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Hair dermal papilla cells (hDPCs) play a crucial role in hair growth and regeneration, and their function is
influenced by nutrient and oxygen supply. A microenvironment with significantly low oxygen (O,) levels,
known as anoxic conditions (<0.2%) due to oxygen deficiency, hinders hDPC promotion and retards
hair regrowth. Here, a nanoemulsion (NE) based on perfluorooctyl bromide (PFOB), a member of the
perfluorocarbon family, is presented to provide a sustainable O, supply and maintain physical stability in vitro.
The PFOB-NE has been shown to continuously release oxygen for 36 h, increasing and maintaining the O,
concentration in the anoxic microenvironment of up to 0.8%. This sustainable O, supply using PFOB-NE has
promoted hDPC growth and also induced a complex cascade of effects. These effects encompass regulation
via inhibiting lactate accumulation caused via oxygen deficiency, increasing lactate dehydrogenase activity, and
promoting the expression of genes, such as the hypoxia-inducible factor 1 family and NADPH oxidase 4 under
anoxic conditions. Sustained O, supply is shown to enhance human hair organ elongation approximately four
times compared to the control under anoxic conditions. In conclusion, the perfluorocarbon-based NE
containing oxygen proves to be an important strategic tool for improving hair growth and alleviating hair loss.

1. Introduction

Hair loss is a phenomenon more complex than the process
of hair falling off the scalp via hair follicle miniaturization,
involving various internal and external physiological factors.'™
The major systemic causes of hair loss include telogen efflu-
vium, nutrition, endocrine imbalances, drugs, infections, diseases,
and malignancy.*” Hair loss alone is not life-threatening; it is
distressing and causes a loss of self-esteem, increased depressive
feelings, and has socially negative effects on an individual.® Hence,
the alleviation of hair loss or stimulation of hair regrowth in
patients with hair loss must be determined.

The main function of the blood vessels is to supply various
nutrients and oxygen (O,) to all body organs and tissues.’°
A sufficient supply of nutrients has been previously reported
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to play an important role in hair growth.'"'> These nutrients
include fatty acids (e.g., linoleic acid and o-linoleic acid),
proteins, vitamins (e.g., vitamin A), and metallic cofactors
(e.g., Zn, Fe, and Se)."**> Moreover, O, supply can be a critical
factor because the nutrients and O, provision of the blood
vessels in the dermal papillae nourish the hair follicles.’®™® 0,
is an essential element for cell survival'® and plays an impor-
tant role in hair growth and cycling.”*° A moderate supply of
0, maintains a healthy scalp and encourages hair growth.>"?
A previous study revealed that hair dermal papilla cells (DPCs),
which are key cells in hair follicle cycling, are affected by O,
concentration and consequently, the related lactate dehydro-
genase activity.>>** Furthermore, hair growth is closely asso-
ciated with vascularization and angiogenesis.>® In particular,
the vascular endothelial growth factor (VEGF) is closely asso-
ciated with hair growth; minoxidil facilitates the upregulation
of VEGF levels in human DPCs (hDPCs) and is widely used in
hair loss treatment.”®*’ These therapeutic agents provide a
nurturing environment for hair dermal papillae via vascular
smooth muscle relaxation and improvement in the blood
supply for hair growth; however, their mode of action remains
to be completely elucidated. O, transporting agents represent
another factor of consideration for optimal hair growth.
Perfluorocarbons (PFCs), composed of fluorine and carbon,
are organofluorine compounds that are useful as O,-carrying
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agents.”®*° Oxygent (Alliance Pharmaceutical Corp.), composed
of perfluorooctyl bromide (PFOB) and perfluorodecyl bromide,
has been developed as an artificial red blood cell that intra-
vascularly delivers O, to the human body.** PFCs can dissolve
considerable quantities of O,, and the most common PFCs
used are perfluorooctyl bromide (CgBrF,;), perfluorodecalin
(PFD, Cy0F;s), PFOB (527 mLo, L™ 'pec), and PFD (403 mLo, L™ 'prc)
at 1 atm and 25 °C, respectively. PFCs exhibit a high capacity for
0, compared to that of water (9-10 mLo, Luyater) and blood
(200 mLo, Loisea)-”" In addition, most PFCs are chemically
inactive, nontoxic, noninflammable, and have a variety of cellular
applications.®* Despite their high O, capacity and biocompati-
bility, the use of PFCs is limited for biological and clinical
applications because they are immiscible in water,** and require a
safe and stable formulation for application. Thus, the aim of this
study was to develop a suitable PFC formulation for O, transport.

