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Abstract

and skin permeation test.

Background: Alopecia has become a very common disease that many people around the world are suffered.
Minoxidil (MXD) is the most well-known commercialized drug in its treatment. However, in the case of MXD
administration, there are some problems with low efficiency of transdermal delivery and additional side effects.

Method: MXD and Rhodamine B (Rho B) are encapsulated in poly(Lactide-co-Glycolide) grafted hyaluronate
nanoparticles (HA-PLGA/MXD NPs, HA-PLGA/Rho B NPs) which is prepared with W/O/W solvent evaporation
method. After then, the investigation is carried out to confirm the feasibility of NPs in alopecia treatment.

Results: Both of HA-PLGA/MXD NPs and HA-PLGA/Rho B NPs are successfully prepared. In addition, it is confirmed
that HA-PLGA NPs sufficiently delivered to cells without any significant cytotoxicity by cell viability, cellular uptake

Conclusion: Taken together, HA-PLGA NPs as a transdermal delivery carrier to hair follicle cells can be exploited to
develop the efficient and effective platform of transdermal drug delivery for the treatment of various diseases.
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Introduction

Alopecia is a symptom that hairs were abnormally lost be-
cause of various causes including genetic disorder, healthy
state, stress, and aging [1, 2]. Alopecia has become a com-
mon disease that large number of people around the
world have suffered [3]. Many kinds of medical trial have
been performed to treat alopecia by activating hair re-
generation at follicle cells. Among them, medication is the
most common method to treat alopecia.

Minoxidil (MXD) is the most widely used drug in alope-
cia treatment, especially male-pattern hair loss [1-7]. It is
known to have a vasodilatory effect and expedite secretion
of growth factors for hair regeneration. Due to the charac-
teristics of alopecia, it works effectively when applied to
the topical skin area through transdermal delivery of
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MXD. However, typical MXD delivery has the disadvan-
tages of low efficiency of transdermal delivery and various
side effects, such as tolerance, inflammation and low
blood pressure [6]. Therefore, many studies have been in-
vestigated to improve the transdermal delivery efficiency
of MXD applied to the skin and the therapeutic efficacy in
alopecia, through the transdermal routes such as hair
follicles, sweat glands or microneedle arrays [2, 4, 7-10].
To resolve the above issues, we have developed the
transdermal drug delivery platform for the treatment of
alopecia using MXD encapsulated Hyaluronate — Poly(-
Lactide-co-Glycolide) nanoparticles (HA-PLGA/MXD
NPs). Hyaluronic acid (HA) is a well-known natural poly-
saccharide for various biomedical applications [11-17].
The excellent characteristic of HA for the transdermal
delivery has been reported in our previous works [12].
Poly(Lactide-co-Glycolide) (PLGA) is also well-known bio-
compatible polymers and widely investigated for the va-
rious drug delivery application [11, 13, 18, 19]. Because of
the hydrophobicity of PLGA, it is known to be permeable
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to the skin, and transdermal delivery using PLGA has
been reported in some previous studies [15, 16]. There-
fore, through the respective transdermal characteristics,
HA-PLGA is expected to exhibit the synergistic effect in
transdermal delivery of MXD. In this work, to encapsulate
hydrophilic MXD in hydrophobic HA-PLGA conjugates
we prepared NPs using the W/O/W emulsion method
and characterized HA-PLGA/MXD NPs. Then we investi-
gated cell viability, cellular uptakes and transdermal deliv-
ery of those NPs to confirm the enhanced transdermal
delivery of MXD and the feasibility for treatment of vari-
ous diseases on skin.

