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Androgenic alopecia is a hereditary condition of pattern hair loss in genetically susceptible individuals. The
condition has a significant impact on an individual’s quality of life, with decreased self-esteem, body image
issues and depression being the main effects. Various conventional treatment options, such as minoxidil, finas-
teride and herbal supplements, aim to slow down hair loss and promote hair growth. However, due to the chronic
nature of the condition the financial cost of treatment for androgenic alopecia is very high and conventional
treatment options are not universally effective and come with a host of side effects. Therefore, to address the
limitations of current treatment options a novel regenerative treatment option is required. One promising
approach is organoids, organoids are 3D cell aggregates with similar structures and functions to a target organ.
Hair follicle organoids can be developed in vitro. However, the main challenges are to maintain the cell pop-
ulations within the organoid in a proliferative and inductive state, as well as to promote the maturation of
organoids. Photobiomodulation is a form of light therapy that stimulates endogenous chromophores. PBM has
been shown to improve cell viability, proliferation, migration, differentiation and gene expression in dermal
papilla cells and hair follicle stem cells. Therefore, photobiomodulation is a potential adjunct to hair follicle
organoid culture to improve the proliferation and inductive capacity of cells.

1. Introduction

Androgenic alopecia (AGA), commonly known as baldness is an
androgenic-dependant form of hair loss that occurs in genetically sus-
ceptible individuals and follows a predictable pattern of hair loss in both
genders [1]. It has been estimated that 50 % of males are affected by
AGA by the age of 50 [2]. AGA has a profound effect on the quality of life
as it is often accompanied by body issues, decreased social interactions,
depression, and anxiety [3]. AGA is a complex condition with genetic
susceptibility and sensitivity to DHT (dihydrotestosterone) being the
main causes for follicle miniaturization and hair loss [4]. However,
chronic low-grade inflammation and oxidative stress have also been
implicated and worsened by environmental factors [5,6]. Currently the
first line of treatment consists of minoxidil and finasteride to slow down
hair loss and promote hair growth. However, these treatments are
non-curative and have a host of side effects [2]. Herbal alternatives have
been identified for patients that experience side effects but have a
limited effectivity [7]. Microneedling, platelet rich plasma (PRP) and
low-level light therapy (LLLT) have been identified as effective adjunct
treatments, but due to the chronic nature of the condition can be very
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expensive [8,9].

Tissue engineering is a form of regenerative medicine, with the aim
to restore the structure and function of HFs (hair follicles) affected by
AGA, by repairing, replacing or regenerating these structures [10]. One
such regenerative approach is the use of HF organoids. Organoids are
cell aggregates of an organ with similar structures and functions to the
target organ in an in vitro 3D (three-dimensional) culture [11]. The
application of HF organoids in regenerative medicine is to harvest
autologous, DHT resistant cells from an AGA patient, culture and expand
the cells in vitro and transplant the organoids back into the balding areas
of the patients for HF neogenesis. However, in practice organoids pose
certain challenges, such as reduced proliferation rates, reduced hair
forming inductivity and failure of in vitro maturation [12]. Photo-
biomodulation (PBM) is a form of light therapy, that stimulates endog-
enous chromophores to modulate cellular activities [13]. Clinically PBM
has been used as LLLT in clinics or in home use devices to effectively
promote scalp hair growth [14]. However, studies evaluating its appli-
cation in HF organoid development has not been fully investigated.

This review focuses on the use of HF organoids in hair regenerative
medicine and the application of PBM to augment HF organoid

Received 25 July 2023; Received in revised form 26 October 2023; Accepted 28 October 2023

Available online 3 November 2023

2590-0064/© 2023 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:broets@uj.ac.za
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2023.100851
https://doi.org/10.1016/j.mtbio.2023.100851
https://doi.org/10.1016/j.mtbio.2023.100851
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Roets
Pharmacological drugs

e Minoxidil
¢ Finasteride

Herbal alternatives

e Saw palmetto
e Rosemary
e Greentea

Androgenic alopecia patient

Materials Today Bio 23 (2023) 100851
Non-invasive

" e LLLT

e PRP

¢ Microneedling

e Wigs

Hair transplants

e FUE
o FUT

Fig. 1. Conventional treatment options. AGA patients experience androgenic-dependant hair loss. Currently available treatment options include pharmacological
drugs (minoxidil and finasteride), herbal alternatives (saw palmetto, rosemary and green tea), surgery (hair transplants) and non-invasive treatments (LLLT, PRP,
microneedling and wigs) to slow down hair loss, promote hair growth or conceal hair loss. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

development, by maintaining the proliferative and induction capacity of
cells while in 3D culture. The review will briefly discuss the background
of AGA, highlight the current forms of treatment and their drawbacks,
summarize the concept of the hair growth cycle, identify current stra-
tegies in hair tissue engineering, discuss the use of HF organoids in hair
regenerative medicine and the application of PBM to augment HF
organoids. Followed by a current perspective and conclusion.

2. Background of androgenic alopecia

AGA, commonly known as male pattern baldness, is one of the most
common forms of hair loss. The condition mainly affects men, but it can
also impact women [1]. It is characterised by a gradual and predictable
pattern of hair loss. In men, it typically presents with a receding hairline
and thinning in the temples, vertex and mid frontal scalp regions. In
contrast women often experience a diffuse thinning across the top of the
scalp without significant loss in the hairline [15]. Common trichoscopy
features include: varying degrees of hair shaft thickness, perifollicular
hyperpigmentation, increased number of vellus hair and a reduction in
the number of hair shafts per follicle [16]. AGA is the most common type
of alopecia diagnosed in hair clinics [17]. AGA shows a clear gender
bias, with the highest incidence rates among males compared to their
female counter parts [18]. Furthermore, the disease manifests earlier in
males compared to females [15]. The condition can occur at any age, but
typically starts developing after puberty and continues to progress. The
incidence of AGA increases with age. By 3040 years of age 30-50 % of
males are affected and increases to 80 % after 70 years of age [2]. AGA is
more common in Caucasian populations compared to Africans or Asians
[19]. The epidemiology (age, gender and race) of AGA in the South
African context needs to be further investigated.

AGA is a complex condition that is influenced by genetics, hormones
and environmental triggers. AGA has a strong genetic link with both
male and female patients reporting a family history of more than 70 %
[15]. Similarly monozygotic twin studies show a heritability of 0.81
[20]. The inheritance is polygenic in nature with the Androgen receptor
(AR) gene and Ectodysplasin A2 (EDA2R) gene showing a strong sus-
ceptibility to AGA. Furthermore, high risk loci: 2935, 3925, 5933, 20p11
and 12p12 have been reviewed [21]. The pattern of hair loss corre-
sponds to the distribution of androgen receptors in the scalp. Balding
areas tend to have higher levels of androgen receptors, as well as
increased expression of 5 alpha-reductase and production of DHT [4].
The enzyme 5 alpha reductase converts the androgen, testosterone into
DHT. DHT has a higher affinity for the androgen receptor and remains
bound to the receptor for longer, compared to testosterone. There are
two isoforms (type I and II) of this enzyme, however type II plays a
dominant role in AGA [19]. Activation of the androgen receptor
shortens the anagen (growth) phase in the normal hair growth cycle,
with the telogen (resting) phase remaining constant or increasing in
duration. In AGA, excessive activation leads to miniaturization of hair
follicles. Over time the affected follicles produce thinner, shorter and
less pigmented hairs, eventually leading to hair loss [2].

Inflammation and oxidative stress also play a role in hair loss, caused
by AGA. Studies have found that nuclear factor kapa-f§ (NF-kf) mediates
the release of proinflammatory cytokines, such as TNF-a (Tumour ne-
crosis factor-a) and IL-1p (Interleukin 1-p), creating a proinflammatory
environment in the scalp. A study examining serum biomarkers for AGA
found Nitric oxide (NO), a reactive oxygen species (ROS), was increased
and positively correlated with NF-kp [5]. TGF-p1 (Transforming growth
factor-p1) is increased in AGA and stimulated by ROS, triggering fibrosis
and suppressing hair growth [22]. Under physiological conditions DHT
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increases NO, thus it is proposed that DHT increases NF-kf [5].
Furthermore, 76 % of AGA patients have mild perifollicular inflamma-
tion, with fibrosis occurring with increased levels of inflammation [23].
Inflammation followed by fibrosis results in follicular atrophy. Lastly
environmental factors (e.g. smoking and excessive drinking) produce
free radicals, alter epigenetics and circulation in the scalp exacerbating
the pathophysiology of AGA [6]. AGA has a significant impact on an
individual’s quality of life. Psychologically AGA is associated with
decreased self-esteem, body image issues and depression [3]. Due to the
chronic nature of the condition the financial cost of treatment for AGA is
very high [9].

3. Convensional treatment options

There is currently no cure for AGA, but several treatment options
have been developed to slow down the progression of AGA, conceal its
effects or promote hair growth, as illustrated in Fig. 1.

3.1. Pharmacological treatment

3.1.1. Minoxidil

Minoxidil is available as an over-the-counter topical solution or foam
and available in various strengths, but only the 2 % and 5 % are FDA
(food and drug administration) approved for AGA [24]. The exact mode
of action is not fully understood, but Minoxidil opens potassium chan-
nels, is a powerful vasodilator and increases the expression of VEGF
(vascular endothelial growth factor), promoting angiogenesis. Hypo-
thetically it allows more oxygen and nutrients to reach the hair follicles,
promoting hair growth. Effectively shortening the telogen phase of the
hair growth cycle and prolonging the anagen phase [2]. Minoxidil
treatment is effective in slowing down hair loss, the cost of treatment is
relatively low and can be used in conjunction with other treatment
options for a synergistic effect. However, Minoxidil cannot stop the
continuing progression of AGA and has its own side effects and draw
backs. Common side effects include local irritation of the scalp, itching,
redness or dryness due to the alcohol content in the formulation of the
solution [9]. Initially, Minoxidil causes hair loss, by synchronizing hair
growth and thereafter growth promotion takes effect. It takes weeks to
see the effects and the medication needs to be used chronically to
maintain the benefits. Adherence is poor due to the sticky residue left on
the hair and the drying effect of the solution [25].

