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ABSTRACT
Background: The present work aims to formulate nanostructured lipid carriers (NLCs) exhibiting high
skin deposition and high inherent antioxidant potential to repurpose the use of melatonin hormone
and some antioxidant oils in the treatment of androgenic alopecia (AGA).
Research design and methods: NLCs were characterized for their size, charge, drug entrapment, anti-
oxidant potential, physical stability, in vitro release, surface morphology, and ex-vivo skin deposition.
Their merits were clinically tested on patients suffering from AGA by calculating the degree of
improvement, conduction of hair pull test, histometric assessment, and dermoscopic evaluation.
Results: Results revealed that melatonin NLCs showed nanometer size, negatively charged surface, high
entrapment efficiency, and high anti-oxidant potential, in addition to sustained release for 6 h.
Furthermore, NLCs displayed good storage stability and they were able to increase the skin deposition
of melatonin 4.5-folds in stratum corneum, 7-folds in epidermis, and 6.8-folds in the dermis compared
to melatonin solution. Melatonin NLCs displayed more clinically desirable results compared to the
melatonin solution in AGA patients, manifested by increased hair density and thickness and decreased
hair loss.
Conclusions: The aforementioned system was shown to be a very promising treatment modality for
AGA, which is worthy of futuristic experimentation.
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1. Introduction

Androgenic alopecia (AGA) is a heritable process causing
progressive decrease in the density of scalp hair in a gen-
der-dependent manner. It affects 50–70% of males accord-
ing to their age [1]. It was reported that free radicals cause
cellular apoptotic events in the hair follicles resulting in
progressive hair loss [2]. It was also further delineated that
oxidative stress and dysfunction of antioxidant enzymes
result in alopecia [3,4]. Therefore, formulating a suitable
topical antioxidant preparation for treatment of AGA is a
promising option.

Lipidic delivery systems are currently gaining attention in the
treatment of dermatological diseases owing to their skin per-
meation potential and their ability to act as drug reservoir [5–9].
Among the promising topical lipid carriers is nanostructured lipid
carriers (NLCs), which comprise a matrix of solid lipid and oil, and
were proven to exhibit topical merits owing to their smaller size
and occlusive properties [10]. Advantageously, antioxidant oils
can be used in their formulation, thus converting them to a
therapeutically functional nanocarrier [11].

In search of drugs to be loaded within the antioxidant NLCs,
an ancient molecule, melatonin hormone was reported to be an
excellent candidate to combat oxidative stress associated with
AGA, as it was proven to be a very potent and safe antioxidant
[12]. Furthermore, human hair follicles synthesize melatonin and
express melatonin receptors, and it was reported that melatonin
greatly influences the hair growth cycles [13], resulting in an
increase in anagen hairs in the frontal and occipital areas com-
pared with placebo [14]. Therefore, the use of melatonin in
treatment of AGA would present a safe treatment that over-
comes side effects encountered with the standard treatment
modalities finasteride which causes gynecomastia [15], and min-
oxidil which causes irritation and increased heart rate [16,17].

Therefore, the presented work aimed to explore the capacity
of melatonin as a promising cosmeceutical in the clinical treat-
ment of AGA, while being loaded in a functional lipidic nanocar-
rier based on antioxidant oils to augment its therapeutic efficacy
and facilitate its topical deposition. Till current date, there are no
reports exploring the clinical efficacy of melatonin nanoparticles
or any other nanoparticles in the treatment of AGA.
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2. Materials and methods

2.1. Materials

Bitter almond oil, absolute ethanol, Tween 80 (polysorbate 80),
sodium chloride, potassium dihydrogen phosphate, disodium
hydrogen phosphate, acetone, tetrahydrofuran, methanol, and
water were purchased from Al Nasr company, Cairo, Egypt.
Precirol ATO 5 (glyceryl palmitostearate), Compritol 888 ATO (gly-
ceryl dibehenate), and Labrafac Lipophile were kindly provided as
gift from Gattefossé company, Lyon, France. Evening primrose oil,
olive oil, and soybean oil were kindly provided as gift from Seatons
company, Snaith, UK. DPPH (2,2-diphenyl-1-picrylhydrazyl), phos-
photungistic acid and spectra/Por dialysis membrane were pur-
chased from Sigma Aldrich Chemical Co., St.Louis, USA. Melatonin
was purchased from Skin actives company, Gilbert, Arizona, USA.

