basement membrane integrity. β -catenin was used to
validate the distribution of adherent junctions at the cell membrane of keratinocytes [46].
β-catenin was detected around keratinocytes in all conditions (Figure 6(C1–C3)). Together,
these findings confirm that TESs generated from all extraction methods exhibit key markers
of epidermal differentiation, proliferation, and adhesion, supporting their potential for
regenerative applications.
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Figure 6. Effect of the extraction method on the dermal–epidermal junction and epidermal differenti-
ation (TES). TESs were produced with scalp fibroblasts and keratinocytes obtained from digested
bulges (TES-1, A1,B1,C1), explanted bulges (TES-2, A2,B2,C2), or from scalp (epidermis, hair follicles)
(TES-3, A3,B3,C3). (A1–A3) Immunostaining of filaggrin (red). (B1–B3) Immunostaining of collagen
IV (red). (C1–C3) Immunostaining of β-catenin (red). Pictures are representative of TESs made with
cells from two different donors (see the table in Section 4.1—
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3. Discussion
Our results demonstrate that single epithelial cells isolated by the digestion of microdis-

sected bulges result in skin substitutes of high quality, comparable to those produced with
epithelial cells cultured from scalp (epidermis and hair follicles) or from microdissected
bulge explants. Our protocol for digesting hair bulge yielded 5.3 times more epithelial
cells at the end of the primary culture compared to cultured explants. Interestingly, cells
extracted from the bulge proliferated 1.7 times faster than epithelial cells digested from the
entire scalp epithelium (epidermis and hair follicles) during the primary culture. These
findings align with previous research highlighting the higher in vitro proliferative potential
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of hair follicle stem cells, particularly those from the upper follicle region compared to
interfollicular epidermal cells [47]. Notably, similar phenomena have been observed in
rodent hair follicles, where the upper bulge exhibits strong proliferative capabilities [48,49].
In vivo, the upper bulge plays a critical role in maintaining the entire pilosebaceous unit,
as recent studies have demonstrated its involvement in sustaining hair follicle and seba-
ceous gland functionality through β-catenin regulation [50–52]. The key features of skin
epithelial cells assessed, including morphology, growth rate, colony-forming efficiency,
and the ability to produce a fully stratified epidermis, revealed the quality and function-
ality of our cell cultures. Regardless of the extraction method, all cultures exhibited cells
with comparable polygonal morphology, with a high proportion of cells showing a high
nucleus-to-cytoplasm ratio, indicative of undifferentiated epithelial cells [38,53].

The proliferation potential remained unaffected by the extraction method, as evi-
denced by the consistent growth rate during cell passages. The difference in population
doublings between extraction methods was most pronounced during primary culture (P0)
but diminished over subsequent passages, with proliferation rates stabilizing by passage
five regardless of the method used (Supplementary Figure S1). By allowing cell numbering
and the control of initial seeding densities, the proposed hair bulge-digestion method is
better suited for experiments conducted on primary cultures. However, the microdissection
step remains a limitation of this method since it requires additional time (approximately
1.5 h to isolate 50 bulges) and qualified personnel compared to the benchmark method.

The entire hair follicle or the isolated bulge region can be processed through enzymatic
dissociation to create a single-cell suspension or cultured directly as an explant. Explant
cultures of plucked hair follicles [25] have been effective for producing an epidermal
equivalent [12]. Other studies have utilized enzymatic digestion to isolate bulge-derived
cells [27,28,54]. The slightly higher yield we obtained could be due to the use of thermolysin
instead of dispase to induce the dermal–epithelial separation. Thermolysin was shown to
result in more colony-forming efficiency (CFE) than trypsin and dispase [55].

In our study, we deliberately chose to employ a microdissection approach to preserve
the cellular diversity within the bulge, which contains a mix of stem and differentiated
cells [56]. By preserving this heterogeneity, our approach ensures a broader representation
of the bulge’s epithelium regenerative potential. Other protocols using trypsin digestion
included an additional step to enrich stem cell populations using magnetic beads or flow
cytometry to selectively enrich CD200+ cells, a marker that has been associated with bulge-
derived epithelial cells [8,27,57]. By using magnetic beads to selectively enrich CD200+ and
to deplete other markers (CD24, CD34, CD71, CD146), Ohyama et al. have reported a 3%
CFE (approximatively 150 colonies/T25 flasks, seeded with 5000 cells) [27]. In comparison,
our protocol provided a higher colony-forming efficiency, with an average of 4% CFE in
P0, reaching up to 10% in passage 1 (P1) and subsequent passages. In a second study, the
average doubling time reported for the enriched CD200+ cells was 38.3 days, compared
to 2.5 days in the present study [28]. In addition to the absence of a purification step, the
higher proliferation potential may also be attributed to the use of a human feeder layer for
cell cultivation. Therefore, our protocol allows obtaining epithelial cell cultures of high
quality while achieving superior growth metrics.