3.1.2. Finasteride

Finasteride is the first-line treatment for AGA. It is a 5 alpha-
reductase type II inhibitor and reduces scalp DHT by 64 % and serum
DHT by 68 %. It is prescribed as a daily 1 mg tablet and is highly
effective at reducing hair loss and partially reversing baldness [26]. The
cost of treatment is low. Side effects include sexual dysfunction,
decreased libido and erectile dysfunction. Poor adherence occurs as a
result of the side effects. Finasteride is not a cure and must be taken
indefinitely to maintain the beneficial effects [27]. Topical finasteride is
a promising alternative to oral finasteride and aims to reduce systemic
effects while showing similar effectivity to the oral version [28].

3.2. Herbal alternatives

Herbal alternatives are sought as a natural complementary approach
to pharmacological drugs for AGA. Saw palmetto (S. repens), extracted
from palm tree berries is rich in beta sitosterol and fatty acids. Natural
inhibitors of the 5 alpha-reductase enzyme. In a study saw palmetto
improved hair growth in 38 % of participants compared to 68 %
improvement when using finasteride [7]. However, saw palmetto is
prescribed as an alternative to patients experiencing side effects from
finasteride. Green tea (C. sinensis) contains phytochemicals such as
epigallocatechin gallate, which has an anti-inflammatory, proliferative
and anti-apoptotic effect on DP (dermal papilla) cells [29]. Rosemary
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(R. officinalis) improves blood circulation and vascularity. Similar results
were obtained when comparing rosemary use in AGA to Minoxidil [30].
Herbal treatments may vary in their quality, potency and safety.

3.3. Surgery

A hair transplant is a surgical procedure, involving the extraction of
hair follicles from a donor region (usually the occipital and parietal
regions of the scalp) and transplanting them into a recipient region of
balding. The occipital and parietal hair follicles are less susceptible to
the effects of DHT [31]. There are two types of transplants, namely
follicular unit transplant (FUT) and follicular unit extraction (FUE). The
main difference being the harvesting method of the follicles. FUT in-
volves the removal of a strip of scalp from the donor region. The strip is
then dissected into individual follicular units, consisting of one to four
hair follicles. FUE involves the extraction of individual follicles trans-
planted into the recipient area [32]. The final result is a natural
appearing look, and the full effect is seen within 12 months
post-transplant. Transplants are an effective option for patients with
moderate to significant hair loss. However, the recovery time is lengthy,
the procedure carries risks (infection, scarring, and nerve damage),
transplants can only be considered if there is sufficient follicles in the
donor region and is expensive since insurance plans do not cover the
procedure [9].

3.4. Non-invasive

3.4.1. Photobiomodulation (PBM) or low-level light therapy (LLLT)

LLLT is a non-invasive form of light therapy that makes use of non-
ionising radiation to stimulate endogenous chromophores to modulate
cellular activity. This treatment option can be performed in hair clinics
or at home. Typically LLLT uses lasers with a wavelength of 650-1100
nm (red to infrared light) [14]. Light in this wavelength penetrates into
the skin and displaces inhibitory nitric oxide from mitochondrial cyto-
chrome c oxidase to increase ATP (Adenosine triphosphate) production,
ROS (Reactive oxygen species) production and induction of transcrip-
tion factors [33]. Ultimately LLLT modulates the hair growth cycle by
stimulating telogen hair follicles to re-enter into the anagen phase,
prolong the duration of the anagen phase and increase cellular prolif-
eration rates. The net effect is increased hair density, shaft diameter and
reduced shedding with an efficiency rating of roughly 80 % [14]. LLLT
can be combined with minoxidil or finasteride to greatly enhance the
hair growth properties of both treatments modalities [8]. LLLT is well
tolerated by patients, however the costs are more expensive compared to
pharmacological drug [34].

3.4.2. Platelet-rich plasma (PRP)

Whole blood is removed from a vein in the patient, usually 10 mL,
and centrifuged at a low speed to concentrate the platelets in the plasma
layer. The platelet-rich plasma is removed, the platelets are activated
and then re-injected into the balding areas in the scalp [35]. The acti-
vated, concentrated platelets release a variety of growth factors that
promote hair growth and follicle health by stimulating cell proliferation,
angiogenesis and reducing local inflammation. PRP increases hair den-
sity and thickness [36]. PRP is a minimally invasive procedure, high
patient satisfaction rates and effectivity, treatment frequency is lower
and has less side effects. Side effects include pain, scalp tenderness and a
burning sensation, but these subside quickly after the procedure. How-
ever, PRP protocols have not been standardised, is not curative and
needs to be administered at regular intervals, more expensive than
pharmacological drugs and is usually used as an adjunct to a treatment
plan [9].

3.4.3. Microneedling
Microneedling is a minimally invasive procedure that uses several
micro needles to damage the epidermis, using a dermaroller or
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dermapen. The epidermal damage triggers the release of growth factors
by platelets and white cells, responding to the damage. These growth
factors and cytokines promote hair growth [37]. Microneedling can also
be used in conjunction with other treatments e.g., topical minoxidil or
PRP and enhances their absorption into the scalp through micro chan-
nels created by the needles. Microneedling reduces hair loss, increases
hair density and shaft thickening [38]. Microneedling is a fast, easy and
inexpensive procedure, with minimal side effects. It can be performed in
a hair clinic or at home and the results are greatly enhanced when using
it as part of a combination treatment [39].

3.4.4. Quiff, wigs, camouflage

Non-surgical, non-drug options have been developed to reduce or
mask the visibility of thinning or balding areas for AGA patients. Hair-
styles can be used to strategically hide or cover thinning areas. Hair fi-
bres are natural or synthetic colour matched fibres that adhere to
existing hair fibres and give the illusion of fuller and thicker hair.
Hairpieces, quiffs or wigs come in different styles, lengths and materials.
They can be attached usings clips, adhesives or worn like a hat. These
options are temporary and can range from affordable to expensive [4].

Before selecting the most appropriate treatment option for a specific
patient, the clinician needs to take several factors into account: side
effects, cost, effectivity, severity of hair loss and practicality leading to
compliance. These above-mentioned treatment options are not univer-
sally effective and come with a host of side effects or disadvantages.
Thus, indicating the need for regenerative treatment options with per-
manent effects.

4. Hair growth cycle

Hair follicles are mini organs constantly undergoing cycles of growth
and remodelling, throughout life. Hair serves several biological func-
tions such as thermoregulation, protection against ultraviolet radiation,
sensory perception and personal identity [40]. The hair growth cycle
consists mainly of three phases: Anagen (growth phase), Catagen
(transition phase) and Telogen (Resting phase).

The anagen phase lasts for 1-6 years in the human scalp. The DP cells
secrete signalling factors to stimulate quiescent HF stem cells (hair
follicular stem cells and melanocyte stem cells) in the bulge region [40].
A small number of these HF stem cells undergo asymmetrical division
and differentiation into transient amplifying cells. These progeny cells
migrate down and differentiate into follicular keratinocytes forming the
matrix cells, inner root sheath and lower part of the HF [41]. The me-
lanocyte stem cells divide and produce mature melanocytes, generating
and distributing pigmented granules to the follicular keratinocytes.
During this phase the hair shaft continues to grow, becoming longer and
thicker [40]. The catagen phases lasts for 1-4 weeks and starts at the end
of the anagen phase. The lower two thirds of the hair follicle shrinks and
regresses. As the keratinocytes and melanocytes in the matrix of the
follicle undergo apoptosis, leaving the DP and bulge intact [42]. The DP
condenses and migrates upward towards the bulge. At the end of the
catagen phase the terminal hair base is keratinised and the hair shaft
detaches from the bulb, forming a club hair [43]. During the telogen
phase the club hair remains in the orifice and the HF stem cells are
quiescent. The DP is in contact with the bulge, allowing for epithelial
(HF stem cells in the bulge) — mesenchymal (dermal papilla cells) in-
teractions (EMIs), triggering the formation of the second germ layer and
induction of the next anagen phase [44]. During the exogen phase the
club hair is shed from the HF orifice. Roughly 50-100 hairs are lost per
day [42].

5. Hair tissue engineering in regenerative medicine
Regenerative medicine utilises an interdisciplinary approach, by

combining the fields of biology, engineering and medicine to develop
revolutionary solutions for tissue repair, replacement or regeneration
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[45]. The main aim of hair tissue engineering in regenerative medicine is
to restore the structure and function of HFs affected by AGA, by
repairing, replacing or regenerating these structures in vitro or in vivo
[10]. Tissue engineering includes the use of growth factors, stem cell
therapy, biomaterials and gene therapy.

As reviewed growth factors (such as vascular endothelial growth
factor, transforming growth factor-p, insulin-like growth factor and
platelet derived growth factor) are required at various stages of the hair
growth cycle [46]. PRP increased the hair density and average anagen
hair count in AGA patients, with signs of neoangiogenesis and cell
proliferation [47,48]. PRP is a rich source of growth factors and cyto-
kines, when released these molecules can activate various signalling
pathways of gene transcription, promoting hair growth both in vivo and
in vitro [49]. Fibroblast growth factor (FGF)-10, FGF-2 and FGF-1
induced telogen to anagen transition in C57BL/6 mice, via increased
expression of the p-catenin and Sonic hedgehog pathways. Resulting
increased hair density, number and size of hair follicles [50]. HF germs
have been successfully cultured in media containing several growth
factors e.g. FGF [51]. However, this is not economical for large scale
production. PRP added to C57BL/6 mice embryonic epithelial and
mesenchymal cell co-culture was able to upregulate DP cell trichogenic
genes in vitro and increased the hair generation efficiency in vivo with 1.5
fold [52].