2.2. Preparation of melatonin NLCs

Melatonin NLCs were prepared using a combined high shear
homogenization/solvent diffusion technique [18,19] according
to the composition shown in Table 1. Twenty-five milligrams
melatonin together with 250 µl of one of four oils, namely
evening primrose, olive, soybean, and bitter almond, were incor-
porated with 1-g solid lipid (glyceryl palmitostearate or glyceryl
dibehenate) and dissolved at 80ºC in either acetone: tetrahydro-
furan mixture (1:1, v/v) for glyceryl palmitostearate [20] or acet-
one: absolute ethanol (1:1, v/v) for glyceryl dibehenate [21]. The
organic phase was poured onto hot aqueous phase including
polysorbate 80 as surfactant at 75–80 ºC, and homogenized at
26,000 rpm for 2 min (Silent Heidolph crusher D91126,
Schwabach, Germany), followed by overnight magnetic stirring.

2.3. Characterization of melatonin NLCs

2.3.1. Determination of the particle size, polydispersity
index (PDI), and charge of NLCs
The size, PDI, and charge of the prepared melatonin NLCs
were determined using Zetasizer (model ZS3600, Malvern
Instruments Ltd., Worcestershire, UK) after dilution using
water [22,23].

2.3.2. Determination of melatonin entrapment efficiency
(EE%) in NLCs
EE% of melatonin NLCs was determined using the dialysis
method [24]. NLCs were transferred to the dialysis bag, and

then placed into a beaker comprising 2000 ml distilled water
that was changed twice. After exhaustive dialysis of the free
(unentrapped) drug in the dispersion for 2 h, an aliquot of
NLCs was vortexed with methanol, and the amount of
entrapped melatonin was measured at 278 nm using UV-
spectrophotometry (Libra S60, Biochrom Ltd., Cambridge,
UK). Furthermore, the entrapment capacity (ratio of the
entrapped drug to the lipid matrix) was also calculated.

2.3.3. Measurement of the anti-oxidant potential of
melatonin NLCs using DPPH assay
A stock of DPPH in methanol was prepared, kept in dark for
60 min, then its absorbance was measured at 5l5 nm, which is
the maximum wavelength of absorption of DPPH [25,26]. The
antioxidant potential of NLCs was assessed by adding 3900 µl
of the DPPH stock solution to 100 µl of the dialyzed NLCs, then
the test tubes were left in the dark for 60 min, and their
absorbance values were re-measured at 515 nm against
methanol. The DPPH scavenged percentage is calculated
from the following equation [27]:

DPPH Scavenged %ð Þ ¼ Absorbance of stock solution� Absorbance of test solution
Absorbance of stock solution

� 100%

For comparative purposes, two NLCs formulations were pre-
pared using Labrafac Lipophile oil (non-antioxidant oil) with
glyceryl palmitostearate and glyceryl dibehenate.

In order to further confirm the antioxidant potential of the
utilized oils, re-assessment of the antioxidant activity of NLCs
was performed, using an amount of each formula equivalent
to a constant amount of melatonin (0.25 mg), in order to take
into consideration the antioxidant ability of the oil without the
drug.

2.3.4. Physical stability of melatonin NLCs
The stability of NLCs was assessed by re-measuring their par-
ticle size, zeta potential, and PDI after storage for 3 months in
the refrigerator at 2–8ºC [28].