Methods

Materials

Hyaluronic acid (HA, 100kDa) was purchased from
Lifecore Co. (Chaska, MN). Poly(Lactide-co-Glycolide)
(PLGA, 75:25, MW 10kDa) was obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Hexam-
ethylenediamine (HMDA), N-Hydroxysuccinimide (NHS),
Rhodamine B (Rho B), Poly(vinyl alcohol) (PVA), Dichlo-
romethane (DCM), Tween 80, Formaldehyde were pur-
chased from Sigma-Aldrich (St. Louis, MO). NN
"-Dicyclohexylcarbodiimide (DCC), Dimethylsulfoxide
(DMSO), Ethanol, and Methanol were obtained from Alfa
Aesar (Haverhill, MA). 1-Ethyl3-(3-dimethylaminopropyl)
carbodiimide (EDC) hydrochloride, Minoxidil (MXD) was
purchased from Tokyo Chemical Industry Co. (Tokyo,
Japan). EZ-CYTOX was purchased from Daeil lab Service
Co. (Cheongwon, Korea), Optimal cutting temperature
(OCT) compound was obtained from Sakura Finetek
(Zoeterwoude, Netherlands). Phosphate buffered saline
(PBS) were purchased from Invitrogen Co. (Carlsbad,
CA). Glycerin was purchased from DaeJung Chem Co.
(Siheung, Korea). DMEM, Fetal bovine serum (FBS) were
obtained from Thermo Fisher Scientific (Waltham, MA),
EFO gro™ HDP was purchased from DYNE Bio Co.
(Seongnam, Korea), Fibroblast cell (NIH/3T3) was ob-
tained from American Type Culture Collection (Manassas,
VA), Hair follicle dermal papillary cell (HFDP) was pur-
chased from Cell Engineering For Origin (Seoul, Korea).

Synthesis and characterization of HA-PLGA conjugates

The synthesis of HA-PLGA was described in elsewhere
[20]. In brief, hexamethylenediamine substituted HA
(HA-HMDA) were prepared and dissolved in dimethyl-
sulfoxide (DMSO, 30 mL) with a concentration of 1
mg/mL. PLGA (14 pmol) was dissolved in 6 mL of
DMSO  containing  N,N’-Dicyclohexylcarbodiimide
(DCC, 21pmol) and N-Hydroxysuccinimide (NHS,
21 pmol). Then, the solution of PLGA was mixed with
HA-HMDA solution, and stirred overnight. After then,
the mixture was dialyzed against DI water for 3 days.
The HA-PLGA was lyophilized for 3 days. And then,
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HA-PLGA was characterized by 'H nuclear magnetic
resonance spectroscopy (NMR, AVANCE NEO 500,
Bruker, Germany).

Preparation and characterization of NPs encapsulating
MXD or Rho B

MXD encapsulated HA-PLGA NPs were prepared by
using W/O/W solvent evaporation with sonication [21].
First, 7.5 mg of MXD was dissolved in 0.5mL of 2%
acetic acid aqueous solution. The solution was added to
the 1 wt% solution of HA-PLGA in of 6.25 mL of dichlo-
romethane (DCM) containing 11.3 pL of Tween 80. And
then, the mixture was emulsified by using a probe soni-
cator (VC 750, Sonics Inc., CT, USA) at 200 W of energy
output for 20 min in an ice bath (pulse on 2.0s, pulse off
1.0s). Then, the prepared water-in-oil (W/O) emulsion
was added to 33mL of 1.5wt% Poly(vinyl alcohol)
(PVA) aqueous solution and the mixture was emulsified
using a probe sonicator at 200 W of energy output for
20 min in an ice bath again to obtain HA-PLGA/MXD
NPs. To evaporate DCM, prepared W/O/W emulsion
was stirred overnight. The NPs were collected by ultra-
centrifugation at 12,000 rpm for 20 min. After centrifu-
gation, the precipitated NPs were dispersed in 2 mL of
DI water. Rhodamine B (Rho B) encapsulated HA-PLGA
NPs were also prepared in the same manner as described
above. The hydrodynamic diameter, zeta potential, and
morphology of NPs were characterized by dynamic light
scattering (Zetasizer Nano ZS90, Malvern Instruments,
UK) and transmission electron microscope (TEM, H-
7600, HITACHI, Japan). In addition, the loading capacity
of the NPs is defined as the mass of the loaded drug in
NPs divided by the mass of NPs and the encapsulation
efficiency is defined as the loaded drug amount in the
NPs over drug quantity in solutions [22]. To evaluate
loading capacity and encapsulation efficiency, amount of
MXD and Rho B in the supernatant of NPs solution
were calculated through measurement of the absorbance
at 289 nm for MXD and 555 nm for Rho B with UV-Vis
spectrometer (Optizen 2120UV, Mecasys, Korea), re-
spectively. Furthermore, to confirm the stability of MXD
loaded HA-PLGA NPs, we measured the HA-PLGA
NP’s size and amount of MXD in NPs after storing for
7 days in DI water.