Stem cells are undifferentiated cells with an ability to self-renew and
differentiate into several cell lineages to facilitate tissue repair and
maintain homeostasis [53]. Stem cell therapy aims to reverse the
pathogenesis of AGA, through stem cell transplants, stem cell derived
conditioned media (CM) and exomes [54]. Ethical concerns have been
raised regarding the use of embryonic stem cells and safety risks have
been highlighted due to the potential tumorigenicity associated with
induced pluripotent stem cells [55]. Thus, adult stem cells such as HFSCs
and ADSCs have gained more attention. Autologous hair transplants, a
form of HFSC transplant is currently the main treatment option for
moderate to severe alopecia. It involves the transplant of donor hair
follicles, containing HFSCs and DP cells, into balding recipient areas
[31]. However, it is limited by the number of native follicles available
for transplant. Alternatively, concentrated cell suspensions of HFSCs and
DP cells re-injected into the balding areas of the scalp showed a 29 %
increase in hair density within 23 weeks. This is a relatively inefficient
process, as the harvest yields low cells counts of 5 % and 2.6 % of DP
cells and HFSCs respectively [56]. The low increase in hair density will
not be clinically relevant for cases of severe AGA.

Similar studies have shown that autologous cell suspensions of
adipose-derived stem cells and progenitor cells increased hair density,
expanded the number of follicles and enhanced healing [57,58]. The
stromal vascular fraction (SVF) is a heterogenous group of stem and
stromal cells derived from adipose tissue. Patients receiving intradermal
injections of SVF cells showed an increase in hair density, hair shaft
thickness, reduced hair loss and increased hair count [59,60]. In vivo the
HF matures in close proximity to adipose tissue, suggesting adipose
tissue may assist the stem cell niche during hair cycling via paracrine
signalling [61]. CM is the culture medium in which cells, especially stem
cells, have been cultured and contain the cell secretome (cell secretions),
rich in growth factors, cytokines and proteins [45]. It is estimated that
80 % of the regenerative capacity of stem cells are mediated through
paracrine signalling via their secretome [62]. Adipose-derived stem cell
(ADSC) CM increased hair density and anagen hair growth rate [63].
Similarly, ADSC exomes increased the number of regenerated follicles
and enhanced the maturity of the follicles in vivo [64]. Furthermore,
ADSC-derived proteins protect DP cells from the effects of
androgen-induced cell injury and produces growth factors (Platelet
derived growth factor and vascular endothelial growth factor) that
promote hair growth [65]. Thus, the positive effect on hair growth oc-
curs as a result of growth factor-induced proliferation of dermal papilla
cells, HFSCs, keratinocytes within the hair matrix and neo-
vascularisation [66,67]. Injections of SFV cells, ADSCs or their
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Table 1

Summary of various biomaterials used for HF organoid engineering in regen-

erative medicine.

Material Method Outcome Reference
Silk-gelatin Human DP spheroids Increased cellular [71]
hydrogel cocultured with HF proliferation.
keratinocytes and HF Increased viability.
stem cells Increased expression of
DP cell specific markers
Matrigel Human DP cells co- Stimulates high [72]
cultured with dermal trichogenic inductivity in
sheath cup cells and DP cells.
hair matrix cells Enhanced survival,
proliferation and
expression of hair
inductive genes.
Mouse epidermal and Generated primitive [73]1
dermal cells. anagen HFs, expressing
antigens similar to native
anagen HFs.
Mouse epithelial and The supplementation of [75]
mesenchymal cells. Matrigel increased hair
sprouting efficiency.
Matrigel or Human foetal/adult Cells cultured in the [74]
collagen epithelial cells and absence of Matrigel, or
hydrogel Human foetal/adult collagen failed to for HF
mesenchymal cells in structures.
various combinations. Adult HF keratinocytes
and adult dermal papilla
cells in 2 % Matrigel
showed the greatest
growth efficiency.
AGA cultures of Adult HF
keratinocytes and adult
dermal papilla cells form
less efficient HF
structures.
Collagen type Human neonatal Low hair follicle [76]
I hydrogel dermal keratinocytes, induction efficiency,
fibroblasts, umbilical improved by transfection
vascular endothelial of DP cells with Lef-1
cells and DP cells.
Collagen Human DP cells, HF specific genes were [79]
hydrogel encapsulated as hair highly upregulated in
beads beads, and cocultured hair beads compared to
with mouse epithelial conventional spheroid
cells. culture.
Similarly, the hair beads
demonstrated a higher
hair generating
efficiency.
3D-bioprinted Encapsulated Immature HFs developed [77]
gelatin/ fibroblasts, umbilical in the 3D-bioprinted
alginate vein endothelial cells, structures, in vitro.
hydrogel DP cells and epidermal ~ Organised HFs, with
cells directionality developed
in vivo.
Chitin- Human DP cells and Upregulated genes [78]
alginate epidermal involved in EMIs and
fibrous keratinocytes. formed HF like structures
hydrogel in vivo.
scaffold.

secretions can be used as an ameliorative treatment option for the
management of AGA but cannot cure AGA or generate new follicles and
injections need to be administered regularly to maintain the positive
effect on hair growth.

Biomaterials are substances that are engineered to interact with
biological systems for different applications, especially tissue engi-
neering. Various biomaterials have been engineered to mimic the native
extracellular matrix [68]. However, hydrogels are a favoured material as
they provide cells with an optimal environment for cell to cell interac-
tion, survival, proliferation, differentiation, they are biocompatible,
degradable, have a low immunogenicity and can be modified in
composition [69,70]. Different microenvironments have been generated
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using natural hydrogels composed of silk-gelatin [71], Matrigel [72-75],
collagen [74,76], gelatin-alginate [77] and chitin-alginate [78], as
summarised in Table 1. Three-dimensional cell culture of HF organoids,
using hydrogels, significantly increase the viability and proliferation of
HF organoid cells. As well as increase the expression of HF organoid
genes. This is attributable to the generation of an environment that is
more representative of the in vivo environment and allows for EMIs. HFs
have been successfully cultured in vitro using conventional 3D culture,
but these HF structures are immature [74]. This approach has been
improved by encapsulating mesenchymal and epithelial cells into a
collagen microgel (termed hair beads) for further development in vitro
and transplantation in vivo [79]. Advances in biomaterials have allowed
for the 3D-bioprinting of HF organoids using hydrogel. The printed HFs
develop into immature structures but demonstrate better directionality
in hair growth when transplanted in vivo compared to conventional 3D
culture [77]. HF have been developed as an associated structure in skin
organoid models, using human induced pluripotent stem cells. However,
this process is relatively ineffective for large scale HF generation as
required by AGA patients [80]. Furthermore, hydrogels have been
designed to be transplanted along with cultured cells in vivo and slowly
release growth factors to stimulate and support HF growth [81]. Thus,
hydrogels enhance the culture of HFs, can be co-transplanted and
designed to release growth factors to support follicle growth in vivo.

Gene therapy is based on the genetic modification of cells to enhance
the expression of certain growth factors or signalling pathways to in-
crease hair production [53]. Wnt signalling regulates HF morphogenesis
and cycling in vivo. Retrovirus induced overexpression of Wntla in bone
marrow mesenchymal stem cells CM accelerates the telogen to anagen
transition, increases the number of hairs and expression of trichogenic
proteins [82]. Transfection of DP cells with Lef-1 enhanced gene
expression in DP cells and differentiation of HFSCs [76]. The gene
editing tool CRISPR/Cas9 showed potential to reduce the mRNA
expression of the SRD5A2 gene, responsible for the production of the 5
alpha reductase enzyme [83]. Gene editing does show promise as a
potential treatment option for AGA. However, it is still in early stages of
development, delivery of gene editing tools into the scalp is still rela-
tively in efficient, gene editing protocols require vigorous safety as-
sessments and gene editing possess a risk for mutations. Increased
number of patients, drug side effects and shortage of donor follicles
resulted in urgent need for a regenerative treatment modality [40,84,
85].

6. Hair regenerative medicine using hair follicle organoids

Organoids are 3D, self-organising cell aggregates with similar
structures and functions to a target organ. These 3D structures can be
used to model human diseases ethically, test drugs for treatment or used
for tissue engineering in regenerative medicine [11]. The application of
HF organoids in regenerative medicine is to harvest DHT resistant cells
from an AGA patient, culture and expand the cells in vitro, generate a
sufficient number of organoids and transplant the organoids back into
the balding areas of the patients for HF neogenesis, as illustrated in Fig. 2
and summarised in Table 2.

HF organoids require an epithelial and mesenchymal component to
allow for cell interactions needed for HF morphogenesis and cycling
[90]. DP cells form the mesenchymal component of an active HF and
serve as the regulatory body for hair cycling [40]. These cells pose
several challenges to regenerative medicine. DP cells need to be har-
vested and isolated from human HFs through microdissection, a rela-
tively ineffective method [91]. A large amount DP cells are required, but
these cells proliferate slowly in in vitro cultures. Thus, the combination
of ineffective harvest and slow proliferation rate makes it difficult to
generate a sufficient number of cells [92]. DP cells lose their trichogenic
inductivity in traditional two dimensional or monolayer cultures [85,
93]. HF stem cells in the bulge rebuild the HFs after each telogen phase,
by giving rise to keratinocytes and melanocytes [41]. In HF organoids
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Fig. 2. Hair follicle organoids in regenerative medicine. The application of hair follicle organoids is to harvest DHT-resistant hair follicles from an AGA patient
and expand the epithelial (hair follicle stem cells) and mesenchymal (dermal papilla cells) cell populations in a 3D in vitro culture. The populations self-assemble via

EMIs and mature into hair follicles. The autologous, DHT resistant hair follicles are transplanted pack into the blading areas of the AGA patient.