2.3.5. In-vitro release of selected melatonin NLCs
A specified volume of freshly dialyzed NLCs equivalent to 2 mg of
melatonin was loaded into a dialysis bag [21,28] and placed in
60 ml of phosphate buffer saline (PBS) pH 7.4, which ensured sink
conditions for melatonin. Samples were horizontally shaken in a
thermostatically controlled shaker (model IKA KS 4000 IC,
Wilmington, North Carolina, USA) at 32°C and 50 rpm [29]. At

Table 1. Composition and characterization of melatonin nanostructured lipid carriers.

Formula
code Solid lipid Antioxidant Oil

Particle size
(nm)

Mean ± S.D.
n = 3

PDI
Mean ± S.

D.
n = 3

Zeta potential
(mV)

Mean ± S.D.
n = 3

EE%
Mean ± S.

D.
n = 3

Entrapment
capacity

DPPH%
inhibition

Mean ± S.D.
n = 3

NLC1 Glyceryl
palmitostearate

Evening primrose 683 ± 27.08 0.42 ± 0.07 −17.2 ± 0.53 75.6 ± 0.56 1:66 43.62 ± 0.36
NLC2 Olive 307 ± 18.31 0.38 ± 0.15 −15.1 ± 0.22 76 ± 1.25 1:66 66.22 ± 0.23
NLC3 Soybean 307 ± 3.68 0.39 ± 0.11 −16.6 ± 0.14 73.6 ± 0.56 1:68 15.46 ± 0.29
NLC4 Bitter almond 303 ± 16.24 0.72 ± 0.15 −14.6 ± 0.78 50 ± 0.60 1:100 50.90 ± 0.65
NLC5 Glyceryl dibehenate Evening primrose 784 ± 7.30 0.44 ± 0.03 −16.2 ± 0.15 66 ± 2.26 1:76 54.70 ± 0.41
NLC6 Olive 563 ± 20.33 0.49 ± 0.02 −13 ± 0.61 74.8 ± 0.60 1:67 71.43 ± 0.32
NLC7 Soybean 616 ± 19.80 0.47 ± 0.03 −15.5 ± 0.42 61.2 ± 1.94 1:82 25.85 ± 0.15
NLC8 Bitter almond 698 ± 18.00 0.64 ± 0.11 −19.7 ± 0.00 36.4 ± 2.14 1:137 65.30 ± 0.36
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certain timepoints, 3ml sampleswerewithdrawn, and the amount
of released melatonin was quantified spectrophotometrically at
278 nm [30].

2.3.6. Transmission electron microscopy (TEM) for selected
melatonin NLCs
The surface morphology of the selected melatonin NLCs was
examined using TEM after negative staining with 1% phos-
photungstic acid (JEM – 100S, Joel, Tokyo, Japan) [31–34].

2.3.7. Ex-vivo skin deposition/permeation of melatonin
NLCs
Rat skin samples were cut into square pieces and fixed in
Hanson diffusion apparatus (model 60–301-106, CA, Los
Angeles, USA) in cells of 1.77 cm2 area. The receptor medium
was 7.5 ml PBS (pH 7.4) constantly mixed at 100 rpm and 32°C.

A constant volume (2 ml) of the selected melatonin NLCs
formulation was placed in the donor compartment.
Melatonin solution in PBS containing equivalent amount of
melatonin to the NLCs formulation was used as control.
After 24 h, buffer samples were collected and the skin sur-
face was washed five times using methanol and distilled
water, then dried with filter paper to remove any residue.
Skin tape stripping was performed 20 times with adhesive
tape, and the dermis was separated from the epidermis
using a scalpel. Tape strips and skin specimens were placed
each in 20 ml methanol followed by sonication for 4 h to
extract melatonin from each skin layer [35]. Samples were
filtered and analyzed using a validated UPLC method devel-
oped in our laboratory (Agilent 1290 infinity, Waldbronn,
Germany), using a mobile phase of acetonitrile:water 75:25
at a flow rate 0.6 ml/min and 10 µl were injected into a C18
column and analyzed at 223 nm.