In vitro release of HA-PLGA/MXD NPs

To investigate in vitro release of MXD, HA-PLGA/MXD
NPs were dispersed in 2 mL of phosphate buffered saline
(PBS, pH7.4) with 50 ug/mL concentration of MXD.
Then, the suspension was transferred in dialysis mem-
brane (MWCO 10,000 Da) and placed in 38 mL of PBS.
The sample tube was shaken at 60 rpm in 37 °C condi-
tions. At a predetermined time interval, 1 mL of PBS
was collected and replaced by equivalent volume of fresh
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PBS. Then, each sample was analyzed with UV-Vis spec-
troscopy to quantify the amount of MXD released from
HA-PLGA/MXD NPs. In addition, in vitro release test
of MXD was also carried out using MXD aqueous solu-
tion and PLGA/MXD NPs in the same method as con-
trol experiment [21].

Cell viability test

For cell viability test, fibroblasts were cultured in DMEM
containing 10% FBS and 1% antibiotics and 5% CO, con-
dition. The cytotoxicity of HA-PLGA/MXD NPs against
fibroblast was evaluated by cell proliferation (WST)
assay using EZ-CYTOX kit (water soluble tetrazolium
salt). First, fibroblasts (2.5 x 10% cells/well) were seeded
in a 96-well plate for 24 h. Then, various concentrations
(2, 4, 10, 20, 40, 100, and 200 pg/mL) of HA-PLGA/
MXD NPs were added to each well and incubated for 12
and 24 h, respectively. At the end of incubation, 10 puL of
WST solution (EZ-CYTOX) was added to the cell and
incubated for 2h. The absorbance of each well at a
wavelength of 450 nm was measured using a microplate
reader (AMR-100, ALLSHENG, China).

Cellular uptake test

For cellular uptake test, four dishes of hair follicle der-
mal papilla cells (2.5 x 10° cells/dish) were cultured with
EFO gro™ HDP containing 10% FBS and 1% antibiotics
in 37°C and 5% CO, condition for 24h. Then, the
growth medium in all of the dishes was replaced to HA-
PLGA/Rho B NPs or PLGA/Rho B NPs contained
serum-free medium with 10 uM concentration of Rho B
and incubated for 2 h. After that, the cells of each dish
were washed with fresh PBS and 500 pL of 4% formalde-
hyde solution was added to each dish for cell fixation.
The fixed cells were washed twice with fresh PBS and
mounted with 1 mL of glycerin. And then, the cells were
visualized using a fluorescence microscope (Eclipse
TS100, Intensilight C-HGFI, Nikon, Japan).

Skin permeation test

PLGA/MXD and HA-PLGA/MXD NPs with 300 pug of
MXD was applied on the 3 surfaces of rat skin, respect-
ively. The rat skin was placed between the receptor and
donor chambers at 37°C. The receptor chamber was
filled with 22 mL of PBS buffer (pH 7.4). Then, at prede-
termined time points (4, 6, 8, 12, and 24 h), 1 mL of the
sample solution was collected from a sidearm of recep-
tor chamber and replaced by the same volume of fresh
PBS. Then, each sample was analyzed with High Per-
formance Liquid Chromatography (HPLC, e2695, Wa-
ters, USA) and UV-Vis spectrometer to measure the
permeated MXD amount through the skin. The HPLC
analysis was performed with a SunFire C18 column (100
A, 5um, 4.6 x 250 mm, Waters, USA). The mobile phase
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was methanol/DI water/acetic acid (75:25:1, HPLC
grade, v/v/v) and the flow rate was 1.0 mL/min. The de-
tection wavelength was 285 nm.