Table 2
Studies on hair follicle organoids in regenerative medicine.
In vivo Cell type Methodology Outcome References
orin
vitro
In vitro Human foetal/adult epithelial cells and Human  1:1 co-culture of epithelial and mesenchymal  Cells cultured in the absence of Matrigel, or collagen [74]
foetal/adult mesenchymal cells cells in a 2 % suspension of either Matrigel or  failed to for HF structures.
collagen Adult HF keratinocytes and adult dermal papilla cells
in 2 % Matrigel showed the greatest growth efficiency.
AGA cultures of Adult HF keratinocytes and adult
dermal papilla cells form less efficient HF structures.
In vitro Epidermal and dermal cells from newborn Co-culture (1:1) of murine epidermal and HF organoid was regenerated in Matrigel with [73]
mice. dermal cells in Matrigel matrix. structures similar to those of native anagen hair.
In vitro Human neonatal foreskin keratinocytes and Cells were co-cultured (2:3) in 3D droplets. Cells self-organised into early hair pegs but failed to [86]
foetal scalp dermal cells. progress further.
In vivo Cells were injected subcutaneously intonude =~ Complete hair follicles, with hair shafts.
mice in a patch assay.
In vivo Human foetal dermal progenitor cells and The cells were cultured, transferred onto PET Dermal and epidermal cells (1:1) suspended for 24 h in [87]
newborn foreskin epidermal progenitor cells. membranes and grafted onto the dorsal skin  solution, before being cultured demonstrated the
of nude mice. highest hair forming potential.
In vivo Mouse epidermal stem cells and skin-derived The cells were encapsulated with Matrigel The cell populations repaired the wound, with denovo  [88]
precursors (dermal cells). and transplanted into an excisional wound hair follicle formation.
on nude mice. PI3K/Akt is required for de novo hair follicle
regeneration.
In vivo Human dermal papilla cells, mouse epithelial Hair follicle germs were cultured in a micro-  The organoids developed similarly to other studies in [89]
cells and human umbilical cord vascular well chip and transplanted into a wound of morphology.
endothelial cells and (4:4:1). nude mice. Vascular endothelial cells localised in the dermal
papilla.

Pre-vascularisation of HF organoids greatly enhanced
hair generation.
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PBM (red and infrared) treatment
during the expansion phase maintains
cellular viability, stimulates proliferation
and promotes migration of cells during
self-assembly.

PBM (blue and green) treatment
stimulates differentiation of cells
and improves trichogenic activity
of dermal papilla cells.

Materials Today Bio 23 (2023) 100851

i

Therefore, PBM is a possible
augmentation in the development
for hair follicle organoid
production and maturation.

Fig. 3. The application of PBM in hair follicle organoid development. PBM can be used to augment the development of hair follicle organoids in vitro, by
promoting cellular viability and maintenance of trichogenic activity. Furthermore, PBM stimulates migration, proliferation and differentiation.

they form the epithelial component. It remains a challenge to harvest an
adequate number of these stem cells and due to their slow cycling na-
ture, in vitro proliferation is ineffective [69,93].

Three dimensional cultures allow the cells to self-aggregate forming
an environment organised similarly to that of their in vivo niche and
enhances their trichogenic inductivity [90]. Hydrogels have been used in
vitro to culture HFs and tend to improve the hair inductivity capacity of
DP cells [73,74]. Mouse derived HF organoids have been regenerated in
a 3D Matrigel co-culture and generated structures similar to native hair
in the anagen phase, although immature in nature [73]. Human
neonatal keratinocytes and dermal cell culture was able to generate
early hair pegs, an early stage of hair follicle morphogenesis, in vitro.
However, the pegs did not develop and mature further in 3D droplet
culture. However, when the cells were transplanted into nude mice
complete HF were generated. The authors highlighted low DP induc-
tivity as a possible cause [86]. Most HF organoid studies are based on
embryonic or murine cells in combination with human adult cells due to
the low inductivity of adult cells in generating HF organoids [94].
However, adult human epithelial and mesenchymal cells recently
demonstrated the highest efficiency in generating hair-sprouts in a 3D
culture using Matrigel. Indicating the importance of 3D cultures,
appropriate EMI's from co-culture and low passage number [74].
Furthermore, de novo HFs were generated, when a mouse epidermal and
dermal cell matrix was transplanted into an in vivo mouse wound model
[88]. Indicating that organoids require additional signals from the
native tissue environment and more research is required relating to the
signalling pathways from other cell populations.

It is possible to generate HF organoids in vitro, but these structures
are usually immature and only fully mature in an in vivo environment
[95]. However, in clinical practice the aim is to culture large amounts
HF organoids to a mature state and transplant it back into an AGA pa-
tient, similarly to current hair transplants [69]. A large number of hair
follicle organoids (roughly 5000) can be generated by in vitro 3D culture
using prefabricated microwells and collagen hydrogel, with a hair gen-
eration efficiency of 65 % when transplanted in vivo. Furthermore,
microwell culture allowed for the special transplantation of the orga-
noids and resulted in spatially aligned HFs [51]. Organoids generated
with AGA patient keratinocytes and DP cells generate less efficient HF
structures due to the intrinsic pathophysiology mechanisms of AGA
[74]. Indicating that clinically applicable organoids for HF neogenesis,

in AGA patients, will require stronger stimulation to produce optimal HF
organoids for transplantation. Currently the key challenges of organoids
is the expansion of suitable cell populations in vitro, while maintaining
their proliferative and inductive potential [12]. Aggregation before in
vivo transplantation, pre-vascularisation (addition of vascular endothe-
lial cells) and the use of a biomaterials (Matrigel) in HF organoids en-
hances the hair growing activity [74,87,89]. However, more methods of
stimulation are required to maintain the inductivity, EMIs and prolif-
eration of cultured AGA patient cells, to ensure successful organoid
generation and maturation for transplantation.

7. PBM mechanisms and application in HF organoids

PBM is a form of light therapy, that uses lasers to produce low in-
tensity light capable of stimulating endogenous chromophores [13].
PBM is gaining traction in the regenerative medicine space. However,
PBM has not been standardised due to uncertainty in the mechanism of
action and large variation in the laser parameters [96]. Although, in
clinical practice PBM, previously known as LLLT, has been used suc-
cessfully in hair regeneration by promoting hair growth, increasing shaft
diameter and hair density, as well as an assistive technique in compound
treatment regimens to stimulate hair growth [8,14].

The effect of red (600-700 nm) and near infrared light (780-1100
nm) is mediated by the release of nitric oxide from cytochrome c oxidase
in the electron transport chain [97]. Thereby increasing the mitochon-
drial membrane potential and ATP (adenosine triphosphate) production
[98]. Additionally, there is an increase in ROS production and serves as a
signalling molecule in low concentrations [99]. Opsins (OPN) are light
sensitive receptors, linked to transient receptor potential (TRP) cation
channels [100]. Opsins are found in various cell types, such as kerati-
nocytes, melanocytes, dermal fibroblasts and hair follicle stem cells
[13]. Opsins are activated by specific wavelengths of light, triggering
TRP channels to open and allow the influx of cations, especially calcium,
into cells [101]. With the downstream effect of activating signalling
cascades and gene transcription. Both OPN-2 (Rhodopsin) and OPN-3
(Encephalopsin) are present in hair follicles and respond to blue and
green light. In vitro PBM (453 nm; 3.2 J/cm?) prolonged the anagen
phase and promoted proliferation in HF cells [102].

The Wnt/f-catenin canonical signalling pathway is the main regu-
lator of HF growth and regeneration, by facilitating EMIs. Activation of
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Table 3
Photobiomodulation use in hair regeneration.
Wavelength Fluency Methodology Outcome Reference
655 nm 3 J/cm? C57 mice were HFs showed [113]
used in a scratched  increased
dermis model forin  proliferation.
vivo work. In vitro PBM
DP cells harvested treatment had no
from mice, effect on
cultured and proliferation, but
exposed to PBM for  increased
in vitro work. migration and
exosome secretion
in DP cells, via the
activation of AKT/
GSK-3f/p-catenin
pathway.
660 nm 8 J/cm? Primary human DP  PBM promoted [116]
cells were cultured ~ DHT treated DP
and exposed to cell growth and
PBM. viability.
PBM modulated
key hair growth
pathways, such as
Wnt and Sonic
Hedgehog.
655 nm 29J/ DP cells from HFs Proteins involved [115]
cm? were harvested in transcription,
from AGA patients protein synthesis,
before and after cell energy, ECM,
receiving scalp cell to cell
PBM to measure adhesion and
changes in protein angiogenesis was
expression. upregulated.
635 nm 8 J/cm? C57BL/6 mice PBM stimulates [110]
were used for in quiescent HFSCs.
vivo work and PBM-induced ROS
Lgr5-CreER: activity stimulates
B-catenin/1o¥/flox the AKT/p-catenin
mice were used to pathway.
model B-catenin PBM stimulates
knock out. Mouse Wnt secretion.
HFSCs and SKPs
were used for in
vitro work.
636 nm 2.5-10 Photodynamic PBM stimulation [111]
J/cm? treatment in caused a transient
C57BL/6 mice increase in ROS.
were used for the PBM treatment
in vivo work. increased the
number of
proliferating cells
in the bulge and
dermal regions.
Lefl expression
occurred earlier in
the PBM treated
group.
660 nm 3 J/cm? Twenty-five PBM stimulated an ~ [109]
human males were increase in hair
exposed to PBM density.
twice a week.
655 nm and  4.8-7.4 C57BL/6 mice PBM stimulated [112]
630 nm J/em? were irradiated. hair growth and

showed more
anagen transitions
compared to a
minoxidil control.
PBM treated
groups showed
increased
proliferation in
follicular
keratinocytes and
increased
p-catenin
expression in DP
cells.