2.4. Clinical efficacy of melatonin NLCs in treatment of
AGA

The clinical study included 40 male patients suffering from
AGA, divided into 2 groups. Group I (20 patients) were
treated with topical melatonin solution in PBS (pH 7.4),
while group II (20 patients) were treated with topically
applied NLC2 formulation. Patients were included from the
dermatology outpatient Clinic of Minia University Hospital.
Inclusion criteria were male patients, aged 18–50 years suf-
fering from mild-to-moderate AGA (stages I-V Hamilton-
Norwood classification), who have not used topical, sys-
temic, or intralesional therapy for AGA during and 6 months
prior the clinical study. A written approval was obtained
from each patient, and the clinical study was approved by
the research and research ethics committees of the faculties
of medicine and pharmacy (Minia and Ain Shams universi-
ties), respectively, for experimental and clinical studies (REC
ASU- 176), following the guidelines of the declaration of
Helsinki for human subject experimentation.

In each group, all patients were instructed to apply the
provided NLCs formula or melatonin solution daily on affected
scalp areas for a total period of 3 months. Assessment of the
clinical response was done at 16th week (i.e. 1 month after the
end of treatment). Patients were clinically assessed using:

2.4.1. Photography
Photography assessment was performed by taking digital
photos for the scalp before and at the 16th week of treatment.
An improvement grade expressed as the mean of grades
provided by three professional independent blinded observers
was provided for each patient through comparing the degree
of baldness before and after treatment. Score was given from:
−1 = worse than baseline, 0 = no improvement, 1 = minimal
improvement (< 20%), 2 = mild improvement (20–39%),
3 = moderate improvement (40–59%), 4 = good improvement
(60–79%), and 5 = excellent improvement (80–100%) [36].

2.4.2. Hair pull test
Hair pull test was performed by gentle grasping of few hair
strands (about 50–60 hairs) from the vertex between thumb,
index, and middle finger, and these extracted hairs were
counted, before and at the 16th week [37]. This test provides
an estimation of how much hair is being lost [38].

2.4.3. Histometrical assessment
Difference in microscopic measurement of the diameter of hair
shaft was assessed through pulling out hairs from the vertex
of 20 patients (10 from each group) before and after treat-
ment, and then they were placed on a glass slide mounted
with immersion oil. A computer-assisted program was
employed for measurement of mean hair shaft thickness by
obtaining five measurements for each hair shaft [39].

2.4.4. Dermoscopic examination
Dermoscopy was carried out on a fixed area on the scalp of
patients (10 cm from the glabella and a fixed area in the right
parietal region) using Dermlite dermoscope. Baseline and
post-treatment photographs (at 16th week) were provided
together with dermoscopic evaluation regarding yellow dots
(i.e. sebaceous debris), diameter of hair shaft, and hair density
[37]. A score of 0 indicated no improvement while a score of 1
indicated improvement of AGA.

2.5. Statistical analysis of data

One-way ANOVA and Tukey Kramer post-test were used to
analyze non-clinical data using Graphpad® Instat software, La
Jolla, California, USA. For clinical experiments, quantitative
data were expressed as range and mean ± S.D. whereas
qualitative data were expressed as number and percent.
Statistical analysis included ANOVA, paired t-test, independent
samples t-test, and Chi-square test. p values less than or equal
0.05 were statistically significant.

3. Results and discussion

3.1. Preparation of melatonin NLCs

NLCs were prepared by combined high shear homogeniza-
tion/solvent diffusion technique since it was the optimum
method of preparation based on our preliminary assessment,
taking into the consideration the large amount of lipid utilized
for NLCs formulation Polysorbate 80 at 2% concentration was
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sufficient to coat the nanoparticles and avoid their coales-
cence owing to steric stabilization [40].