Histological analysis

Ten microliters of diluted solution of HA-PLGA/Rho B
NPs and PLGA/Rho B NPs with 30 pg/mL concentration
of Rho B were applied on rat skin in the same area.
Then, at the predetermined time of 4, 6, 8, and 12 h, the
skin tissues were harvested. The retrieved skin tissues
were embedded into optimal cutting temperature (OCT)
compound at —30°C, and cut into 10 um thick sections
using cryotome (CM1860, Leica Biosystem, Germany).
The sections were fixed with the 1:1 (v/v) mixture of
ethanol and acetone and washed with distilled water to
remove residual OCT resins on the slide. And then, the
histological tissue sections were imaged by using a fluor-
escence microscope. The image analysis was performed
using Image J (NIH).

Statistical analysis

Data are expressed as means + standard deviation in a
few separate experiments. Statistical analysis was carried
out with the t-test using Prism 8 (GraphPad Software,
San Diego, CA), P values less than 0.05 were considered
statistically significant.

Results

Synthesis of HA-PLGA

HA-HMDA with 30 mol% of HMDA was used for the
conjugation with PLGA. Then, HA-PLGA was synthe-
sized by conjugation between the amine group of HA-
HMDA and the carboxyl end group of PLGA in DMSO
(Fig. 1b). After purification and lyophilization, HA-
PLGA was dissolved in DMSO-dg with concentration of
10 mg/mL and characterized by "H NMR. The charac-
teristic peaks of methyl resonance of acetamido moiety
of HA at § = 1.9 ppm and the methyl resonance of LA of
PLGA at 8=15ppm were shown in NMR spectrum
(Fig. 2). From each characteristic peak, we could assess
grafting ratio of PLGA for HA was 4.4%.

Characterization of PLGA/MXD and HA-PLGA/MXD NPs

After preparing the NPs, we carried out the
characterization of PLGA/MXD NPs and HA-PLGA/
MXD NPs. The loading efficiency of MXD in NPs could
be calculated by measuring the absorbance of super-
natant. The drug loading and encapsulation efficiency of
PLGA/MXD NPs and HA-PLGA/MXD NPs were sum-
marized in Table 1. More than 40% of MXD was encap-
sulated in both of PLGA NPs and HA-PLGA NPs and it
was shown that MXD was more loaded in NPs conju-
gated with HA. These results and the transdermal char-
acteristic of HA could show a synergistic effect and
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enable more efficient delivery of MXD. Therefore, we
expected HA-PLGA NPs would be a good candidate of
MXD carrier for alopecia treatment.

Hydrodynamic diameters and zeta potential of each NP
encapsulating MXD were measured by DLS (Fig. 3a, c). The
mean hydrodynamic diameter of PLGA/MXD NPs was
159 +11.8 nm (PDI: 0.074) and that of HA-PLGA/MXD
NPs was 243 + 44.5 nm (PDI: 0.182). Although PDI was in-
creased with the conjugation of HA, the size distribution of
HA-PLGA NPs was still narrow and located in appropriate
size, which could be expected to be delivered to hair folli-
cles. As shown in Fig. 3¢, NPs had a negative surface charge
ranging from -432 to -04mV after conjugation with

negatively charged HA. In addition, the TEM image re-
vealed that both of PLGA/MXD and HA-PLGA/MXD NPs
had the spherical structure with uniform size. Especially,
HA-PLGA NPs were shown core-shell structure composed
by hydrophobic PLGA core and hydrophilic HA shell (Fig.
3b). We could confirm that the size of NPs and amount of
MXD in NPs were maintained stably for 7 days in DI water.

Drug release profiles of MXD-loaded HA-PLGA NPs

In vitro release test of MXD encapsulated in HA-PLGA
NPs was carried out with dialysis membrane (MWCO 10,
000 Da) for 7 days. As a control, the PLGA/MXD NPs and
MXD aqueous solutions were also performed in the same
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condition. Using collected 1 mL of PBS at a predetermined
time, the released amount of MXD could be measured by
UV-Vis absorbance at 285 nm. Figure 4 shows the cumu-
lative release of MXD from PLGA NPs and HA-PLGA
NPs in PBS at 37 °C. MXD was released steadily from both
PLGA NPs (24%) and HA-PLGA NPs (25%).