Table 3 (continued)
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Wavelength Fluency Methodology Outcome Reference
453 nm 3.2J/ Primary human PBM interacts with [114]
cm? ORS keratinocytes OPN3 and
HFs in vitro increases HF

survival time ex

vivo, stimulates

proliferation of the

ORS keratinocytes.
660 nm 4J/cm®>  Three human PBM and [108]

males with AGA
received PBM (12
events) and

microneedling
increased hair
density with 26 %

microneedling (2 after four weeks.

events).

this pathway mediates the transition of telogen to anagen phase, pro-
moting proliferation and differentiation of HF stem cells and DP cells
[103,104]. HFSCs reside in a Wnt-restricted environment, showing
increased expression of Wnt inhibitors and down regulated Wnt pro-
moters [105]. In brief the DP cells secrete Wnt (Wingless-related inte-
gration site) ligands, which bind to the frizzled receptor and complexes
with Lrp5/6 (Lipoprotein receptor-related protein 5/6) coreceptors. This
complex prevents the degradation of p-catenin and causes it to accu-
mulate in the cytoplasm of HFSCs. The stabilised p-catenin acts as a
transcriptional co-factor, complexing with Lymphoid enhancer factor
(LEF)/T cell factor (TCF) and triggering the transcription of several Wnt
target genes required for HFSC activation, proliferation and differenti-
ation [106,107]. The PI3K/AKT signalling pathway is another important
regulator in the cross talk between epithelial and mesenchymal cells for
HF growth. Similarly, the PI3K/AKT signalling pathway is required for
telogen to anagen phase progression and stimulates proliferation in HF
stem cells [88]. In brief a relevant ligand activates PI3K (phosphoino-
sitol 3-kinase) and tiggers the phosphorylation and activation of AKT,
AKT affects glucose metabolism and promotes protein synthesis, pro-
liferation and differentiation of HFSCs [103].

PBM treatment (660 nm; 3—4 J, /cm?) in patients with AGA showed a
positive effect on hair growth, increasing the average hair density of
patients. Furthermore, PBM used in combination with microneedling
had a synergistic effect [108,109]. PBM treatments (635 nm; 8 J/cm?)
(636 nm; 2.5-10J /cmz) was sufficient increase the expression of Lefl, a
marker of telogen to anagen transition, in mice HFs (in vivo) and stim-
ulate HFSC proliferation. With the effect of speeding up HF growth and
creating longer HFs in the experimental group (within 7 days) compared
to the control group (within 14 days) [110,111]. Thus, indicating that
PBM has a positive effect on hair follicle growth and cycling in both AGA
patients and animal models. By triggering the transition from telogen to
anagen. PBM treatment significantly increased the expression of p-cat-
enin, a key regulator of the hair cycle, in the HF bulge (HFSC region), DP
cells and secondary hair germ layers [110,112]. Furthermore, PBM
increased ROS production, activating the PI3K/AKT/GSK-3 signalling
pathway and prevented p-catenin degradation [110,113]. PBM also
promoted the expression and secretion of Wnt ligands in SKPs, further
activating the p-catenin signal. However, in a p-catenin knockout model
the positive effect of PBM and HFSC was negated. Similarly, removing
ROS or inhibiting Wnt secretion negates the positive effect of PBM
[110]. Thus, indicating that PBM’s positive effects on hair growth (tel-
ogen to anagen transition) is mediated by increased expression of the
Wnt-p-catenin pathway. Currently PBM mostly focuses on light in the
red and near infrared spectrums. However, PBM can also interact with
OPNs in the hair follicle. PBM (453 nm; 3.2 J/i crnz) interacts with OPN3
and increases HF survival ex vivo and stimulates the proliferation of ORS
(outer root sheath) keratinocytes in vivo [114]. These molecular mech-
anisms result in an increase in proliferation within the hair follicle bulge
and DP regions [111,113]. Furthermore, PBM (655 nm; 2.9 J/cmz)
significantly upregulates the expression of proteins involved in tran-
scription, protein synthesis, cell metabolism, ECM production and
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cell-cell interaction in AGA DP cells [115]. Similarly, PBM (660 nm; 8
J/em?) promoted growth, viability and increased inductivity in DP cells
treated with DHT in vitro [116]. It is evident that PBM has a positive
effect on hair growth, by upregulating critical hair growth pathways and
stimulates cell proliferation, viability and differentiation, as illustrated
in Fig. 3 and summarised in Table 3. However, the use of PBM in the
development of HF organoids is lacking.

8. Perspective and conclusion

In conclusion AGA is a chronic condition with moderately effective
treatments options available. However, their effectivity and side effects
remain problematic [27]. Current treatment options need to be utilised
indefinitely to retain their positive effects and are non-curative. Hair
transplants are currently used for AGA patients with moderate to severe
AGA and are limited by the number of follicles available for transplant
[9]. Thus, a new approach using regenerative medicine is required to
harvest DHT resistant hair follicles from AGA patients and expand the
resident cell populations in vitro. Thereafter these cells can be 3D
cultured and developed into HFs for autologous transplantation back
into the patient, to develop into HFs in vivo.

However, there are several challenges to this approach. The harvest
of DP cells and HFSCs is a relatively ineffective process, and these cell
populations proliferate slowly [92,93]. A sufficiently large number of
cells are required for successful organoid generation and trans-
plantation. DP cells rapidly lose their hair inductivity capacity in vitro
and DP cells from AGA patients already have an inertly ineffective
inductivity capacity due to the pathophysiology of the disease [74,85].
Lastly, current HF organoid models have a low hair generation efficiency
and do not mature in vitro [73].

Studies available on the application of PBM on HFs have shown a
positive effect on hair growth in AGA patients, mouse models and in vitro
applications on DP cells, keratinocytes and HFSCs [109,112,114]. PBM
is capable of increasing the expression of both the Wnt/p-catenin and
PI3K/AKT signalling pathways, two of the key regulators of telogen to
anagen transition [110]. PBM maintains viability, promote migration,
stimulate proliferation and enhance the inductivity capacity of normal
and DHT exposed DP cells [116]. Furthermore, PBM stimulates the
activation, proliferation and differentiation of quiescent HFSCs [110].
As well as increase the proliferative capacity of HFs, especially the
keratinocytes. Thus, it is evident that PBM if applied to HF organoids
would generate a similar positive effect and could possibly assist in
solving the current challenges experienced in the large-scale production
of HF organoids for clinical applications.
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3D Three-dimensional

ADSC Adipose-derived stem cell
AGA Androgenic alopecia

AR gene Androgen receptor gene

ATP adenosine triphosphate
CM conditioned media
DHT Dihydrotestosterone
DP Dermal papilla cells
ECM Extracellular matrix

EDAZ2R gene Ectodysplasin A2 gene

EMI/s  Epithelial mesenchymal interaction/s
FDA Food and drug administration

FGF Fibroblast growth factor

FUE Follicular unit extraction

FUT Follicular unit transplant

HF/s Hair follicle/s
IL-1B Interleukin 1-p
LEF Lymphoid enhancer factor

LLLT Low-level light therapy
NF-kp Nuclear factor kapa-$
NO Nitric oxide

ORS Outer root sheath

PBM Photobiomodulation
PRP Platelet rich plasma

ROS Reactive oxygen species

SVF Stromal vascular fraction
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TGF-pl  Transforming growth factor-f1
TNF-a Tumour necrosis factor-o

VEGF Vascular endothelial growth factor
WNT Wingless-related integration site
References

[1] N. Otberg, A.M. Finner, J. Shapiro, Androgenetic alopecia, Endocrinol Metab.
Clin. N. Am. 36 (2) (2007) 379-398.

[2] R. Alves, Androgenetic alopecia: a review and emerging treatments, Clin Res
Dermatol Open Access 4 (4) (2017) 1-13.

[3] E.L. Aukerman, M. Jafferany, The psychological consequences of androgenetic

alopecia: a systematic review, J. Cosmet. Dermatol. 22 (1) (2023) 89-95.

Y. Kabir, C. Goh, Androgenetic alopecia: update on epidemiology,

pathophysiology, and treatment, Journal of the Egyptian Women’s Dermatologic

Society 10 (3) (2013) 107-116.

[5] A.R. Balik, Z.B. Balik, A. Aktas, S. Neselioglu, E. Karabulut, A.B. Karabulut,
Examination of androgenetic alopecia with serum biomarkers, J. Cosmet.
Dermatol. 20 (6) (2021) 1855-1859.

[6] R.S. Dhurat, S.B. Daruwalla, Androgenetic alopecia: update on etiology,
Dermatological Reviews 2 (3) (2021) 115-121.

[7] A. Rossi, E. Mari, M. Scarno, V. Garelli, C. Maxia, E. Scali, et al., Comparitive
effectiveness and finasteride vs serenoa repens in male androgenetic alopecia: a
two-year study, Int. J. Inmunopathol. Pharmacol. 25 (4) (2012) 1167-1173.

[8] F. Ferrara, P. Kakizaki, F.F. de Brito, L.A. Contin, C.J. Machado, A. Donati,
Efficacy of minoxidil combined with photobiomodulation for the treatment of
male androgenetic alopecia, A Double-Blind Half-Head Controlled Trial. Lasers in
Surgery and Medicine 53 (9) (2021) 1201-1207.

[9]1 M.S. Nestor, G. Ablon, A. Gade, H. Han, D.L. Fischer, Treatment options for
androgenetic alopecia: efficacy, side effects, compliance, financial considerations,
and ethics, J. Cosmet. Dermatol. 20 (12) (2021) 3759-3781.

[10] S.Ji, Z. Zhu, X. Sun, X. Fu, Functional hair follicle regeneration: an updated
review, Signal Transduct. Targeted Ther. 6 (1) (2021) 66.

[11] W.H. Choi, D.H. Bae, J. Yoo, Current status and prospects of organoid-based
regenerative medicine, BMB reports 56 (1) (2023) 10-14.

[12] J.M. Llamas-Molina, A. Carrero-Castano, R. Ruiz-Villaverde, A. Campos, Tissue
engineering and regeneration of the human hair follicle in androgenetic alopecia:
literature review, Life 12 (1) (2022) 117.

[4


http://refhub.elsevier.com/S2590-0064(23)00311-3/sref1
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref1
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref2
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref2
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref3
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref3
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref4
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref4
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref4
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref5
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref5
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref5
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref6
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref6
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref7
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref7
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref7
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref8
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref8
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref8
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref8
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref9
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref9
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref9
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref10
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref10
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref11
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref11
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref12
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref12
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref12

B. Roets

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]

[43]

S. Suh, E.H. Choi, N. Atanaskova Mesinkovska, The expression of opsins in the
human skin and its implications for photobiomodulation: a systematic review,
Photodermatol. Photoimmunol. Photomed. 36 (5) (2020) 329-338.