3.2. Determination of the particle size, PDI, and charge
of NLCs

As demonstrated in Table 1, the particle size of NLCs ranged
from 303 to 784 nm. Their PDI values ranged from 0.38 to 0.72,
indicating polydispersity of the particles, which might be
attributed to the use of high shear rather than high-pressure
homogenization technique for the preparation, especially at
the large amount of solid lipid used [41,42]. The relatively
large particle size compared to other NLCs formulations
reported in the literature could be ascribed to the large
amount of solid lipid used (1000 mg), which was necessary
to achieve good encapsulation for melatonin, based on our
preliminary screening results.

It can be observed that NLCs prepared using glyceryl dibe-
henate as solid lipid displayed significantly larger particle size
compared to those prepared using glyceryl palmitostearate
(p < 0.05). This could be attributed to the difference in the
viscosity of the two solid lipids, since molten glyceryl dibehe-
nate viscosity was reported to be higher than that of glyceryl
palmitostearate, leading to larger particle size resulted from
the homogenization inefficiency [41]. It could also be attribu-
ted to glyceryl dibehenate’s longer chain length which is
mainly based on behenic acid (C22) than glyceryl palmitostea-
rate which is mainly based on stearic acid (C18) [43]. The
absence of a correlation between oil type and particle size
could be ascribed to the complex nature of each oil, being
composed of different fatty acids, resulting in different inter-
action modes with the solid lipid and surfactant molecules.

All formulations exhibited a negative charge, with values
ranging from −11.8 to −19.7 mV, indicating acceptable stability
[44] as a result of the electrostatic repulsion between nanopar-
ticles [45] despite that these values are lower than the value
normally required for steric stabilization (−30 mV). The origin of
the negative charge on NLCs is attributed to the presence of
ionizable fatty acids of triglycerides in glyceryl palmitostearate
and glyceryl dibehenate in addition to those present in the oils
[21,43,45]. The difference in the magnitude of negative charge
among NLCs formulations could be ascribed to the different
fatty acid contents of the solid and liquid lipids.

3.3. Determination of EE% of melatonin NLCs

As shown in Table 1, the EE% of melatonin NLCs varied from
36% to 76%. An overall high EE% of melatonin in NLCs could
be ascribed to its lipophilicity (log p 1.2), which favors its
incorporation within lipidic matrices. This came in accordance
with several authors who attempted encapsulation of melato-
nin in lipidic formulae [46]. Moreover, melatonin was success-
fully incorporated in solid lipid nanoparticles and in NLCs at an
EE% of 72% [47,48] concurring with our results, and further
confirming melatonin’s lipid affinity.

On further inspection of the results, it can be noted that
NLCs prepared using glyceryl palmitostearate exhibited higher
EE% than those prepared using glyceryl dibehenate (p < 0.05),
suggesting higher affinity for melatonin in the former lipid,

similar to what was encountered with other authors [49,50].
The comparable EE% of melatonin within NLCs, except for
almond oil-based NLCs, suggested that they exhibited com-
parable crystal lattice imperfections within the solid lipid core,
which is capable of encapsulating almost equivalent amount
of melatonin in evening primrose, olive, and soybean oil-
based NLCs. The low EE% encountered with almond oil NLCs
could be attributed to a lower affinity between melatonin and
the oil dictated by the log p of melatonin. This came in
accordance with other authors who attempted the encapsula-
tion of different parabens within glyceryl palmitostearate
almond oil NLCs [51].