In vitro cellular uptake of NPs and cytotoxicity test

To investigate cellular interaction of NPs, we confirmed the
uptake of Rho B loaded NPs by hair follicle dermal papillary
cells which regulate hair follicle development and growth
in vitro using fluorescence microscopy. As the results, we
could confirm that the HA-PLGA/Rho B NPs treated cells
showed strong fluorescence while PLGA/Rho B NPs
showed little fluorescence in the cells (Fig. 5). In addition,
cell viability of HA-PLGA/MXD NPs was investigated using
mouse fibroblast cells (Fig. 6). When we incubated NPs to
the cells with different concentrations of MXD from 2 pg/
mL to 200 pg/mL and incubation time of 12h and 24 h,
respectively, there was no significant cytotoxicity of MXD
encapsulated NPs to the cells.

Table 1 Characterization PLGA/MXD and HA-PLGA/MXD NPs

Mean volume PDI
diameter (nm)

Minoxidil content  Encapsulation
in nanoparticles (%) efficiency (%)

PLGA/MXD 159 £ 118
HA-PLGA/MXD 243 + 445

0074 4.66 40.70
0.182 6.24 5548

Skin permeation of MXD encapsulated NPs

Based on in vitro results, we investigated the efficiency
and dynamics of transdermal permeation using a static
Franz diffusion cell and histological examinations. At first,
the skin penetration of PLGA NPs and HA-PLGA NPs
with 300 pg of MXD was investigated for 24 h. The con-
tent of MXD in the NPs penetrating into skin tissue in-
creased with time in the receptor of Franz diffusion cell
(Fig. 7). After 4 h, 124.4 + 0.034 pg of MXD was measured
in HA-PLGA NP samples beside 83.8 + 0.048 pg of MXD
in PLGA NP samples and after 24 h, 150.6 + 0.004 pg in
HA-PLGA NP samples and 115.7 + 0.002 pg in PLGA NP
samples were measured. From the results, we confirm that
there was a significant difference in the cumulative
amount of MXD between both of the samples with statis-
tical analysis. Since the previous release profile test did
not show a significant difference between HA-PLGA NPs
and PLGA NPs, the results of this experiment were af-
fected by permeability more than release rate. As the re-
sults, we can confirm that HA-PLGA NPs were more
permeable than PLGA NPs and more efficiency in trans-
dermal delivery. In addition, for the histological analysis,
HA-PLGA/Rho B NPs were topically applied on rat skin
tissue. Confocal images (Fig. 8a) and variation of fluores-
cence intensity in each region (Fig. 8b) of tissue sections
harvested at a predetermined time after topical adminis-
tration showed a time-dependent increase of HA-PLGA/
Rho B NPs in the hair follicles. At 4h, 95% of total
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fluorescence was measured in stratum corneum and epi-
dermis and it meant that HA-PLGA/Rho B NPs were still
only on the surface of the skin. But after 6 h, while the in-
tensity ratio of stratum corneum decreased, the other re-
gion’s were constant, but the follicle cell’s was increased.

Discussion

Transdermal drug delivery is the most attractive candi-
date for replacing needle-injection. However, there are
some limitations, such as low delivery efficiency and

bioavailability. In case of the treatment of alopecia,
MXD is widely used, but using MXD also has disadvan-
tages when it is applied on the skin. To increase the de-
livery efficiency of MXD, we designed novel
transdermal carriers in forms of nanoparticles. To use
effectively each material with good properties in the
delivery of MXD, we used an emulsification method
through solvent evaporation [21, 23, 24]. Emulsion
method can facilitate more efficient storage, improve
stability of hydrophobic drugs, and reduce the size of
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particles as drug delivery carrier [18]. Therefore, we
prepared the HA-PLGA NPs using W/O/W emulsion
method which has been widely investigated in drug de-
livery system [18].

At first, in the HA-PLGA synthesis, we could confirm
the successful synthesis of HA-PLGA from the character-
istic peaks in NMR spectrum and 4.4% of substitution of
PLGA for HA. Then, after characterization of HA-PLGA

A

Brightfield

Fluorescence

Fig. 5 Confocal microscopic images of uptake and accumulations of
a PLGA/Rho B NPs and b HA-PLGA/Rho B NPs in dermal papillary
cells. Scale bar indicates 100 nm

NPs, although PDI was increased with the conjugation of
HA, the size distribution of HA-PLGA NPs was still nar-
row and located in appropriate size for the hair follicle
permeation, which could be expected to be delivered to
hair follicles. In addition, HA-PLGA NPs were shown
core-shell structure composed by hydrophobic PLGA core
and hydrophilic HA shell by TEM analysis.