The primary objective of this study was to fabricate opti-
mized forms of PFOB nanoemulsions (PFOB-NEs) for O, delivery,
utilizing co-surfactants such as Tween 80 and Lipoid 100. The
second objective was to investigate the effects of exogenous O,
supply on the growth and proliferation of hDPC cells, and to
determine its positive impact on hair follicle organ culture derived
from human sources, that ultimately promoted hair regrowth.
The selected combinations for NE formulation were chosen due
to their ability to provide high dissolved O, capacity, sustained
release, and colloidal stability. Finally, we propose a strategic
delivery of oxygen-loaded NEs through the skin as a means of
targeted supply to hair follicles.

2. Materials and methods

2.1. Human hair follicles and cell culture

Non-balding scalp specimens were obtained from patients
undergoing hair transplantation surgery. All experimental
methods were approved by the medical ethics committee of
Dankook Medical College (Cheonan, Republic of Korea), and
informed written consent was obtained from all the patients
(Institutional Review Board (IRB): DKUH 2020-11-004). Anagen
human hair follicles were isolated from occipital scalp specimens
obtained during the remaining hair transplantation surgeries.
Human hair follicles were cultured in William’s E medium
(Sigma-Aldrich, USA) supplemented with 2 mM Il-glutamine
(Sigma Aldrich), 10 pg mL ™" insulin (Sigma Aldrich), 10 ng mL ™"
hydrocortisone (Sigma Aldrich), 0.1% of fungizone (Gibco, USA),
and 1% of antibiotic-antimycotic (Gibco).

The hDPCs were isolated from hair follicles and cultured in
Dulbecco’s modified Eagle’s medium (Hyclone Laboratories,
USA) supplemented with 10% fetal bovine serum (Gibco) and
1% of antibiotic-antimycotic and incubated at 37 °C in a 5%
carbon dioxide incubator.

2.2. Preparation of PFOB-NE and filling-up O,

Lipoid S100 was donated by Lipoid GmbH (Ludwigshafen,
Germany), polyoxyethylene sorbitan monooleate (Tween80)
was purchased from Duksan Pure Chemicals (Gyunggido,
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Republic of Korea), and 1-bromoperfluorooctane was pur-
chased from Synquest Laboratories (Florida, USA). Using these
compounds, NEs were fabricated via the method described in
our previous study.** In brief, 0.1875 g of Lipoid S 100, 0.0625 g
of Tween 80, and 4.75 g of distilled water were transferred to a
20 mL glass vial. The vial was placed on a magnetic stirrer and
stirred at 800 rpm at 37 °C for 12 h to obtain a uniform mixture,
after which 5 g of PFOB was added and the mixture was
homogenized for 30 s at 30 000 rpm using a high-speed homo-
genizer (Daihan Scientific, Gyeonggi-do, Republic of Korea) to
form a crude emulsion. The crude emulsion was subsequently
micro-fluidized using a Microfluidics-LV1 (Microfluidics,
Massachusetts, USA) at high pressure (1500 psi) for five cycles;
a fine emulsion was formed with a uniform texture and color.
Prior to each experiment, O, gas purging was performed for
30 s to encapsulate O,.

2.3. Measurement of particle diameter and zeta potential

NEs were diluted 10-fold in double-distilled water to evaluate
the particle diameters and zeta potentials, which were mea-
sured using a particle size analyzer ELSZ-2000 (Otsuka Electro-
nics, Osaka, Japan).

2.4. TEM imaging

To obtain negatively stained TEM images, 5 pL of each sample
(purified) was applied to carbon-coated grids that had been
glow-discharged (Harrick Plasma, USA) for 1 min in air. The
grids were negatively stained with 1% uranyl acetate. The
prepared grids were observed using a Tecnai 10 transmission
electron microscope (FEI, Instrumentation was used in the
Kangwon Center for Systems Imaging) equipped with a lantha-
num hexaboride (LaBg, FEI) cathode operating at 100 kV. The
images were recorded using a 2 K x 2 K UltraScan CCD camera
(Gatan, CA, USA). The instruments were installed at Kangwon
Center for Systems Imaging, Chuncheon, Republic of Korea.

2.5. O, encapsulation and release evaluation

Each concentration of O, was monitored using a Neofox optical
0, sensor (Ocean Optics, FL, USA), which quantitatively mea-
sures O, using optical fluorescence. O, purging was performed
for 30 s to saturate and encapsulate O, into the NEs. O, release
was monitored in an incubator at 37 °C. The concentration of
O, in each sample was measured every 2 h. Each experiment
was performed in triplicate and all samples were of the same
volume.

