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Abstract: Androgenetic alopecia (AGA) is a multifactorial and age-related condition characterized
by substantial hair loss affecting both men and women. Conventional treatments include the
use of topical minoxidil (MNX) formulations to stimulate hair growth and restore hair condition.
However, those treatments are associated with limited performance and a lack of tolerability
and compliance due to the emergence of adverse effects. Considering that the development of
nanotechnology-based formulations as hair loss therapeutic strategies has been clearly growing,
topical MNX delivery by means of these innovative formulations is known to enhance MNX skin
permeation and depot formation into hair follicles, allowing for MNX-controlled release, increased
MNX skin bioavailability and enhanced therapeutic efficacy with minimal adverse effects. This review
highlights the potential of nanotechnology-based MNX delivery formulations for improved hair loss
therapeutics, including a thorough assessment of their in vitro and in vivo performances, as well as
regulatory and nanosafety considerations.
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1. Introduction

Androgenetic alopecia (AGA) is a common hair-related disorder characterized by progressive
hair loss patterns, affecting genetically predisposed men and women to dihydrotestosterone (DHT),
a hormone responsible for follicular growth decrease [1,2]. AGA incidence is known to be age-associated,
affecting 58% of men ca. 50 years old, and 73% of men and 57% women above the age of 80 years [2,3].
Even though AGA is a non-lethal disease, it is frequently associated with concerning psychological
and social concerns [3,4]. The pathologic mechanism of AGA is not fully understood yet; however, it is
known that AGA promotes the miniaturization of the hair follicles, diminishes the hair density and
consequently enhances the emergence of vellus hair [1]. This mechanism is the result of the anagen
phase’s shortening, leading to both a decrease in hair density (and the number of the hair follicles) and in
hair follicle diameter (decreased thickness) [5]. Considering AGA treatment, four essential therapeutic
groups can be outlined: growth factors, inhibitors of 5α- reductase (the hormone responsible for the
transition of testosterone into DHT) and ATP-sensitive potassium channel agonists and antagonists of
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the androgen receptor [3]. Minoxidil (MXD) is a pyrimidine derivative and a peripheral vasodilator that
appeared in clinical practice in the 1970s, and is able to decrease the blood pressure through the reduction
of peripheral vascular resistance. It has been used as an antihypertensive drug when conventional
therapy is not a viable option, owing to its vasodilating properties [6,7]. Additionally, MXD is also
extensively used topically for AGA therapy, exerting its action as a potassium channel opener, releasing
nitric oxide and increasing blood flow into the hair follicles, modifying the prostaglandins’ D2 and
E2 pathways, thus supressing the pathway involved in AGA development [6]. Therefore, it has the
ability to prolong the anagen phase in the hair follicles with efficient anti-hair loss results [4,8]. In fact,
considering that several adenosine receptors are expressed in dermal papilla cells (DPCs), a study
reported the relevance of adenosine as a mediator for MNX-induced vascular endothelial growth factor
(VEGF) production in DPCs and further hair growth stimulation [9]. MXD has low water solubility, in
keeping with its traditional topical formulations based in solutions comprising ethanol and propylene
glycol, which, due to ethanol evaporation and consequent formation of MXD crystals, are responsible
for adverse skin effects, including pruritus, rash, dandruff and allergic contact dermatitis [1,8,10].
The rise of adverse effects leads to treatment discontinuity and hinders patients’ compliance with
the treatment, which limits the therapeutic success [1]. Considering that the absorption of MXD
is regarded to be higher through the topical route, novel and suitable formulations are needed for
MNX topical delivery [3,11]. The skin, besides functioning as a biological barrier for protecting the
body against external aggressions and regulating key internal homeostatic mechanisms, consists of
a particular route for drug delivery owing to the pronounced surface area and different delivery
routes available. Both dermal and follicular drug delivery are the two main routes allowing drug
localized effects, whereas transdermal delivery is aimed at systemic drug effects [12,13]. Skin drug
delivery comprises the skin application of a drug-containing formulation destined at either penetrating
and/or permeating through the skin layers, or achieving directly deeper skin strata penetration via
the skin appendages. This comprises a potential alternative for systemic drug therapeutics, as well as
the possibility of decreasing the overall necessary drug dose regarding skin conditions/diseases, and
an effective way of reducing off-target adverse effects related to systemic drug administration [13].
Topical delivery of drugs often requires skin permeation, which depends on the drug’s lipophilic
characteristics, as the presence of the stratum corneum restrains the drugs’ permeation [14]. Skin
permeation can be achieved through other skin-related pathways, such as the hair follicle pathway
(Figure 1) [15]. Skin permeation through the hair follicles is known as the transappendageal pathway, as
hair appendages allow the drug’s absorption from the skin surface through ducts by an uninterrupted
diffusion pathway, thus avoiding the stratum corneum barrier [16]. Hence, interest in the delivery of
MXD through hair follicles for AGA therapeutic treatment has arisen in recent years, due to the hair
follicle’s ability to supply a direct pathway for skin permeation [14]. The rationale for improved drug
delivery via skin by means of nanotechnology-based formulations has to do with the small size and
increased surface area of nanoparticles, which enable a close and extended contact with the stratum
corneum. Moreover, the possibility of controlled drug release patterns allows for a drug controlled
diffusion and deeper penetration into skin strata, minimizing both the required drug dosage and
drug losses, as well as reducing topical adverse effects while increasing therapeutic efficacy [6,17].
Particularly, hair follicle-mediated nano-based delivery increase drug penetration and deposition into
deeper skin layers [18], as drug-loaded nanoparticles can accumulate in hair follicles and favor drug
penetration and release in deeper skin strata. Moreover, such hair follicles may function as drug
reservoirs (drug depot formation) for controlled drug release, reducing adverse effects and enhancing
therapeutic compliance [5,19] (Figure 1).
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Figure 1. Schematic illustration of: (A) hair miniaturization by dihydrotestosterone (DHT); (B) 
minoxidil (MNX) topical delivery pathway via MNX permeation through stratum corneum; (C) MNX 
topical delivery pathway via MNX penetration into the hair follicles with depot formation. 