3.4. Measurement of the anti-oxidant potential of
melatonin NLCs using DPPH assay

Melatonin NLCs were formulated using antioxidant oils,
namely olive, soybean, almond, and evening primrose oils.
Olive oil contains at least 30 phenolic compounds such as
simple phenols (tyrosol and hydroxyl tyrosol), flavonoids,
aldehydic secoiridoids, lignans, and vitamins as vitamin E,
which are known to possess potent free radical scavenging
effects [52,53]. Almond oil contains caffeic, vanillic, ferulic
acids, p-coumaric, kaempferol, quercetin, delphinidin, iso-
rhamnetin, cyaniding, and procyanidin B2 and B3 in addition
to vitamin E, all of which were proven to be strong antiox-
idants [54,55]. Evening primrose oil contains gallic acid
together with methyl- and ethyl-esters, caffeic, protocate-
chuic and ellagic acids (−)−epicatechin, (+)−catechin, quer-
cetin, (−)−epicatechingallate, procyanidins, penta-O-galloylo-
β-D-glucose, which were proven to be potent anti-oxidants
[56,57]. Soybean oil contains six isoflavones, which are con-
sidered major phenolic antioxidant compounds, namely gen-
istin, daidzin, daidzein, glycitin, glycitein, and genistein [58].
All of these aforementioned components within the chosen
NLCs oils serve as natural antioxidants proven to prevent the
formation of free radicals.

Upon comparing different NLCs formulations in Table 1, it
was obvious that their antioxidant potential (measured by
taking constant volume of NLCs) is arranged in the following
order: olive oil NLCs > almond oil NLCs > evening primrose oil
NLCs > soybean NLCs. The olive oil NLCs displayed signifi-
cantly higher antioxidant activity (p < 0.05) compared to all
other antioxidant oils, which is probably attributed to its high
content of phenolic compound hydroxyl tyrosol; which is
considered to be the most potent antioxidant [52,59].
Labrafac lipophile NLCs exhibited low DDPH% inhibition of
12.41% and 19.21% for glyceryl palmitostearate and glyceryl
dibehenate NLCs, respectively, owing to the lack of phenolic
antioxidants in the composition of labrafac lipophile, and its
DPPH% inhibition would be totally attributed to its melatonin
content. All other oils displayed variable DPPH scavenging
activity based on their phenolic compounds’ content. It was
also obvious that glyceryl dibehenate-based NLCs displayed
significantly higher DPPH% inhibition than glyceryl palmitos-
tearate-based NLCs (p < 0.05), which is suggestive of better
preservation of antioxidant activity of the oils upon their
incorporation within glyceryl dibehenate solid lipid phase
rather than glyceryl palmitostearate.
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Similar to what was obtained in the previous section, when a
volume of NLCs containing a constant amount of melatonin was
used for testing the antioxidant potential, olive oil containing
formulations also displayed the highest DPPH% inhibition
(p < 0.05). Melatonin solution in water at an amount equivalent
to 0.25 mg (control) displayed DPPH% inhibition of 18.15%,
suggesting that the utilization of antioxidant oils in the prepara-
tion of NLCs was a positive added value in terms of potentiation
of antioxidant activity. Results are displayed in supplementary 1.

3.5. Physical stability of melatonin NLCs

NLCs displayed mostly insignificant changes in size, PDI, and
charge suggesting their stability, which might be attributed to
the negative charges present on NLCs surface causing repul-
sion between the particles, hence preventing aggregation
[60]. Data are shown in supplementary 2.

3.6. In vitro release study on the selected melatonin
NLCs

Upon inspection of the combined results of size, zeta poten-
tial, polydispersity, DPPH% inhibition, and storage stability, it
can be observed that all NLCs formulations displayed favor-
able particle size in nanometer range and comparable zeta
potential values. Formulae NLC7 and NLC8 displayed the low-
est EE% values for melatonin and hence were excluded from
the release experiment. Furthermore, formula NLC3 which
displayed the lowest DPPH% inhibition was excluded from
the release study as well. Moreover, NLC5 which exhibited
the highest significant increase in particle size upon storage
was also excluded from this study. To recapitulate, formulae
NLC1, NLC2, NLC4, and NLC6 were selected for conduction of
the release experiment.

As shown in Figure 1, NLCs showed sustained release of
melatonin for 6 h, and 100% release was achieved after that
time. This sustained release is attributed to the affinity of the
lipophilic melatonin to the hydrophobic triglycerides fatty
acids chains present in glyceryl palmitostearate and glyceryl
dibehenate, resulting in a slow release pattern [61]. Owing to
the importance of increased drug amount released topically
within short period of time, formula NLC2 which displayed the

highest released amount of melatonin after 30 min was cho-
sen for further characterization.