2.6. Cell viability assay

The viability of the hDPCs after PFOB-NE treatment with or
without O, was measured using the EZ-Cytox assay kit (Daeil Lab
Service, Seoul, Republic of Korea) according to the manufacturer’s
instructions. Briefly, hDPCs were pre-cultured for 48 h in a 96-well
plate and treated with various concentrations of PFOB-NE in the
growth medium for 24 and 72 h, respectively. EZ-Cytox solution
(10 pL) was added to each well, following incubation at 37 °C for
2 h, and the absorbance was measured at 450 nm using a spec-
trophotometer (Synergy H2; BioTek, VT, USA). Each experiment

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb02237d

Open Access Article. Published on 11 December 2023. Downloaded on 2/21/2026 9:09:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

was performed in triplicate and data are presented as absorbance
values.

2.7. Measurement of O, concentration in liquid media

A FireSting®™-GO2 Pocket O, Meter (PyroScience GmbH, Dresden,
Germany) was used to monitor O, in the liquid medium under
normoxic, hypoxic, or anoxic conditions. To measure the con-
tinual changes in the O, concentration, the unit of the device was
first set to percentage and the temperature and O, concentration
probe were brought into close contact with the culture medium.
Continual measurements were performed for 48 h at 2 h intervals.
Each experiment was independently repeated thrice.

2.8. Lactate quantification

Lactate secretion was quantitatively analyzed using a lactate
assay kit (Abcam, Cambridge, UK) according to the manufac-
turer’s protocol. For the measurement of the lactate secretion,
hDPCs at passage 3 were first plated at a density of 2 x 10° cells
per well in a six-well plate and incubated for 24 h. hDPCs were
co-cultured with non-Oxy-NE or Oxy-NE for 36 h under condi-
tions of normoxia, hypoxia and anoxia, respectively. The hDPCs
were harvested using accutase solution (Millipore, MA, USA)
and washed with cold phosphate-buffered saline (Corning Life
Science, NY, USA). To obtain a clear solution, the remaining
lactate enzyme was removed using a deproteinizing sample
preparation kit (Abcam, Cambridge, UK) according to the
manufacturer’s protocol; the optical density was measured
using an enzyme-linked immunosorbent assay (ELISA) reader
(SPECTROstar Nano, BMG Labtech, Ortenberg, Germany) at
450 nm and relatively calculated according to the standard
curve using 1(+)-lactate.

2.9. Lactate dehydrogenase activity

Lactate dehydrogenase was measured using an LDH assay kit
(Abcam, Cambridge, UK) according to the manufacturer’s pro-
tocol. For the measurement of the LDH activity, hDPCs were
cultured vigorously under the same protocol as that used in
the previous lactate quantification experiment. Thereafter, each
optical density was measured using an ELISA reader at 450 nm
and calculated according to the standard curve using NADH.

2.10. RNA extraction and RT-qPCR

A ReliaPrep™ RNA Cell Miniprep System (Promega, WI, USA)
was used for total RNA extraction from the hDPCs according to
the manufacturer’s instructions. The RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, MA, USA) was
used to synthesize cDNA. The synthesized cDNA was used as a
template for gene expression analysis using a 7500 Fast Real-
Time PCR System (Life Technologies, MA, USA) with the
following TagMan probes: HIFlo (Hs00153153_m1), HIF1f
(Hs01121918_m1), P-catenin (Hs0355045_m1), APC (Hs0156
8269_m1), TCF4 (Hs00162613_m1), NOX4 (Hs01379108_m),
LDHA (Hs01378790_g1), LDHB (Hs00929956_m1), and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH; #4352339E). Data
were obtained from three independent experiments and are
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presented as a fold change relative to the GAPDH level of the
sample.

2.11. Human hair organ elongation

The hair shaft was cut and cultured in growth medium under
anoxic conditions with PFOB-NEs. The elongated length of the
hair shaft was measured and the cut edge of the hair shaft was
observed using microscopic imaging (SZX16; Olympus, Tokyo,
Japan) for one week.

2.12. Statistical analysis

The statistical significance was evaluated using the Student’s ¢
test and one-way analysis of variance, and were used for the
hair elongation experiment.