P. Suchonwanit, N. Chalermroj, S. Khunkhet, Low-level laser therapy for the
treatment of androgenetic alopecia in Thai men and women: a 24-week,
randomized, double-blind, sham device-controlled trial, Laser Med. Sci. 34
(2019) 1107-1114.

K.E. Salman, LK. Altunay, N.A. Kucukunal, A.A. Cerman, Frequency, severity and
related factors of androgenetic alopecia in dermatology outpatient clinic:
hospital-based cross-sectional study in Turkey, Anais brasileiros de dermatologia
92 (2017) 35-40.

E. Kasumagic-Halilovic, Trichoscopic findings in androgenetic alopecia, Med.
Arch. 75 (2) (2021) 109.

S. Vanoé-Galvan, D. Saceda-Corralo, U. Blume-Peytavi, J. Cucchia, N.C. Dlova, M.
F.R. Gavazzoni Dias, et al., Frequency of the types of alopecia at twenty-two
specialist hair clinics: a multicenter study, Skin Appendage Disord. 5 (5) (2019)
309-315.

F. He, M. Shen, Z. Zhao, Y. Liu, S. Zhang, Y. Tang, et al., Epidemiology and
disease burden of androgenetic alopecia in college freshmen in China: a
population-based study, PLoS One 17 (2) (2022), e0263912.

C.H. Ho, T. Sood, P.M. Zito, Androgenetic Alopecia, 2017.

L. Martinez-Jacobo, C.D. Villarreal-Villarreal, R. Ortiz-Lopez, J. Ocampo-
Candiani, A. Rojas-Martinez, Genetic and molecular aspects of androgenetic
alopecia, Indian J. Dermatol., Venereol. Leprol. 84 (2018) 263.

S. Heilmann, A.K. Kiefer, N. Fricker, D. Drichel, A.M. Hillmer, C. Herold, et al.,
Androgenetic alopecia: identification of four genetic risk loci and evidence for the
contribution of WNT signaling to its etiology, J. Invest. Dermatol. 133 (6) (2013)
1489-1496.

J.H. Upton, R.F. Hannen, A.W. Bahta, N. Farjo, B. Farjo, M.P. Philpott, Oxidative
stress—associated senescence in dermal papilla cells of men with androgenetic
alopecia, J. Invest. Dermatol. 135 (5) (2015) 1244-1252.

B. Nirmal, S. Somiah, S.A. Sacchidanand, D.S. Biligi, S. Palo, Evaluation of
perifollicular inflammation of donor area during hair transplantation in
androgenetic alopecia and its comparison with controls, Int. J. Trichol. 5 (2)
(2013) 73.

T. Badri, T.A. Nessel, D. Kumar, Minoxidil. StatPearls [Internet], StatPearls
Publishing, 2021.

K. Anastassakis, Minoxidil. Androgenetic Alopecia from A to Z: Vol 2 Drugs,
Herbs, Nutrition and Supplements, Springer, 2022, pp. 11-39.

L. Asfour, W. Cranwell, R. Sinclair, Male Androgenetic Alopecia, MDText. com,
Inc., 2023. Endotext [Internet].

S. Devjani, O. Ezemma, K.J. Kelley, E. Stratton, M. Senna, Androgenetic alopecia:
therapy update, Drugs (2023) 1-15.

S.W. Lee, M. Juhasz, P. Mobasher, C. Ekelem, N.A. Mesinkovska, A systematic
review of topical finasteride in the treatment of androgenetic alopecia in men and
women, J. Drugs Dermatol. JDD: J. Drugs Dermatol. JDD 17 (4) (2018) 457.
M. Rondanelli, S. Perna, G. Peroni, D. Guido, A bibliometric study of scientific
literature in Scopus on botanicals for treatment of androgenetic alopecia,

J. Cosmet. Dermatol. 15 (2) (2016) 120-130.

Y. Panahi, M. Taghizadeh, E.T. Marzony, A. Sahebkar, Rosemary oil vs minoxidil
2% for the treatment of androgenetic alopecia: a randomized comparative trial,
Skinmed 13 (1) (2015) 15-21.

M.J. AL Abdullah, M.H. Al-Janabi, Follicular unit extraction hair transplant (FUE)
for treatment of androgenetic alopecia in Al najaf city, Kufa Journal for Nursing
Sciences 9 (1) (2019).

J.D. Perenack, Hair restoration, Applied Head and Neck Anatomy for the Facial
Cosmetic Surgeon (2021) 205-214.

J.K. Pillai, V. Mysore, Role of low-level light therapy (LLLT) in androgenetic
alopecia, J. Cutan. Aesthetic Surg. 14 (4) (2021) 385.

M. Amer, A. Nassar, H. Attallah, A. Amer, Results of low-level laser therapy in the
treatment of hair growth: an Egyptian experience, Dermatol. Ther. 34 (3) (2021),
e14940.

M.E. Kramer, T.C. Keaney, Systematic review of platelet-rich plasma (PRP)
preparation and composition for the treatment of androgenetic alopecia,

J. Cosmet. Dermatol. 17 (5) (2018) 666-671.

J. Shapiro, A. Ho, K. Sukhdeo, L. Yin, K.L. Sicco, Evaluation of platelet-rich
plasma as a treatment for androgenetic alopecia: a randomized controlled trial,
J. Am. Acad. Dermatol. 83 (5) (2020) 1298-1303.

S. Shivakumar, M. Kassir, L. Rudnicka, H. Galadari, S. Grabbe, M. Goldust, Hair
transplantation surgery versus other modalities of treatment in androgenetic
alopecia: a narrative review, Cosmetics 8 (1) (2021) 25.

M. Starace, A. Alessandrini, N. Brandi, B.M. Piraccini, Preliminary results of the
use of scalp microneedling in different types of alopecia, J. Cosmet. Dermatol. 19
(3) (2020) 646-650.

S.S. Ocampo-Garza, G. Fabbrocini, J. Ocampo-Candiani, E. Cinelli, A. Villani,
Micro needling: a novel therapeutic approach for androgenetic alopecia, A
Review of Literature, Dermatol. Ther. 33 (6) (2020), e14267.

S. Jeong, Y. Na, H.M. Nam, G.Y. Sung, Skin-on-a-chip strategies for human hair
follicle regeneration, Exp. Dermatol. 32 (1) (2023) 13-23.

M.R. Schneider, R. Schmidt-Ullrich, R. Paus, The hair follicle as a dynamic
miniorgan, Curr. Biol. 19 (3) (2009) R132-R142.

C. Vatanashevanopakorn, T. Sartyoungkul, iPSC-based approach for human hair
follicle regeneration, Front. Cell Dev. Biol. 11 (2023), 1149050.

N. Natarelli, N. Gahoonia, R.K. Sivamani, Integrative and mechanistic approach
to the hair growth cycle and hair loss, J. Clin. Med. 12 (3) (2023) 893.

10

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[601]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Materials Today Bio 23 (2023) 100851

K.S. Houschyar, M.R. Borrelli, C. Tapking, D. Popp, B. Puladi, M. Ooms, et al.,
Molecular mechanisms of hair growth and regeneration: current understanding
and novel paradigms, Dermatology 236 (4) (2020) 271-280.

Y. Shimizu, E.H. Ntege, H. Sunami, Y. Inoue, Regenerative medicine strategies for
hair growth and regeneration: a narrative review of literature, Regenerative
therapy 21 (2022) 527-539.

B.A. Bernard, Advances in understanding hair growth, F1000Research 5 (2016).
R. Alves, R. Grimalt, Randomized placebo-controlled, double-blind, half-head
study to assess the efficacy of platelet-rich plasma on the treatment of
androgenetic alopecia, Dermatol. Surg. 42 (4) (2016) 491-497.

E. Anitua, A. Pino, N. Martinez, G. Orive, D. Berridi, The effect of plasma rich in
growth factors on pattern hair loss: a pilot study, Dermatol. Surg. 43 (5) (2017)
658-670.

B. Singh, L.J. Goldberg, Autologous platelet-rich plasma for the treatment of
pattern hair loss, Am. J. Clin. Dermatol. 17 (2016) 359-367.

W-h Lin, L.-J. Xiang, H.-X. Shi, J. Zhang, L-p Jiang, P-t Cai, et al., Fibroblast
growth factors stimulate hair growth through p-catenin and Shh expression in
C57BL/6 mice, BioMed Res. Int. 2015 (2015).

T. Kageyama, C. Yoshimura, D. Myasnikova, K. Kataoka, T. Nittami, S. Maruo, et
al., Spontaneous hair follicle germ (HFG) formation in vitro, enabling the large-
scale production of HFGs for regenerative medicine, Biomaterials 154 (2018)
291-300.

T. Kageyama, A. Nanmo, L. Yan, T. Nittami, J. Fukuda, Effects of platelet-rich
plasma on in vitro hair follicle germ preparation for hair regenerative medicine,
J. Biosci. Bioeng. 130 (6) (2020) 666-671.

Y. Mao, P. Liu, J. Wei, Y. Xie, Q. Zheng, R. Li, et al., Cell therapy for androgenetic
alopecia: elixir or trick? Stem Cell Reviews and Reports (2023) 1-15.

A.-R. Yuan, Q. Bian, J.-Q. Gao, Current advances in stem cell-based therapies for
hair regeneration, Eur. J. Pharmacol. 881 (2020), 173197.

D. Ilic, C. Ogilvie, Concise review: human embryonic stem cells—what have we
done? What are we doing? Where are we going? Stem cells 35 (1) (2017) 17-25.
P. Gentile, M.G. Scioli, A. Bielli, A. Orlandi, V. Cervelli, Stem cells from human
hair follicles: first mechanical isolation for immediate autologous clinical use in
androgenetic alopecia and hair loss, Stem Cell Invest. 4 (2017).

F. Zanzottera, E. Lavezzari, L. Trovato, A. Icardi, A. Graziano, Adipose derived
stem cells and growth factors applied on hair transplantation. Follow-up of
clinical outcome, J. Chem. Dermatol. Sci. Appl. 2014 (2014).