3.7. Determination of NLCs morphology using TEM

As shown in Figure 2, formula NLC2 displayed nearly spherical
shape with a smooth surface, similar to what was encountered
with other authors [29,62].

3.8. Ex vivo skin deposition/permeation of melatonin
NLCs

The percentage of melatonin accumulated into the stratum
corneum, epidermis, and dermis or permeated through the
skin (reaching the receptor compartment) for both NLCs and
melatonin solution was shown in Table 2 and Figure 3. Only a
small amount of melatonin permeated to the PBS solution,
suggesting topical rather transdermal traits of the NLCs. NLCs
significantly increased the skin deposition of melatonin com-
pared to the solution, reaching 4.5-folds in stratum corneum,
7-folds in epidermis, and 6.8-folds in the dermis (p < 0.05). This
could be attributed to the lipidic characteristics of NLCs and
the melatonin lipid-to-water partition coefficient which pro-
mote the partitioning in the lipidic stratum corneum. In addi-
tion, the nanometer size of the NLCs formulation supports
their penetration to deeper skin layers [63]. NLCs were
reported to ensure close contact with the stratum corneum
superficial junctions, allowing the diffusion of active agents.
Following the application of NLCs to skin surface, water eva-
porates and hence, they form an adhesive layer causing skin
occlusion and increasing drug’s thermodynamic activity.

Figure 1. Cumulative % released of melatonin from the selected nanostructured
lipid carriers NLCs formulae.

Figure 2. Negative stain electron micrograph of formula NLC2 at a magnifica-
tion of 50000×.

Table 2. Ex vivo skin deposition/permeation data on the selected formula NLC2
compared to melatonin solution.

Skin layer

NLC2
Mean ± S.D.

n = 3

Melatonin solution
Mean ± S.D.

n = 3

SC 12.51% ± 0.35 2.76% ± 0.04
Epidermis 31.50% ± 0.38 4.46% ± 0.07
Dermis 8.23% ± 0.44 1.21% ± 0.14
Receptor compartment 3.07% ± 0.26 0.58% ± 0.05
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Stratum corneum hydration minimizes corneocyte packing,
increases inter-corneocyte gaps and allows drug partitioning
into the stratum corneum lipids [64].

3.9. Clinical efficacy of melatonin NLCs in treatment of
AGA

According to Hamilton Norwood classification, the baldness of
patients ranged from type I to V baldness indicating mild-to-
moderate hair loss. Assessment of the clinical response was
done in terms of follow-up photography/scoring, and assess-
ment of hair loss and hair diameter. No side effects were
reported by patients receiving NLCs or melatonin solution
indicating their safety and ensuring patient compliance.

As shown in Table 3, improvement was evident in a total of 8
patients (40%) of group I compared with a total significant
improvement in all 20 patients (100%) in group II (p < 0.05).
Therefore, it can be concluded that group II treated with NLC2
displayed significantly better improvement scores for patients
than group I patients treated with melatonin solution (p < 0.05).
Figure 4 displays photographic evidence of improvement in a

representative patient from group I and another patient from
group II.

Hair pull test is considered a noninvasive diagnostic
method which rapidly estimates hair loss severity [65]. As
evident in Table 4, the mean number of epilated hairs was
significantly decreased in groups I and II after treatment
(p < 0.05). However, the extent of decrease in hair loss was
significantly higher in group II patients treated with NLCs
formulation than group I patients treated with melatonin
solution (p < 0.05).

Regarding the histometric assessment of the hair shaft, as
evident in Table 4 and Figure 5, the extent of hair diameter

Figure 3. Ex vivo skin deposition/permeation of formula NLC2 compared to
melatonin solution.