3. Results

3.1. Physicochemical properties of PFOB-NEs

Two types of NEs with PFOB were fabricated using emulsifica-
tion with and without O, purging (Oxy-NE and non-Oxy-NE,
respectively). As shown in Table 1, each NE is characterized to
evaluate its physicochemical properties. The particle diameters
of non-Oxy-NE and Oxy-NE are 191.50 £ 2.08 nm and 192.36 +
0.82 nm, the PDIs are 0.19 £+ 0.01 and 0.21 + 0.01, and the
corresponding zeta potentials are —9.59 &+ 0.92 mV and —9.16 +
0.49 mV, respectively. The PDI values of both emulsions con-
firmed that the emulsions were well prepared and homogeneous
with the analyzed particle diameter. Depending on O, encapsu-
lation, the NEs exhibit no marked changes in diameter distribu-
tion or zeta potential. After 48 h of storage at 37 °C, the diameter,
PDI and zeta potential were further analyzed (Table 1, 4th line).
The particle diameter of NEs increases slightly upon exposure
to physiological temperature, regardless of O, encapsulation.
The particle distribution did not change significantly, indicating
that the particles were still homogeneous in size. In addition, the
zeta potentials are not significantly affected by O, encapsulation
or temperature in any given experiment. Transmission electron
microscopy (TEM) images of the NEs were obtained to confirm
their appearance and structural changes. As shown in Fig. 1a, all
the fabricated NEs are spherical, consistent with the particle
diameter (~200 nm). All the NEs maintained their physical

Table 1 Storage stabilities of PFOB-NEs based on their physical proper-
ties at 37 °C

Time (h)

Initial condition Storage condition

Parameter Formulation (0 h) (after 48 h)
Particle “Non-Oxy-NE  192.36 + 0.82 218.23 + 5.68
diameter (nm) “Oxy-NE 191.50 + 2.08 214.30 £ 6.49
Polydispersity ~ “Non-Oxy-NE ~ 0.19 =+ 0.01 0.22 + 0.01
index (PDI) Oxy-NE 0.21 £ 0.01 0.20 + 0.02
Zeta potential ~ “Non-Oxy-NE  —7.28 + 1.53 —11.39 £+ 1.36
(mVv) Oxy-NE —9.59 + 0.92 —8.94 £ 0.73

“ Non-Oxy-NE: PFOB-NE without O,. ” Oxy-NE: PFOB-NE with O,.
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Fig. 1 Concentration of O in a liquid environment. (a) TEM image of NE
with or without O». (b) Each concentration of O, in cell culture media was
monitored every 2 h for 2 d. (c) Each concentration of O, was determined
24 h after treatment using PFOB-NE with or without O,. All O, concen-
tration data were recorded in triplicate (p < 0.05) and were statistically
analyzed by one-way analysis of variance: **p < 0.01, ***p < 0.001. In
addition, each abbreviation was presented as follows: not significant (N.S.)
and control (CTL).

properties without marked changes for two days at the physio-
logical temperature, implying that the NEs were stable during
the subsequent experiments.

3.2. Effect of Oxy-NE on dissolved O, concentration

Prior to the main experiments, the viability of hDPCs in PFOB-
NE with or without O, purging was confirmed, indicating that
PFOB-NE is a safe material (Fig. S1a, ESIt). According to the
results obtained from measuring the oxygen concentrations
of the PFOB-NE groups under the given conditions, it was
observed that the Oxy-NE group emitted higher levels of O,
compared to the control and Non-Oxy-NE groups and main-
tained these elevated levels for 36 h (Fig. 1b). The PFOB-NEs
containing O,, particularly the Oxy-NE-200 (treated with
200 pug mL™" PFOB-NE), released O, in the cell culture medium
approximately at a level of 0.8%, which was higher than the
level of approximately 0.55% observed with the treatment of
100 pg mL~' PFOB-NE (Oxy-NE-100) after 24 h. This corre-
sponded to the 2.68-fold higher levels for Oxy-NE-100 and 3.73-
fold higher levels for Oxy-NE-200 compared to the Non-Oxy-NE
group (Fig. 1c). In our preliminary study, the Oxy-NE-200 group
also showed no statistical difference from the Oxy-NE-500
group, suggesting that Oxy-NE-200 sufficiently reached a steady
state under physiological conditions. In this aspect, Oxy-NE-100
and 200 were focused on additional experiments (Fig. S1b,
ESIT). In summary, Oxy-NEs demonstrated the ability to increase
O, concentrations in the physiological microenvironment where
cells existed and also sustained O, levels to a certain extent.
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The physiological conditions were classified into three cate-
gories depending on the O, concentration, viz. normoxia,
hypoxia, and anoxia. To establish the appropriate conditions
for cell culture, hDPC were cultured for 24 h in normoxia (22%
0,), hypoxia (2% O,), or anoxia (0.2% O,) incubators, and the
O, concentrations were detected under the given conditions.
The concentration of dissolved O, in the medium was found
to be lower than the level of ambient air within the 37 °C
incubator, under normoxic and hypoxic conditions. Particu-
larly, under normoxic conditions, the medium containing cells
had an oxygen concentration of 13.37 £ 0.07%, whereas under
hypoxic conditions, it was 1.34 £ 0.01% O, in the presence of
cells. However, upon examining the anoxic conditions, both the
ambient air and the medium containing cells in an incubator
maintained nearly identical levels of O, concentration.
(Fig. Sic, ESIt). Therefore, we propose that the anoxic condi-
tions, which maintain a uniform oxygen concentration under
both the incubator atmosphere and the cell culture medium,
are suitable for subsequent experiments.