While the explant culture method is effective, it has several limitations. This method
relies on the migration of cells out of the explant, followed by their growth as a monolayer,
which forms a front that moves across the culture dish, rather than the growth of colonies
from evenly distributed single cells. The process of sorting cells from the explant likely
takes time, and it is possible that not all cells migrate out. This results in fewer cells
proliferating on the plastic compared to single cells directly seeded onto the Petri dish after
enzymatic digestion. In the latter case, cells can readily attach and divide after seeding.
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This could explain why we observed a lower total cell number at the end of the primary
culture (P0). We noted that the explant-derived cells were harder to detach after the primary
culture; two sequential trypsin incubations were required to maximize the cell yield, a step
unnecessary with enzymatic digestion. These findings align with those from Orazizadeh
et al. [58], who demonstrated that enzymatic tissue digestion enhances initial cell recovery
compared to the explant of foreskin keratinocytes, making it a more efficient method for
protocols requiring higher initial cell densities at low passage. The cell yield after the
primary culture for bulge cultured from explants had to be estimated using the initial cell
recovery of digested bulges; this extrapolation may have led to an overestimation of the
cell yield for the explant method.

One limitation of this study was that our skin samples were obtained predominantly
from women over 40 years old, which may limit the generalization of the results to the
broader population. Recent study on plucked follicles has shown that age and sex jointly
influence cell expansion, particularly in individuals over 40 years old [24]. This study
has reported that women’s cells exhibited lower outgrowth success than men’s cells. In
our study, by performing matched comparisons based on the cell donor, our experimental
design accounted for inter-individual variability that might affect the conclusions regarding
the difference in efficiency between tested methods. In the future, more diverse donor
populations, balanced in terms of age and sex, could be compared to determine whether
our bulge-digestion method provides the same advantages compared to bulge explant
cultures regardless of age and sex.

The quality of the tissue-engineered skin substitutes (TESs) produced from epithelial
cells obtained with the three isolation methods combined with fibroblasts aligned with pre-
vious observations showing that plucked hairs could produce a stratified epidermis [12]. In
our study, TESs generated from in vitro expanded bulge-derived epithelial cells—whether
isolated by explant culture or enzymatic digestion—demonstrated proper epidermal dif-
ferentiation. They formed a mature dermal–epidermal junction, which is essential for
maintaining skin substitute integrity. The presence of proliferative cells in the basal layer,
their differentiation as they migrated upwards, and the production of filaggrin in the upper
layers successfully mimicked the physiological process occurring in the native epidermis.
These outcomes were comparable to that of our benchmark method, which is currently
used to produce skin substitutes in an ongoing clinical trial for the treatment of severe burn
patients [11]. In our TESs, β-catenin was expressed at cell membranes consistent with its
role in cell–cell adhesion [59].

Moving forward, obtaining an enriched population of bulge cells has various applica-
tions. Recent findings have further expanded our understanding of hair follicle stem cells
by identifying a multipotent population located in the upper region of the hair follicle near
the sebaceous gland, referred to as hair follicle-associated pluripotent (HAP) stem cells.
These cells have been shown to possess the ability to differentiate into various cell types
beyond the follicle, including nerve cells, endothelial cells, and adipocytes [60]. Their poten-
tial involvement in sebaceous gland differentiation suggests they could play a crucial role
in skin appendage regeneration [51]. In regenerative medicine, their multipotency could be
harnessed to improve the functional aspect of bioengineered skin grafts by enhancing the
formation of appendages such as hair follicles and sebaceous glands—critical elements for
skin homeostasis and function. Enriched bulge cells, which contain a high concentration
of multipotent stem cells, hold potential for the generation of skin appendages within
reconstructed skin models.
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Although the ability of human bulge stem cells to induce hair follicle formation outside
their native environment remains a challenge [61], advancing our understanding of hair
follicle stem cell culture is essential to uncover strategies for preserving their functionality
in vitro. In 2018, Abaci et al. achieved a milestone by successfully regenerating human
hair follicles in vitro [62]. This innovation marked a significant shift, as previous studies
had only demonstrated hair follicle regeneration in vivo [16,63–66]. A model like that of
Abaci, or the self-assembled skin substitute developed by our team that sustains hair follicle
stem cell preservation [67], could be useful tools to study how biochemical and mechanical
cues guide epithelial stem cell fate. Advancing our understanding of hair follicle stem cell
culture is crucial to preserving their functionality in vitro. By incorporating human bulge-
derived stem cells into these models, we may gain deeper insights into the mechanisms
governing hair follicle and sebaceous gland formation, ultimately paving the way for more
effective therapeutic strategies in skin tissue engineering.