Table 3. Comparison between groups I and II regarding dermatologist’s assess-
ment after treatment.

Improvement degree

Group (I)*
N = 20
N (%)

Group (II)**
N = 20
N (%)

Minimal 7 patients (35%)
Mild 1 patient (5%) 2 patients (10%)
Moderate - 4 patients (20%)
Good - 12 patients (60%)
Excellent - 2 patients (10%)
No improvement 12 patients (60%) -

* treated with melatonin solution,
** treated with melatonin NLCs.

Figure 4. Two male patients with androgenic alopecia before treatment (a, c). At 16th week of treatment (b, d), the improvement was minimal in group I after
topical treatment with melatonin solution (b) and excellent in group II after topical treatment with NLC2 formula (d).

Table 4. Comparison between groups I and II regarding hair pull test and hair
shaft thickness before and after treatment.

Groups Hair pull test Hair shaft thickness (µm)

Before
N = 20

After
N = 20

Before
N = 10

After
N = 10

Group I *
Range

7–10 hairs 5–8 hairs 40.99–54.22 44.52–56.76

Mean ± S.D 7.9 ± 0.97 6.6 ± 0.82 48.54 ± 4.67 51.54 ± 3.90
Group II **
Range

6–10 hairs 1–5 hairs 40.66–52.44 71.99–93.22

Mean ± S.D 7.7 ± 1.08 2 ± 1.03 44.98 ± 3.60 83.25 ± 7.39

* treated with melatonin solution,
** treated with melatonin NLCs.
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increase was significantly higher for group II patients com-
pared to group I patients (p < 0.05).

Upon dermoscopic examination of patients before
receiving treatment, they displayed an increase in the
thin vellus hairs with variability in the diameter of more
than 20% of the hair shafts, along with the presence of
yellow dots, positively correlating with the severity of the

disease [66]. As displayed in Figure 6, the post-treated
patients of group II displayed significantly higher increase
in hair density and hair shaft diameter with dramatic
reduction or disappearance of yellow dots than in group
I patients (p < 0.05).

As can be collectively deduced from the results, melatonin
encapsulation in antioxidant NLCs maximized its therapeutic
potential in AGA, as could be inferred from the clinical assessment
criteria. The promising behavior of NLCs in treatment of AGA could
be ascribed to their ability to facilitate the delivery of melatonin to
hair follicles, besides interacting with skin lipids as well to allow for
drug diffusion and depot formation inside the skin [67].
Furthermore, the small size of NLCs, their lipophilic nature, their
sustained release properties, and enhanced skin deposition com-
pared to the conventional solution form improved the drug–skin
bioavailability by improving the drug’s penetrability.

4. Conclusion

In the current work, the pharmaceutical as well as clinical
merits of melatonin NLCs in the treatment of AGA were pro-
ven, hence, opening a wide range of possibilities for the use of
nanoparticles in the treatment of dermatological diseases.
Furthermore, the current work proved that cosmeceuticals
can effectively replace conventional drug therapy, hence over-
coming side effects of the latter. Futuristic work requires
clinical work on larger number of patients, with more com-
prehensive studies on the mechanistic aspects of how a cos-
meceutical treats certain diseases such as AGA.

Figure 5. Hairs from male patients with androgenic alopecia before therapy (a,
c). At 16th week of treatment (b, d), there is significant increase in the hair shaft
diameter in group II aftertopical treatment with NLC2 formula (d) with also a
significant increase in hair shaft diameter in group I after topical treatment with
melatonin solution but to a smaller extent (b) (magnification × 400).

Figure 6. Dermoscopic features of scalp of male patients with androgenic alopecia before therapy showing yellow dots, variation in the hair shaft thickness, and
presence of hair follicles with single and double hair (a, c). At 16th week of treatment (b, d), there is increase in the hair density, hair shaft thickness, and decrease in
yellow dots after treatment in groups II, with no dermoscopic improvement in group I after topical application of melatonin solution (b) (magnification × 10).
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