P. Gentile, Autologous cellular method using micrografts of human adipose tissue
derived follicle stem cells in androgenic alopecia, Int. J. Mol. Sci. 20 (14) (2019)
3446.

D. Perez-Meza, C. Ziering, M. Sforza, G. Krishnan, E. Ball, E. Daniels, Hair follicle
growth by stromal vascular fraction-enhanced adipose transplantation in
baldness, Stem Cell. Clon Adv. Appl. (2017) 1-10.

M. El-Khalawany, M.A. Rageh, 1. Elnokrashy, S.M.A. Ibrahim, Efficacy of
autologous stromal vascular fraction injection in the treatment of androgenic
alopecia, Arch. Dermatol. Res. 315 (5) (2023) 1269-1276.

E. Festa, J. Fretz, R. Berry, B. Schmidt, M. Rodeheffer, M. Horowitz, et al.,
Adipocyte lineage cells contribute to the skin stem cell niche to drive hair cycling,
Cell 146 (5) (2011) 761-771.

I. Chimenti, R.R. Smith, T.-S. Li, G. Gerstenblith, E. Messina, A. Giacomello, et al.,
Relative roles of direct regeneration versus paracrine effects of human
cardiosphere-derived cells transplanted into infarcted mice, Circ. Res. 106 (5)
(2010) 971-980.

K. Narita, H. Fukuoka, T. Sekiyama, H. Suga, K. Harii, Sequential scalp
assessment in hair regeneration therapy using an adipose-derived stem
cell-conditioned medium, Dermatol. Surg. 46 (6) (2020) 819-825.

J. Wu, Q. Yang, S. Wu, R. Yuan, X. Zhao, Y. Li, et al., Adipose-derived stem cell
exosomes promoted hair regeneration, Tissue Engineering And Regenerative
Medicine 18 (4) (2021) 685-691.

B. Bellei, E. Migliano, M. Picardo, Therapeutic potential of adipose tissue-
derivatives in modern dermatology, Exp. Dermatol. 31 (12) (2022) 1837-1852.
B.-S. Park, W.-S. Kim, J.-S. Choi, H.-K. Kim, J.-H. Won, F. Ohkubo, et al., Hair
growth stimulated by conditioned medium of adipose-derived stem cells is
enhanced by hypoxia: evidence of increased growth factor secretion, Biomed.
Res. 31 (1) (2010) 27-34.

S. Xiao, Y. Deng, X. Mo, Z. Liu, D. Wang, C. Deng, et al., Promotion of hair growth
by conditioned medium from extracellular matrix/stromal vascular fraction gel in
C57BL/6 mice, Stem Cell. Int. (2020) 2020.

K. Xu, E. Yu, M. Wu, P. Wei, J. Yin, Cells, growth factors and biomaterials used in
tissue engineering for hair follicles regeneration, Regenerative Therapy 21 (2022)
596-610.

M.A. Nilforoushzadeh, M. Zare, P. Zarrintaj, E. Alizadeh, E. Taghiabadi,

M. Heidari-Kharaji, et al., Engineering the niche for hair regeneration—a critical
review, Nanomed. Nanotechnol. Biol. Med. 15 (1) (2019) 70-85.

Z. Gan, X. Qin, H. Liu, J. Liu, J. Qin, Recent advances in defined hydrogels in
organoid research, Bioact. Mater. 28 (2023) 386-401.

A.C. Gupta, S. Chawla, A. Hegde, D. Singh, B. Bandyopadhyay, C.C. Lakshmanan,
et al., Establishment of an in vitro organoid model of dermal papilla of human
hair follicle, J. Cell. Physiol. 233 (11) (2018) 9015-9030.

Z. Liu, J. Huang, D. Kang, Y. Zhou, L. Du, Q. Qu, et al., Microenvironmental
reprogramming of human dermal papilla cells for hair follicle tissue engineering,
Acta Biomater. 165 (2023) 31-49.

S. Xie, L. Chen, M. Zhang, C. Zhang, H. Li, Self-assembled complete hair follicle
organoids by coculture of neonatal mouse epidermal cells and dermal cells in
Matrigel, Ann. Transl. Med. 10 (14) (2022).


http://refhub.elsevier.com/S2590-0064(23)00311-3/sref13
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref13
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref13
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref14
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref14
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref14
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref14
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref15
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref15
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref15
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref15
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref16
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref16
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref17
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref17
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref17
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref17
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref18
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref18
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref18
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref19
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref20
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref20
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref20
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref21
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref21
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref21
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref21
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref22
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref22
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref22
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref23
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref23
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref23
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref23
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref24
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref24
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref25
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref25
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref26
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref26
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref27
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref27
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref28
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref28
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref28
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref29
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref29
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref29
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref30
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref30
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref30
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref31
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref31
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref31
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref32
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref32
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref33
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref33
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref34
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref34
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref34
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref35
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref35
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref35
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref36
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref36
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref36
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref37
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref37
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref37
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref38
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref38
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref38
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref39
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref39
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref39
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref40
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref40
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref41
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref41
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref42
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref42
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref43
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref43
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref44
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref44
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref44
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref45
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref45
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref45
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref46
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref47
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref47
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref47
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref48
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref48
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref48
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref49
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref49
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref50
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref50
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref50
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref51
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref51
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref51
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref51
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref52
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref52
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref52
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref53
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref53
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref54
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref54
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref55
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref55
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref56
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref56
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref56
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref57
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref57
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref57
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref58
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref58
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref58
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref59
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref59
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref59
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref60
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref60
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref60
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref61
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref61
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref61
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref62
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref62
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref62
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref62
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref63
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref63
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref63
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref64
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref64
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref64
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref65
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref65
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref66
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref66
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref66
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref66
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref67
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref67
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref67
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref68
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref68
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref68
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref69
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref69
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref69
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref70
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref70
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref71
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref71
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref71
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref72
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref72
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref72
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref73
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref73
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref73

B. Roets

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

T. Kageyama, H. Miyata, J. Seo, A. Nanmo, J. Fukuda, In vitro hair follicle growth
model for drug testing, Sci. Rep. 13 (1) (2023) 4847.

T. Kageyama, A. Shimizu, R. Anakama, R. Nakajima, K. Suzuki, Y. Okubo, et al.,
Reprogramming of three-dimensional microenvironments for in vitro hair follicle
induction, Sci. Adv. 8 (42) (2022), eadd4603.

H.E. Abaci, A. Coffman, Y. Doucet, J. Chen, J. Jackéw, E. Wang, et al., Tissue
engineering of human hair follicles using a biomimetic developmental approach,
Nat. Commun. 9 (1) (2018) 5301.

D. Kang, Z. Liu, C. Qian, J. Huang, Y. Zhou, X. Mao, et al., 3D bioprinting of a
gelatin-alginate hydrogel for tissue-engineered hair follicle regeneration, Acta
Biomater. 165 (2023) 19-30.

T.C. Lim, M.F. Leong, H. Lu, C. Du, S. Gao, A.C. Wan, et al., Follicular dermal
papilla structures by organization of epithelial and mesenchymal cells in
interfacial polyelectrolyte complex fibers, Biomaterials 34 (29) (2013)
7064-7072.

T. Kageyama, L. Yan, A. Shimizu, S. Maruo, J. Fukuda, Preparation of hair beads
and hair follicle germs for regenerative medicine, Biomaterials 212 (2019) 55-63.
V. Ramovs, H. Janssen, L. Fuentes, A. Pitaval, W. Rachidi, S.M.C. de Sousa Lopes,
et al., Characterization of the epidermal-dermal junction in hiPSC-derived skin
organoids, Stem Cell Rep. 17 (6) (2022) 1279-1288.

Y. Zhang, P. Yin, J. Huang, L. Yang, Z. Liu, D. Fu, et al., Scalable and high-
throughput production of an injectable platelet-rich plasma (PRP)/cell-laden
microcarrier/hydrogel composite system for hair follicle tissue engineering,

J. Nanobiotechnol. 20 (1) (2022) 465.

L. Dong, H. Hao, L. Xia, J. Liu, D. Ti, C. Tong, et al., Treatment of MSCs with
Wntla-conditioned medium activates DP cells and promotes hair follicle
regrowth, Sci. Rep. 4 (1) (2014) 5432.

J.-Y. Ryu, E.-J. Won, H.A.R. Lee, J.H. Kim, E. Hui, H.P. Kim, et al., Ultrasound-
activated particles as CRISPR/Cas9 delivery system for androgenic alopecia
therapy, Biomaterials 232 (2020), 119736.

Q. Mai, Y. Han, G. Cheng, R. Ma, Z. Yan, X. Chen, et al., Innovative strategies for
hair regrowth and skin visualization, Pharmaceutics 15 (4) (2023) 1201.

P. Chen, Y. Miao, F. Zhang, Z. Fan, J. Huang, X. Mao, et al., Tissue engineering
ECM-enriched controllable vascularized human microtissue for hair regenerative
medicine using a biomimetic developmental approach, J. Adv. Res. 38 (2022)
77-89.

E.L. Weber, T.E. Woolley, C.Y. Yeh, K.L. Ou, P.K. Maini, C.M. Chuong, Self-
organizing hair peg-like structures from dissociated skin progenitor cells: new
insights for human hair follicle organoid engineering and Turing patterning in an
asymmetric morphogenetic field, Experimental dermatology 28 (4) (2019)
355-366.

Y. Su, J. Wen, J. Zhu, Z. Xie, C. Liu, C. Ma, et al., Pre-aggregation of scalp
progenitor dermal and epidermal stem cells activates the WNT pathway and
promotes hair follicle formation in in vitro and in vivo systems, Stem Cell Res.
Ther. 10 (2019) 1-12.