4. Materials and Methods
4.1. Tissue Collection

Scalp samples were collected from leftover skin from facelift surgeries. Exclusion
criteria included pregnancy or breastfeeding, recent use of hair care products, inflamma-
tory skin conditions (e.g., psoriasis, seborrheic dermatitis), alopecia, recent radiotherapy,
chemotherapy, or previous scalp surgery. Participants who had received treatments for
alopecia, dermatological conditions, or long-term use of anti-inflammatory drugs, corti-
costeroids, or antibiotics during the four weeks prior to surgery were excluded. The cell
populations used in this study are detailed in Table 1.

Table 1. Epithelial cell populations and donor information.

Sex Age (y.o. 1) Color Code
Digested or Explanted Bulge, Scalp 2

Male 64 ▲ ▲ ▲
Female 61 • • •
Female 55
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4.2. Skin Cell Isolation
4.2.1. Total Epithelium: Interfollicular Epidermis, Hair Follicles, and Sebaceous Glands

Primary epithelial cells were isolated as previously described [34,68]. Briefly, skin
samples were digested for 13 to 16 h at 4 ◦C in thermolysin (500 µg/mL, Sigma-Aldrich,
Oakville, ON, Canada or 3000 U/mL, Roche, Laval, QC, Canada) dissolved in a HEPES
buffer. Skin pieces were transferred into a droplet of phosphate-buffered saline (PBS)
supplemented with MgCl2/CaCl2 and dissected under a binocular microscope to separate
the epithelium (epidermis and hair follicles) from the dermis. After mechanical separation,
the epidermis was further digested in trypsin (0.05%, Gibco, Waltham, MA, USA)–EDTA
(0.01%, Avantor, Radnor, PA, USA) for 25 min at 37 ◦C. The cells were then centrifuged at
300× g for 10 min and counted using a Coulter Z2 (Beckman, Mississauga, ON, Canada)
with the viability evaluated using trypan blue (Sigma-Aldrich). For the primary culture
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(P0), epithelial cells were seeded at a density ranging from 10,000 to 40,000 cells/cm2

on a human feeder layer (HFL) of irradiated dermal fibroblasts, seeded at a density of
8000 cells/cm2, and prepared as described [69]. Cells were incubated in keratinocyte
medium composed of Dulbecco–Vogt Modified Eagle’s (Gibco) and Ham’s F12 (Gibco)
(ratio 3:1) Medium supplemented with 24.3 µg/mL adenine (Sigma-Aldrich), 5 µg/mL
insulin (Millipore Sigma, Oakville, ON, Canada), 0.4 µg/mL hydrocortisone (Galenova,
Saint-Hyacinthe, QC, Canada), 0.212 µg/mL isoproterenol hydrochloride (Sigma-Aldrich),
5% Hyclone Fetal Clone II bovine serum (Cytiva, Marlborough, MA USA), 10 ng/mL
human epidermal growth factor (R&D Systems, Minneapolis, MN, USA), 100 U/mL
penicillin (Sigma-Aldrich), and 25 µg/mL gentamycin (MP Biomedicals, Solon, OH, USA)
at 37 ◦C, 8% CO2. The medium was changed every 2–3 days until the culture reached
80–95% confluence.

4.2.2. Bulge-Derived Cell Isolation: Microdissection

The initial digestion using thermolysin was performed as described above. Using a
scalpel (#22 blades, Aspen Surgical, Caledonia, MI, USA), the bulge region was cut above
the hair bulb and below the sebaceous gland (mid-part of the hair follicle). The bulge
was either collected by capillary action or gently grasped with forceps and transferred to
keratinocyte medium.