In vitro release and cellular uptake test, the HA-PLGA
NPs showed the controlled release of MXD and high ef-
ficiency of cell uptake compared to PLGA NPs. The
mechanism of cellular uptake is HA receptor-mediated
endocytosis by the highly expressed CD 44 which is
well-known to HA receptor on dermal papillary cells
[13]. Therefore, the biocompatible HA conjugated NPs
can be more utilized in the treatment of alopecia.

Through the permeation test, we could confirm that
HA-PLGA NPs gradually penetrated through the hair
follicles. 8 h later, the fluorescence intensity in the epi-
dermis and follicle cells were almost constant, but the
total intensity in stratum corneum was decreased con-
tinuously and the those in the dermis and follicle
cells were increased. Thus, these results suggest that
HA-PLGA NPs delivered to the follicle cells were
dispersed to the dermis and took 8 h to approach the
surrounding tissue.

Taken together, HA conjugated NPs could show a
synergistic effect and enable more efficient delivery of
MXD by their excellent skin permeability charac-
teristics. Therefore, we expected HA-PLGA NPs
would be a good candidate of MXD carrier for alope-
cia treatment.
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Conclusion

In this work, we prepared MXD-encapsulated HA-PLGA
NPs using W/O/W solvent evaporation method and con-
firmed the biocompatibility in cell viability test and the
ability of HA-PLGA NPs to delivery to follicle cells in
cellular uptake test and skin permeation test. From the
characterization of HA-PLGA NPs, we could confirm
higher efficiency of transdermal delivery that HA-PLGA

NPs had not only suitable hydrodynamic diameter, but also
more drug loading efficiency than PLGA NPs. In addition,
a sufficient amount of MXD was uptaken into cells without
cytotoxicity and HA-PLGA NPs were successfully delivered
to hair follicle cells. With these results, HA-PLGA NPs are
suitable in transdermal delivery of MXD for alopecia treat-
ment and can be exploited to develop an efficient and ef-
fective platform for the treatment in various other diseases.

£ 0.154

E

Q >k
= 0.12-1

[T

=]

o

(]

= 0.091

©

=

Q

c

L 0.06-

(]

2

-~

©

S 0.031

£

=

(6]

0.00 T T T T
0 6 12 18 24
Time (Hour)
Fig. 7 Skin penetration of MXD from PLGA/MXD (m) and HA-PLGA/MXD NPs (A) investigated by using a static Franz diffusion cell (mean + SD,
n=3,*p <001, t-test)
J




Jeong et al. Biomaterials Research (2019) 23:16 Page 9 of 10

A Brightfield Fluorescence

704 201
N.S.
—_—
601 *
—_—
504 151 Kk
g g
2 2
£ £ 104
c c
£ 304 S
£ £
204
54
104
[ T T T T 1 o T T T T 1
6 8 10 12 4 6 8 10 12
Time (Hour) Time (Hour)

Fig. 8 a Fluorescence microscopic images of histological section of rat skin at 4, 6, 8 and 12 h after topical application of Rho B encapsulated HA-
PLGA NPs. Scale bar indicates 100 um. b Quantitative analysis of fluorescence intensity at each skin layer: stratum corneum (e), epidermis (m),
dermis and follicle cells (A) and only follicle cells (#). (mean +SD, n=5, ***p < 0.001, t-test)




Jeong et al. Biomaterials Research (2019) 23:16

Abbreviations
HA: Hyaluronic Acid; MXD: Minoxidil; NPs: Nanoparticles; PLGA: Poly(Lactide-
co-Glycolide)

Acknowledgements

The authors gratefully thank Seonyeong An for helping in in vitro evaluation.