3.3. Effect of Oxy-NEs on hDPC growth under anoxic
conditions

Based on the observations of the morphological and quantita-
tive changes in hDPCs under conditions of decreased oxygen
concentration in the medium without serum, it was found that
despite showing relatively unhealthy morphological changes in
all groups (Fig. 2a, 1st row), the absence of serum under the
given experimental conditions did not have a significant impact
on cell viability compared to the control groups (Fig. 2b).
However, in the case of cell culture with serum included in
the medium, we observed higher cell proliferation under
hypoxic conditions compared to normal oxygen levels and also
confirmed that anoxia maintained an intermediate level
between normal oxygen and hypoxic conditions (Fig. 2a, 2nd
row). Under anoxic conditions, hDPCs had a significant impact
on cell growth and proliferation when treated with Oxy-NEs.
Upon closer examination, under conditions of nutrient defi-
ciency, such as the absence of serum, Oxy-NE-200 showed a
greater effect in maintaining cell morphology compared to Oxy-
NE-100 (Fig. 2a, 5th in 1st row); however, in the presence of
serum, no distinct morphological differences, including cell
numbers, were observed between the groups treated with Oxy-
NE-100 and Oxy-NE-200 (Fig. 2a, 2nd row). In the absence of
serum in the medium, hDPCs were found to grow and prolif-
erate due to oxygen supply provided by Oxy-NEs (Fig. 2a, 1st
row), and these effects were similar to the results observed in
the presence of 10% serum (Fig. 2a, 2nd row). To quantitatively
compare the results, the number of hDPCs grown per cell type
is presented in Fig. 2b.

3.4. Oxy-NE regulates lactate accumulation and lactate
dehydrogenase activity in hDPC under anoxic conditions

To assess and simulate the anoxic state of the human scalp in
in vitro experiments, we compared the intracellular changes in
hDPCs cultured under anoxic and normoxic conditions. Fig. 3a
shows that the total lactate production level was approximately

This journal is © The Royal Society of Chemistry 2024
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Anoxia (0.2%)

Normoxia (22%) Hypoxia (2%)

Non-Oxy-NE (200 ug/a¢) Oxy-NE-100 Oxy-NE-200

Tserum (%) ns

Cell number (%)

Non-oxy-NE | Non-oxy-NE | Non-oxy-NE Oxy-NE-100 Oxy-NE-200

Normoxia

Fig. 2 Physiological effects of Oxy-NEs on hDPCs. (a) Morphological
changes of hDPCs (n = 3) observed when cells were co-cultured with
PFOB-NEs with or without O, under normoxic, hypoxic, or anoxic con-
ditions (scale bar = 200 um). (b) Total cell number was counted under each
condition. All experimental data are presented as mean + SD (n = 3). All
analyses were performed using unpaired Student’s t-test and the statistical
significances are presented as follows; *p < 0.05, **p < 0.01, and ***p <
0.001, compared with non-Oxy-NE with 10% serum in normoxia, and
"o < 0.01, compared with non-Oxy-NE without serum under normoxic
conditions.

three times higher under anoxic conditions compared to nor-
moxic conditions. Lactate dehydrogenase (LDH) activity was
significantly lower under anoxic conditions than under nor-
moxic conditions (Fig. 3b); however, upon treatment with Oxy-
NEs for two days, LDH activity gradually increased and showed
statistical significance (Fig. 3b, white bar). To investigate the
underlying mechanisms of lactate production and LDH activity
at the cellular level, we analyzed the expression of LDH iso-
forms (LDHA and LDHB) using real-time quantitative poly-
merase chain reaction (RT-qPCR) (Fig. S2, ESIf). The results
showed that Oxy-NE treatment under anoxic conditions regu-
lated the expression patterns of both LDHA and LDHB. Despite
a concentration-dependent decrease in LDHA and LDHB
expressions in response to increasing levels of Oxy-NE, the
relative expression ratio between the two genes differed. As
depicted in Fig. 3c, these findings indicate a higher expression
level of LDHB compared to LDHA. In summary, Oxy-NEs
reduced lactate production via suppressing LDH production
and activity and also modulated oxygen concentrations in the
anoxic microenvironment, ultimately influencing hDPC growth
and proliferation. These findings suggest that changes in
oxygen concentrations mediated by Oxy-NEs have implications
beyond LDH activity and lactate accumulation and underscore
the significance of oxygen supply under conditions character-
ized by oxygen and nutrient deprivation, such as the alopecia
environment.
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Fig. 3 Lactate accumulation and LDH activity in hDPCs depending on
O, supply under normoxic or anoxic conditions. (a) Each level of lactate
accumulation and (b) lactate dehydrogenase (LDH) activity was measured
via enzyme-linked immunosorbent assay (ELISA). (c) Comparative analysis
of LDHA and LDHB expression levels in cultured hDPC under normal or
hypoxic conditions. All analyses were performed using unpaired Student’s
t-test: *p < 0.05, **p < 0.01, and ***p < 0.001, compared with the
control group under normoxic conditions.