4.2.3. Bulge-Derived Cells Isolation: Enzymatic Digestion

Collected bulges were centrifuged (300× g, 10 min), resuspended in 5 mL trypsin
(0.05%, Gibco)–EDTA (0.01%, Avantor), gently vortexed, and incubated for 20 min at 37 ◦C.
During this incubation, bulges were vortexed every 5 min. Digestion was stopped with
5 mL of keratinocyte medium, and the contents were mixed. The cells were then centrifuged
and counted using a Coulter Z2 (Beckman). The percentage of dead cells was evaluated
with trypan blue. The pellet was resuspended in 1 mL of keratinocyte medium and seeded
in T25 flasks or in 6-well plate onto HFL. Cells were incubated at 37 ◦C, 8% CO2. The
medium was changed every 2–3 days until the culture reached 85% confluence.

4.2.4. Bulge-Derived Cells Isolation: Explant Approach

The collected bulges were centrifuged, resuspended in 1 mL of keratinocyte medium,
and briefly vortexed. The tube content was then rapidly distributed onto a 6-well plate
containing HFL, from which the medium had been removed. To facilitate the settling of
explants, they were cultured in 0.5 mL for 2–3 h. Once the explants had adhered, 0.5 mL of
fresh keratinocyte medium was added. The cultures were incubated at 37 ◦C with 8% CO2,
and the medium was replaced every 2–3 days for up to 10 days.

4.3. Subcultures

When the cells reached 80–95% confluence or after maximum 10 days, trypsin (0.05%,
Gibco)–EDTA (0.01%, Avantor) was used to detach the cells. Cells were seeded at a density
of 6500 cells/cm2 onto HFL. Cells were subcultured up to five passages (P).

4.4. Skin Substitute Production

Tissue-engineered skin substitutes (TESs) were produced using epithelial cells isolated
by three different methods after amplification. The tissue-engineered skin substitutes (TESs)
were produced following the protocol by Larouche et al., 2016 [39], adapted for 3.5 cm
diameter TESs. The same TES production protocol was used for all groups, ensuring that
any observed differences are solely due to variations in the epithelial cell-extraction process.
Fibroblasts were seeded in Petri dishes at a density of 8000 cells/cm2 and cultured in fi-
broblast medium (Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with
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10% Avantor Seradigm FB Essence serum (Avantor), 100 U/mL penicillin (Sigma-Aldrich),
and 25 µg/mL gentamycin (MP Biomedicals)), supplemented with 50 µg/mL ascorbic
acid (Sigma). The medium was refreshed every 2 to 3 days. Cells were cultured until the
formation of a manipulable extracellular matrix-rich tissue sheet (approximately 25 days).
Dissociated epithelial cells from all groups were seeded at a density of 200,000 cells/cm2

onto a fibroblast-derived tissue sheet. The tissues were then cultured for 4 days in ker-
atinocyte medium supplemented with 50 µg/mL ascorbic acid (Sigma). Following this
culture period, each tissue containing fibroblasts and epithelial cells was stacked onto
2 fibroblast-derived tissue sheets. The resulting skin substitutes were then positioned at the
air–liquid interface and cultured for an additional 10 days in keratinocyte medium without
epidermal growth factor and supplemented with 50 µg/mL ascorbic acid.

4.5. Histology and Immunofluorescence

For histological analysis, skin samples were fixed in 3.7% formaldehyde (ACP Chem-
icals, Saint-Léonard, QC, Canada) and embedded in paraffin before sectioning with a
microtome into 5 µm slices. Sections were stained with Masson’s trichrome to examine
tissue morphology.

For immunostaining, skin samples were embedded in Tissue-Tek OCT Compound
(Sakura, Finetek, Torrance, CA, USA). Cryosections (5 µm) were then fixed and perme-
abilized using cold acetone at −20 ◦C for 10 min. Following fixation, tissue sections
were immunostained with primary antibodies specific to keratin 15 (K15, 1:1000, Sigma,
#A57944), Ki67 (1:400, BD Biosciences, Mississauga, On, Canada, #556003), mouse mono-
clonal (IgG2a) anti-human keratin 19, clone A53-B/A2 (gift from Dr. Uwe Karsten, Institute
of Biological Sciences, University of Rostock, Rostock, Germany), filaggrin (1:400, Abcam,
Waltham, MA, USA, #ab81468), beta-catenin (1:100, Santa Cruz Biotechnology, Dallas,
TX, USA, #SC-7963), and collagen IV (1:500, Institut Pasteur, Lyon, France) for 45 min at
room temperature. After primary antibody incubation, tissue sections were rinsed and
treated with fluorochrome-conjugated secondary antibodies—anti-rabbit IgG(H + L) con-
jugated to Alexa Fluor 594 (1:500 or 1:1000, #A11012, ThermoFisher, Mississauga, ON,
Canada) and anti-mouse IgG(H + L) conjugated to Alexa Fluor 594 (1:1400, Life technolo-
gies, #A11005)—and Hoechst 33258 (Sigma) for 45 min under the same conditions. To
assess antibody specificity, only the secondary antibody was used on a control sample.
Images were captured using an Axio Imager.Z2 microscope (Zeiss, Oberkochen, Germany).