Authors’ contributions

WYJ and SK performed all experiments, collected samples, analyzed and
interpreted data, prepared the figures for the manuscript, and wrote the
manuscript. KSK designed all experiment and conceived and supervised the
project, interpreted data and wrote the manuscript. SYL contributed to the
chemical synthesis and HL carried out skin permeation test. DWH and SYY
contributed to the scientific discussion. All authors contributed to critical
reading of this manuscript. Al authors read and approved the final
manuscript.

Funding

This work was supported by National Research Foundation of Korea
(#2018R1C1B5035631, # 2019R1F1A1062216 and # 2019R1A4A1024116) and
Pusan National University Research Grant, 2017.

Availability of data and materials
Please contact author for data request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
The manuscript has been submitted with the consent of all authors for
publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Organic Materials Science and Engineering, College of
Engineering, Pusan National University, 2 Busandaehak-ro 63 beon-gil,
Geumjeong-gu, Busan 46241, Republic of Korea. “Department of Biomaterials
Science, Life and Industry Convergence Institute, Pusan National University,
1268-50 Samrangjin-ro, Miryang 50463, Republic of Korea. *Department of
Optic-Mechatronics Engineering, College of Nanoscience and
Nanotechnology, Pusan National University, 2 Busandaehak-ro 63 beon-gil,
Geumjeong-gu, Busan 46241, Republic of Korea.

Received: 11 August 2019 Accepted: 12 September 2019
Published online: 31 October 2019

References

1. Messenger AG, Rundegren JR. Minoxidil: mechanisms of action on hair
growth. Br J Dermatol. 2004;150:186-94.

2. Pratt CH, King LE, Messenger AG, Christiano AM, Sundberg JP. Alopecia
areata. Nat Rev Dis Primers. 2017;3:17011.

3. Yang G, Chen Q, Wen D, Chen Z, Wang J, Chen G, Wang Z, Zhang Y, Hu J,
Zhang L, Gu Z. A therapeutic microneedle patch made from hair-derived
keratin for promoting hair regrowth. ACS Nano. 2019;13:4354-60.

4. Lee HJ, Oh DW, Na MJ, Kim DW, Yuk DY, Choi HC, Lee YB, Han K, Park CW.
Preparation and in vivo evaluation of lecithin-based microparticles for
topical delivery of minoxidil. Arch Pharm Res. 2017;40:943-51.

5. Jimenez MG, Valganon JA, Calle E, Casado J. Aromatic C-nitrosation of
bioactive molecule. Nitrosation of minoxidil. Org Biomol Chem. 2011;9:7680.

6. Choi NH, Shin SY, Song SU, Sung JH. Minoxidil promotes hair growth
through stimulation of growth factor release from adipose-Drived stem
cells. Int J Mol Sci. 2018;19:691.

7. Liao AH, Lu YJ, Lin YC, Chen HK, Sytwu HK, Wang CH. Effectiveness of layer-
by-layer microbubbles-based delivery system for applying Minoxidil to
enhance hair growth. Theranostics. 2016;6(6):817-27.

8. Alkilani AZ, McCrudden MT, Donnelly RF. Transdermal drug delivery:
innovative pharmaceutical Delvelopment based on disruption of the barrier
properties of the stratum corneum. Pharmaceutics. 2015;7:438-70.

Page 10 of 10

9. Qiang WD, Zhou T, Lan X, Zhang X, Guo Y, Noman M, Du L, Li W, Lu Y,
Guan L, Zhang L, Li X, Yang J, Li H. A new nanoscale transdermal drug
delivery system: oil body-linked oleosin-hEGF improves skin regeneration to
accelerate wound healing. J Nanobiotechnol. 2018;16:62.

10.  Svenskaya VI, Genina EA, Parakhonskiy BV, Lengert EV, Talnikova EE, Terentyuk
GS, Utz SR, Gorin DA, Tuchin W, Sukhorukov GB. A simple non-invasive
approach toward efficient transdermal drug delivery based on biodegradable
particulate system. ACS Appl Mater Interfaces. 2019;11:17270-82

11, Llimkowaska MB, Poplawska M, Grudzinski IP. Nanocomposites as
biomolecules delivery agents in nanomedicine. J Nanobiotechnol. 2019;17:48.