3.5. Oxy-NEs regulate the expression of mRNA associated with
the O, reaction

A low oxygen concentration affects the microenvironment of the
hair follicles via molecular switching of the intracellular signal
transduction pathways.”’*> A key component governing these
pathways is the hypoxia-inducible factor (HIF), which is a tran-
scription factor responding to decreased oxygen availability.>® As
shown in Fig. 4a, HIFs were downregulated under anoxic condi-
tions. Particularly, HIF1a exhibited more than a two-fold decrease
in expression compared to HIF1f; however, treatment with Oxy-
NEs, which provided oxygen in a concentration-dependent man-
ner, restored the expression of HIF1 to levels similar to that of the
normoxic control group. On treatment with Oxy-NE-200, HIF1o
exhibited an increase of more than two-fold compared to the
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control group under normoxic conditions (Fig. 4a, black bar),
whereas the gene expression levels of HIF1f were restored to that
of normoxic conditions (Fig. 4a, white bar). These results indicate
that, among the two HIF isotypes, HIF1o exhibits greater sensitivity
and responsiveness to changes in oxygen concentration, high-
lighting its role in oxygen level fluctuations.

Next, we examined the gene expression of f-catenin, adeno-
matous polyposis coli (APC), and T-cell factor 4 (TCF-4), which
have been reported to be associated with the oxygen concen-
tration and involved in downstream signaling mechanisms of
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the Wnt/B-catenin pathway.’”*® In Fig. 4b, the relevant genes
showed decreased expression under anoxic conditions com-
pared to that of the normoxic control group, demonstrating a
concentration-dependent increase in expression upon treatment
with Oxy-NEs. Treatment with Oxy-NE-200 under anoxic conditions
increased the expression of these genes and also significantly
elevated them, particularly with APC and TCF-4 showing an
approximate two-fold and nine-fold increase compared to the
control group, respectively (Fig. 4b, black and white bar).

Previous studies have reported that hDPCs exposed to low
oxygen conditions activated NADPH oxidase 4 (NOX4), which
regulated reactive oxygen species (ROS) and related oxidative
signaling mechanisms.>** Therefore, we investigated the
expression changes of the NOX4 gene under anoxic conditions
induced by Oxy-NE. Similar to the expression patterns observed
in the previously examined genes, we observed a decrease in
NOX4 gene expression under anoxic conditions. Treatment
with Oxy-NE-100 resulted in expression levels similar to those
of the control group, whereas Oxy-NE-200 treatment led to a
significant increase in expression, exceeding four-fold (Fig. 4c).

In summary, even well-known factors responsive to oxygen
levels were observed to be significantly suppressed under anoxic
conditions; however, despite the treatment of less than 48 h, the
oxygen supply mediated by Oxy-NEs effectively regulated the over-
all oxygen-responsive genes, including previously validated genes
such as HIF1B and NOX4, suggesting the potential of inducing
micro-environmental changes to promote hair growth via sensi-
tively modulating the expression of related genes.

3.6. Effect of Oxy-NEs on elongation of human hair follicle
organs

Human hair follicle organs were obtained and cultured under
anoxic conditions for seven days, and morphological changes were
observed and the hair shaft length was measured (Fig. 5 and
Fig. S3, ESIt). According to the tracking results, no discernible
morphological differences in human hair follicle organs between
the untreated and Non-Oxy-NE-treated groups (Fig. 5a, left and
center panels) and no quantitative changes in the hair shaft length
during the culture period were observed (Fig. 5b). However, when
with Oxy-NE-200 under the conditions, significant morphological
growth was observed in the hair shaft length compared to the
untreated or non-Oxy-NE-treated control group (Fig. 5a, right), and
the elongation increased by approximately four-fold compared to
the control group (Fig. 5b). The results indicate that anoxic
conditions play a crucial role in hair growth inhibition and also
emphasize the importance of regulating oxygen concentration
within the biological tissue for hair regeneration. Oxygen supply
using Oxy-NEs under conditions such as anoxia associated with
hair loss, presents a novel strategic solution that can provide a
favorable environment for human hair regeneration.