Y. Chen, Z. Fan, X. Wang, M. Mo, S.B. Zeng, R.-H. Xu, et al., PI3K/Akt signaling
pathway is essential for de novo hair follicle regeneration, Stem Cell Res. Ther. 11
(1) (2020) 1-10.

T. Kageyama, Y.-S. Chun, J. Fukuda, Hair follicle germs containing vascular
endothelial cells for hair regenerative medicine, Sci. Rep. 11 (1) (2021) 624.
S.C. De Groot, M.M. Ulrich, C.G. Gho, M.A. Huisman, Back to the future: from
appendage development toward future human hair follicle neogenesis, Front. Cell
Dev. Biol. 9 (2021), 661787.

S. Limbu, C.A. Higgins, Isolating dermal papilla cells from human hair follicles
using microdissection and enzyme digestion, Molecular Dermatology: Methods
and Protocols (2020) 91-103.

R. Warren, M.H. Chestnut, T.K. Wong, T.E. Otte, K.M. Lammers, M.L. Meili,
Improved method for the isolation and cultivation of human scalp dermal papilla
cells, J. Invest. Dermatol. 98 (5) (1992) 693-699.

T. Andl, L. Zhou, Y. Zhang, The dermal papilla dilemma and potential
breakthroughs in bioengineering hair follicles, Cell Tissue Res. 391 (2) (2023)
221-233.

M.E. Balana, H.E. Charreau, G.J. Leirds, Epidermal stem cells and skin tissue
engineering in hair follicle regeneration, World J. Stem Cell. 7 (4) (2015) 711.
M. Bertolini, I. Piccini, K.J. McElwee, In vitro and ex vivo hair follicle models to
explore therapeutic options for hair regeneration, Hair Follicle Regeneration
(2022) 155-203.

11

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Materials Today Bio 23 (2023) 100851

C. Dompe, L. Moncrieff, J. Matys, K. Grzech-Le$niak, 1. Kocherova, A. Bryja, et al.,
Photobiomodulation—underlying mechanism and clinical applications, J. Clin.
Med. 9 (6) (2020) 1724.

M.R. Hamblin, Mechanisms and mitochondrial redox signaling in
photobiomodulation, Photochem. Photobiol. 94 (2) (2018) 199-212.

S.-Y. Chang, M.Y. Lee, P.-S. Chung, S. Kim, B. Choi, M.-W. Suh, et al., Enhanced
mitochondrial membrane potential and ATP synthesis by photobiomodulation
increases viability of the auditory cell line after gentamicin-induced intrinsic
apoptosis, Sci. Rep. 9 (1) (2019), 19248.

M. Sadowska, J. Narbutt, A. Lesiak, Blue light in dermatology, Life 11 (7) (2021)
670.

Y. Wang, Y.-Y. Huang, Y. Wang, P. Lyu, M.R. Hamblin, Red (660 nm) or near-
infrared (810 nm) photobiomodulation stimulates, while blue (415 nm), green
(540 nm) light inhibits proliferation in human adipose-derived stem cells, Sci.
Rep. 7 (1) (2017) 7781.

J. Chen, Y. Sang, J. Li, T. Zhao, B. Liu, S. Xie, et al., Low-level controllable blue
LEDs irradiation enhances human dental pulp stem cells osteogenic
differentiation via transient receptor potential vanilloid 1, J. Photochem.
Photobiol. B Biol. 233 (2022), 112472.

S. Buscone, A.N. Mardaryev, B. Raafs, J.W. Bikker, C. Sticht, N. Gretz, et al.,

A new path in defining light parameters for hair growth: discovery and
modulation of photoreceptors in human hair follicle, Laser Surg. Med. 49 (7)
(2017) 705-718.

X. Wang, Y. Liu, J. He, J. Wang, X. Chen, R. Yang, Regulation of signaling
pathways in hair follicle stem cells, Burns & Trauma 10 (2022) tkac022.

D.W. Shin, The molecular mechanism of natural products activating wnt/
p-catenin signaling pathway for improving hair loss, Life 12 (11) (2022) 1856.
X.-M. Hu, Z.-X. Li, D.-Y. Zhang, Y.-C. Yang, S-a Fu, Z.-Q. Zhang, et al.,

A systematic summary of survival and death signalling during the life of hair
follicle stem cells, Stem Cell Res. Ther. 12 (1) (2021) 1-29.

S.E. Millar, WNTs: multiple genes, multiple functions, J. Invest. Dermatol. 120 (1)
(2003) 7-8.

L. Zhou, K. Yang, A. Carpenter, R.A. Lang, T. Andl, Y. Zhang, CD133-positive
dermal papilla-derived Wnt ligands regulate postnatal hair growth, Biochem. J.
473 (19) (2016) 3291-3305.

N.M. Pedroso, L.R. Mota, C. Pavani, The use of microneedling associated to
photobiomodulation in the treatment of male androgenetic alopecia: case series,
Int. J. Case Rep. Images 9 (2018), 101079Z01NP2019.

A.C. Scarpim, A. Baptista, D.S.F. Magalhaes, S.C. Nunez, R.S. Navarro, A.F. Frade-
Barros, Photobiomodulation effectiveness in treating androgenetic alopecia,
Photobiomodulation, Photomedicine, and Laser Surgery 40 (6) (2022) 387-394.
H. Jin, Z. Zou, H. Chang, Q. Shen, L. Liu, D. Xing, Photobiomodulation therapy for
hair regeneration: a synergetic activation of f-CATENIN in hair follicle stem cells
by ROS and paracrine WNTs, Stem Cell Rep. 16 (6) (2021) 1568-1583.

E. Carrasco, M.I. Calvo, A. Blazquez-Castro, D. Vecchio, A. Zamarron, 1.J.D. De
Almeida, et al., Photoactivation of ROS production in situ transiently activates
cell proliferation in mouse skin and in the hair follicle stem cell niche promoting
hair growth and wound healing, J. Invest. Dermatol. 135 (11) (2015) 2611-2622.
T.-R. Kwon, D.W. Moon, B.H. Yoon, S.J. Lee, S.J. Lee, J. Hwang, et al., Hair
growth promotion by photobiomodulation therapy using different parameters:
animal study, Medical Lasers; Engineering, Basic Research, and Clinical
Application 12 (1) (2023) 34-43.

Y. Zhang, J. Su, K. Ma, H. Li, X. Fu, C. Zhang, Photobiomodulation promotes hair
regeneration in injured skin by enhancing migration and exosome secretion of
dermal papilla cells, Wound Repair Regen. 30 (2) (2022) 245-257.

S. Buscone, Unravelling Novel Molecular Targets for Photobiomodulation in
Human Hair Follicle towards the Development of More Effective Light-Based
Therapies for Hair Growth, University of Bradford, 2017.

R. Panchaprateep, T. Pisitkun, N. Kalpongnukul, Quantitative proteomic analysis
of dermal papilla from male androgenetic alopecia comparing before and after
treatment with low-level laser therapy, Laser Surg. Med. 51 (7) (2019) 600-608.
M. Sun, H. Jiang, S. Lin, H. Qin, X. Ding, Y. Lai, et al., Effects of
photobiomodulation at various irradiances on normal and dihydrotestosterone-
treated human hair dermal papilla cells in vitro, J. Biophot. (2023), e202300087.


http://refhub.elsevier.com/S2590-0064(23)00311-3/sref74
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref74
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref75
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref75
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref75
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref76
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref76
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref76
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref77
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref77
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref77
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref78
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref78
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref78
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref78
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref79
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref79
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref80
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref80
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref80
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref81
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref81
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref81
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref81
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref82
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref82
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref82
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref83
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref83
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref83
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref84
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref84
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref85
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref85
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref85
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref85
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref90
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref90
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref90
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref90
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref90
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref94
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref94
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref94
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref94
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref92
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref92
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref92
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref95
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref95
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref86
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref86
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref86
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref87
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref87
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref87
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref88
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref88
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref88
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref89
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref89
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref89
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref91
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref91
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref93
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref93
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref93
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref96
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref96
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref96
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref97
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref97
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref98
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref98
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref98
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref98
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref99
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref99
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref100
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref100
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref100
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref100
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref101
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref101
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref101
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref101
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref102
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref102
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref102
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref102
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref103
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref103
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref104
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref104
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref105
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref105
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref105
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref106
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref106
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref107
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref107
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref107
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref108
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref108
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref108
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref109
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref109
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref109
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref110
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref110
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref110
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref111
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref111
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref111
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref111
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref112
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref112
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref112
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref112
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref113
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref113
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref113
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref114
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref114
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref114
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref115
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref115
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref115
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref116
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref116
http://refhub.elsevier.com/S2590-0064(23)00311-3/sref116

	Potential application of PBM use in hair follicle organoid culture for the treatment of androgenic alopecia
	1 Introduction
	2 Background of androgenic alopecia
	3 Convensional treatment options
	3.1 Pharmacological treatment
	3.1.1 Minoxidil
	3.1.2 Finasteride

	3.2 Herbal alternatives
	3.3 Surgery
	3.4 Non-invasive
	3.4.1 Photobiomodulation (PBM) or low-level light therapy (LLLT)
	3.4.2 Platelet-rich plasma (PRP)
	3.4.3 Microneedling
	3.4.4 Quiff, wigs, camouflage


	4 Hair growth cycle
	5 Hair tissue engineering in regenerative medicine
	6 Hair regenerative medicine using hair follicle organoids
	7 PBM mechanisms and application in HF organoids
	8 Perspective and conclusion
	Ethics approval
	Authors’ contributions
	Funding
	Declaration of competing interest
	Data availability
	Acknowledgements
	List of abbreviations
	References