12. Kim KS, Kim HM, Park YJ, Kong WH, Lee SW, Kwok SJ, Hahn SK, Yun SH.
Noninvasive transdermal vaccination using Hyaluronan Nanocarriers and
laser adjuvant. Adv Funct Mater. 2016,26:2512-22.

13. Huang J, Zhang H, Yu Y, Chen Y, Wang D, Zhang G, Zhou G, Liu J, Sun Z,
Sun D, Lu Y, Zhong Y. Biodegradable self-assembled nanoparticles of poly
(D, L-lactide-co-glycolide)/hyaluronic acid block copolymers for target
delivery of docetaxel to breast cancer. Biomaterials. 2014;35:550-66.

14.  Qhattal HS, Liu X. Characterization of CD44-mediated Cancer cell uptake
and intracellular distribution of Hyaluronan-grafted liposomes. Mol Pharm.
2011,8(4):1233-46.

15. Marimuthu M, Bennet D, Kim SH. Self-assembled nanoparticles of PLGA-
conjugated glucosamine as a sustained transdermal drug delivery vehicle.
Polym J. 2013;45:202-9.

16. Naves L, Dhand C, Almeida L, Rajamani L, Ramarkrishna S, Soares G.
Poly(lactic-co-glycolic) acid drug delivery systems through transdermal
pathway: an overview. Biomaterials. 2017,6:1-11.

17. Lee JH, Jeong HS, Lee DH, Beack SE, Kim T, Lee GH, Park WC, Kim C, Kim KS,
Hahn SK. Targeted hyaluronate - hollow gold Nanosphere conjugate for
anti-obesity Photothermal lipolysis. ACS Biomater Sci Eng. 2017;3:3646-53.

18.  Ansary RH, Awang MB, Rahman MM. Biodegradable poly(D,L-lactide-co-
glycolide acid)-based micro/nanoparticles for sustained release of protein
drug - a review. Trop J Pharm Res. 2014;13(7):1179-90.

19.  Rajendran JB, Lee SH, Park HS. Lipid-based surface engineering of PLGA
nanoparticles for drug and gene delivery applications. Biomaterials Res. 2016;20:34.

20. Park JK, Yeom JS, Oh EJ, Reddy M, Kim JT, Cho DW, Lim HP, Kim NS, Park
SW, Shin Hl, Yang DJ, Park KB, Hahn SK. Guided bone regeneration by
poly(lactic-co-glycolic acid) grafted hyaluronic acid bi-layer films for
periodontal barrier applications. Acta Biomater. 2009;5:3394-403.

21, Takeuchi |, Hida Y, Makino K. Minoxidil-encapsulated poly(L-lactide-co-
glycolide) nanoparticles with hair follicle delivery properties prepared using W/
O/W solvent evaporation and sonication. Biomed Mater Eng. 2018,29:217-28.

22, Chandrasekharan A, Hwang YJ, Seong KY, Park SD, Kim SD, Yang SY. Acid-
treat water-soluble chitosan suitable for microneedle-assisted
Intracutaneous drug delivery. Pharmaceutics. 2019;11:209.

23. Edel S, Hongkee S. Recent trends in preparation of poly(lactide-co-glycolide)
nanoparticles by mixing polymeric organic solution with Antisolvent. J
Nanomaterials. 2015;16:2-22.

24. Lee MH, Lim HR, Lee TH, Park JC. Preparation of PLGA microparticles by a
double emulsion solvent technique for sustained Elease of
(—)-epigallocatechin Gallate (EGCG) and their growth inhibitory effect on rat
aortic smooth muscle cells. Biomaterials Res. 2009;13(1):11-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Method
	Results
	Conclusion

	Introduction
	Methods
	Materials
	Synthesis and characterization of HA-PLGA conjugates
	Preparation and characterization of NPs encapsulating MXD or Rho B
	In vitro release of HA-PLGA/MXD NPs
	Cell viability test
	Cellular uptake test
	Skin permeation test
	Histological analysis
	Statistical analysis

	Results
	Synthesis of HA-PLGA
	Characterization of PLGA/MXD and HA-PLGA/MXD NPs
	Drug release profiles of MXD-loaded HA-PLGA NPs
	In vitro cellular uptake of NPs and cytotoxicity test
	Skin permeation of MXD encapsulated NPs

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