4. Discussion

Hair follicles undergo hair growth cycles, such as anagen,
catagen, and telogen states, which are affected by vascular

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Elongation of human hair follicles after treatment with Oxy-NEs
under anoxic conditions. Isolated human scalp hair follicles were cultured
for 7 d under anoxic conditions with or without O,. (a) Photograph of
increased hair length on day 7. Original magnification: 40x; scale bar:
2.0 mm. (b) Data were presented as the elongated length of hair follicles
without treatment, treated with non-Oxy-NE and Oxy-NE-200. Data are
reported as mean + S.E and analyzed by one-way analysis of variance.
*p < 0.05, **p < 0.01 was used to compare to CTL at day O.

supports;'~ blood vessels are important for hair growth as they
eliminate wastes and supply nutrients and 0,.'%®° Recent
studies have revealed that VEGF-induced angiogenesis pro-
motes perifollicular vascularization, increases hair growth rate,
and increases hair follicle number.'®° To provide a favorable
environment, minoxidil, an FDA-approved drug, has been
commercially used as an indirect inducer of angiogenesis; this
promotes the conservation of vascularization for hair dermal
papillae. To date, minoxidil and inhibitors of dihydrotestosterone
(e.g, finasteride) are the only FDA-approved medical treatments
in practice.’”***' Minoxidil improves vascular compliance via
relaxing the arteries and increasing their diameter, leading to
improved hair growth. Overall, blood vessels on the scalp are key
to hair growth; in this study, we focused on their functions, such as
O, supply, instead of the nutrient content.

Recent studies have primarily focused on regional O,
concentration, which varies depending on skin location.*>**
The O, concentration in the epidermis is known to range widely
from 0.2 to 8% in general. O, concentration around the hair
follicles in the scalp skin is considerably lower, ranging from
0.1 to 0.8%, compared to that under normoxic conditions.**
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Previous studies have mentioned that hypoxic conditions dur-
ing the in vitro culture of DPCs promote their proliferation and
migration, whereas normal conditions can induce oxidative
stress, including the generation of ROS.?***> Hypoxic environ-
ments seem to play a role in maintaining healthy human skin
and are advantageous for the proliferation and regeneration
of related cells.*” Furthermore, a significant accumulation of
lactate has been reported in patients with hair loss, which is
believed to result from oxygen deficiency.”"** Thus, adequate
oxygen supply at appropriate levels can be inferred to be
essential for different bodily organs, including the skin, and
it is finely regulated at levels lower than that of atmospheric
oxygen. In the case of hair loss, narrowing of blood vessels
during hair follicle miniaturization can impede nutrient supply
to the scalp area and also pose significant challenges to scalp
homeostasis, which is finely regulated by minute amounts of
oxygen. Consequently, the anoxic conditions thus reached play
a role in the complex mechanisms associated with lactate
accumulation and/or inhibition of LDH activity in hDPCs
within the scalp, suggesting that alopecia is inevitably acceler-
ated. Hence, we focused on the concomitant effects related
to lactate accumulation and/or LDH activity on hDPCs under
anoxic conditions.

Based on these findings, our hypothesis proposes that
sustained and continuous oxygen supply to the scalp is crucial
for the survival and regrowth of hDPCs, particularly during
growth retardation or stagnation due to oxygen deficiency. This
hypothesis indicates the potential of oxygen supply to improve
micro-environmental changes associated with hair loss. We first
investigated whether the growth induction of hDPCs was retarded
and inhibited under conditions of severely reduced oxygen
(0.2% O,) to mimic reduced vascular compliance. Subse-
quently, we increased the oxygen concentration through co-
incubation with two limited types of Oxy-NEs: a lower zone
(improved to 0.54 + 0.005% O, concentration using Oxy-NE-
100) and an upper zone (improved to 0.76 + 0.004% O,
concentration using Oxy-NE-200) (Fig. 1). These results con-
firmed that hDPCs exhibited robust growth without any mor-
phological changes when co-cultured with Oxy-NEs in both
zones, even under severely reduced oxygen conditions as low
as 0.5-0.8%, which is lower than the 2% hypoxic condition
(Fig. 2a and b). Moreover, the ability of hDPCs to proliferate in
the absence of serum, along with the increased cell number in
the presence of Oxy-NEs, suggested that oxygen takes prece-
dence over nutrients in supporting hDPC growth. In conclu-
sion, this study provides compelling evidence for the essential
roles of oxygen and nutrients in hDPC survival and growth
while emphasizing the synergistic effect of Oxy-NEs and serum.
Particularly, oxygen is of significant importance and compar-
able to serum under anoxic conditions. Maintaining an optimal
oxygen concentration is crucial for supporting hDPC survival,
growth, and proliferation during hair miniaturization with
restricted nutrient supply.