4.6. Population Doubling Time and Cell-Yield Evaluation After the First Passage (P0)

When possible (digested bulge and scalps), cells were seeded at a known initial density
and cultured for a defined period. After this period, the total number of cells was counted
as described above, and the doubling time was calculated using Equation (1).

Population doubling time (hours) = (culture time (hours)) × ln(2)/ln(final
cell number/initial cell number)

(1)

To calculate the population doubling time of cells cultured from explanted bulges, we
first had to estimate the initial cell number. For each donor, we took the number of cells per
bulge isolated after digestion (Figure 2(B1)) multiplied by the number of explants seeded.

The Equation (2) was used to estimate the cell yield per bulge after 8 days of culture.

Cell yield per bulge after 8 days = Number of cells obtained per bulge after digestion × exp(8 days × 24 hours
× ln(2)/population doubling time (hours))

(2)
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Since the time to reach 80–90% confluency was not the same for each cell population,
we used the population doubling time to calculate the cell yield per cm2 after 8 days.

Cell yield per cm2 after 8 days = (1,000,000 cells/75 cm2) × exp(8 days × 24 hours × ln(2)/population
doubling time (hours)).

(3)

4.7. Colony-Forming Efficiency (CFE)

The colony-forming efficiency was evaluated at passages 0, 1, 2 and 5 (P0, P1, P2, P5).
For each condition, epithelial cells were seeded at the same density (P0: 134 cells per cm2;
P1, P2, P5: 20–60 cells per cm2) and cultured for the same number of days. Keratinocyte
medium was changed at day 5 and 7, and cultures were fixed on day 11 (P0) or day 9 (P1,
P2, P5) with 3.7% formaldehyde (ACP Chemicals) overnight at room temperature. Colonies
were then stained with 1.5 mL of 1% Rhodamine for 15 min at room temperature. Colonies
were rinsed with distilled water, dried, and manually counted. Equation (4) was applied to
calculate the colony-forming efficiency (CFE).

CFE (%) = (Number of colonies/Initial number of keratinocytes seeded) × 100 (4)

4.8. Statistical Analysis

Microsoft Excel was used for the primary analysis of raw data, while GraphPad
Prism 8 (San Diego, CA, USA) was employed for statistical analysis and graph generation.
The normality of the data was assessed using the Shapiro–Wilk test. For comparisons
between two conditions, a paired t-test was used if the data were normally distributed. For
comparisons between three conditions, a one-way ANOVA followed by Tukey’s multiple
comparisons test was applied if the data were normally distributed. If the data were not
normally distributed, a Wilcoxon test or a Friedman test with Dunn’s multiple comparisons
test was used.

5. Conclusions
In conclusion, our study highlighted the critical influence of the extraction method

on the quality of primary epithelial cell cultures from tissue specimens. The enzymatic
digestion of hair bulge sections demonstrated a clear advantage over explant culture
and cultures of epithelial cells extracted from the epidermis and hair follicles, offering a
higher number of viable cells and a higher proliferative capacity at low passages, resulting
in a higher expansion potential. The enzymatic digestion method facilitates efficient
experimental setups while preserving the functional characteristics of the extracted bulge
epithelial cells, ensuring their suitability for downstream applications. These findings
emphasize the practical benefits of enzymatic digestion for protocols prioritizing early-
stage cell expansion while maintaining long-term culture viability, establishing it as a
valuable method for applications in tissue engineering and regenerative medicine therapies.
We concluded that bulge-derived epithelial cells hold promising regenerative properties,
offering significant potential for the development of advanced 2D and 3D skin models
and innovative therapeutic applications. Isolating these cells and understanding their
behavior in vitro will help refine protocols to enhance their regenerative potential and
clinical applicability.
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