To clarify the cellular and molecular changes in O, concen-
trations, we first focused on both lactate accumulation and
LDH activity as intracellular O, is closely associated with
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biological systems. As shown in Fig. 3, hDPCs under anoxic
conditions exhibited a drastic decrease in LDH activity, which
regulates the total amount of lactate accumulation and produc-
tion compared to those under normoxic conditions. These
in vitro data strongly suggest that extreme hypoxic conditions
can lead to lactate accumulation in the lesion of alopecia
patients’ due to oxygen deprivation. Oxygen supply through
Oxy-NEs under anoxic conditions demonstrated nearly restored
lactate accumulation to normal levels; however, LDH activity
revealed a limitation in recovery, remaining at less than half of
its normal level (Fig. 3b, white bar). The diminished recovery of
LDH activity compared to the reduction in lactate accumulation
due to oxygen supply may be attributed to the response of
the biological defense system striving for efficient adaptation
in oxygen-deficient environments, which warrants further
investigation.

To gain a better understanding of the cellular and molecular
mechanisms arising from anoxic conditions and subsequent
subtle changes in oxygen concentration considered under
artificial in vitro hair loss conditions, we examined the expres-
sion changes of genes associated with oxygen responsiveness
(Fig. 4). We first focused on HIF1 (Fig. 4a), including the o- and
B-types, which are the main heterodimeric transcription factors
regulating the cellular adaptive response to hypoxia.** When
examining the expression patterns of HIFs, the responsiveness
varied depending on the genetic isotype when artificially con-
trolling the oxygen concentration using Oxy-NEs. Particularly,
the results revealed that HIF1a, which is well-known for its
preferential response under hypoxic conditions, responded
more sensitively to changes in the oxygen concentration com-
pared to HIF1p. These findings may not be limited to the case
of HIFs alone. Under anoxic conditions, treatment with Oxy-NE-
200 led to a significant and rapid increase in the expression of
APC, a gene associated with Wnt/B-catenin signaling, which
was even more pronounced than the response of f-catenin or
TCF-4, exceeding nine-fold compared to normoxic conditions
(Fig. 4b). Lastly, upon reaching anoxic conditions, NOX4, a key
regulatory factor known to be involved in the control of Wnt
signaling, survival, and growth of hDPCs during in vitro cell
culture,**?” showed a drastic decrease in expression compared
to the control group; however, it exhibited an approximate five-
fold higher expression when oxygen supply was provided
(Fig. 4c). Therefore, genes that respond sensitively to oxygen
supply under extreme survival conditions, such as anoxia, may
likely be essential for maintaining cell viability and home-
ostasis, which necessitates further research to explore this
relationship in detail.

According to the final validation using the human hair
follicle organs, the absence of complete growth inhibition in
the untreated and non-Oxy-NE control groups can be inferred
as a result of the inability to achieve complete oxygen depriva-
tion during the Oxy-NE treatment process and the mild respon-
siveness of the organ to temporary normoxic conditions
(Fig. 5a, left and center). However, under the same conditions,
the supply and maintenance of oxygen at a concentration level
of 0.8% via Oxy-NE-200 significantly contributed to hair growth
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(Fig. 5a, right panel and Fig. 5b). This can be inferred due to the
appropriate organ survival range maintained at oxygen levels
of 0.2-0.8%, which further enhanced the observed effects.
Although validation using animal experiments or application
to actual human scalps may provide clearer possibilities, the
absence of a limited experimental model solely focused on
oxygen supply control, hindered the establishment of preclini-
cal or clinical-level validation. These clinical limitations can
be sufficiently overcome by further research in this field.
Ultimately, the results obtained through this study indicate
the enhancement of hair growth using oxygen delivery systems,
positioning it as a promising next-generation strategic technol-
ogy to combat hair loss.

5. Conclusions

Our findings demonstrate that continuous oxygen supply using
Oxy-NEs under conditions such as anoxia, resembling hair loss
conditions, regulates the accumulation of lactate resulting
from oxygen deprivation and also influences the expression of
relevant genes for hair growth, ultimately promoting the growth
of hDPCs. The utilization of Oxy-NEs aims to create a favorable
environment for hair regeneration and has proven to be effec-
tive in controlling local oxygen concentrations. Additionally, its
uniform nanosize properties sufficiently propose the potential
for strategic application through the human scalp.
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