Additionally, preferential permeation of nanoparticles into the hair follicles when compared to 
the stratum corneum yields higher deposition and long-term accumulation of the drug, together with 
the ease of penetration related to the lack of differentiation and reduced size of interfollicular 
corneocytes. Besides local skin delivery, and once the basal section of the hair follicle is densely 
irrigated, this follicular delivery route could constitute a shortcut for systemic drug delivery [18]. The 
main nano-based formulations for topical drug delivery include natural and synthetic polymer-based 
nanoparticles and dendrimers; lipid-based nanoparticles, such as liposomes and lipid nanoparticles 
(solid lipid nanoparticles and nanostructured lipid carriers); and inorganic nanoparticles, such as 
metallic and silica nanoparticles [13]. MXD-loaded nanotechnology-based formulations in vitro and 
in vivo studies account for applications in vertical diffusion models, in order to characterize MXD’s 
skin permeation, and topical administration in laboratory animals for assessing pharmacokinetic/ 
pharmacodynamic profiles, respectively. However, for a better preclinical assessment of MXD-

Figure 1. Schematic illustration of: (A) hair miniaturization by dihydrotestosterone (DHT); (B) minoxidil
(MNX) topical delivery pathway via MNX permeation through stratum corneum; (C) MNX topical
delivery pathway via MNX penetration into the hair follicles with depot formation.

Additionally, preferential permeation of nanoparticles into the hair follicles when compared to
the stratum corneum yields higher deposition and long-term accumulation of the drug, together with
the ease of penetration related to the lack of differentiation and reduced size of interfollicular
corneocytes. Besides local skin delivery, and once the basal section of the hair follicle is densely irrigated,
this follicular delivery route could constitute a shortcut for systemic drug delivery [18]. The main
nano-based formulations for topical drug delivery include natural and synthetic polymer-based
nanoparticles and dendrimers; lipid-based nanoparticles, such as liposomes and lipid nanoparticles
(solid lipid nanoparticles and nanostructured lipid carriers); and inorganic nanoparticles, such as
metallic and silica nanoparticles [13]. MXD-loaded nanotechnology-based formulations in vitro and
in vivo studies account for applications in vertical diffusion models, in order to characterize MXD’s
skin permeation, and topical administration in laboratory animals for assessing pharmacokinetic/
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pharmacodynamic profiles, respectively. However, for a better preclinical assessment of MXD-loaded
nanotechnology-based formulations, concise regulation is required in order to provide guidance for the
evaluation of toxic effects, especially long term, allowing us to establish their safety profiles (Figure 2).
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Figure 2. Schematic presentation of minoxidil nanoparticle types applied as topical drug delivery
systems for androgenic alopecia developed so far. Such systems have been submitted to in vitro and
in vivo studies for toxicity, safety and efficacy profiles assessment under the regulation and guidance
applied nowadays.

The main aim of this review is to describe and critically analyze the drug delivery strategies applied
in AGA, with a focus on MXD topical delivery systems, including conventional and, particularly,
nanotechnology-based formulations. Additionally, an overview of inherent in vitro and in vivo studies
will be undertaken, as well as MXD toxicity issues and the regulatory affairs required for development
and successful market introduction.

2. Minoxidil Topical Delivery Systems

2.1. Formulation Requirements for Topical Delivery of Minoxidil

The pursuit of drug delivery through the skin has been increasing in recent years due to the ability
to provide both topical and systemic effects [17]. Conventional topical delivery of MXD is in part
restrained by the skin’s physical barrier, which hampers MXD skin permeation through the skin layers.
This requires higher daily doses that may result in the appearance of adverse effects [20]. Nevertheless,
the topical MXD delivery by using nanotechnology-based formulations offers several advantages: (1) it
avoids drug first passage metabolism, (2) allows the controlled release of MXD within the therapeutic
window, without the rise of off-target adverse effects, thus (3) increasing the therapeutic adherence to
the therapy, (4) as well as improving MXD’s overall effectiveness [20,21].

2.2. Conventional Formulations for Topical Delivery of Minoxidil

Conventional formulations for topical MXD delivery comprise 5% minoxidil solution for hair
application [22], which is associated with high levels of drug loss during the application procedure
and low patient compliance to the treatment, which ultimately may result in the unreliable control of
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the dosage [23]. Additionally, the use of ethanol or propylene glycol-based solutions for conventional
MXD formulations, manufactured to increase MXD’s water solubility, can be associated with
adverse skin effects, which may result from MXD’s reversion into crystal form upon the solvents’
evaporation [10]. The crystals of MXD are imparted and result in the emergence of pruritus, rash,
dandruff and allergic contact dermatitis, which altogether significantly restrain AGA therapeutics [8,11].
Therefore, new topical formulations are required in order to increase MXD’s residence time on the
scalp’s skin and hair follicle, thus decreasing the number of applications per day [23]. Among novel
topical formulations, nanotechnology-based formulations have emerged as robust strategies for AGA
management, owing to: (1) improved local accumulation of MXD; (2) minimized dermatological
adverse effects and (3) the ability to permeate the stratum corneum [17,23,24].

2.3. Nanotechnology-Based Formulations for Topical Minoxidil Delivery

So far, nanotechnology has enabled the development of drug delivery systems that are able to
increase (1) MXD’s stability, (2) skin pharmacokinetic and pharmacodynamics profiles, (3) permeation
and formation of skin depots (4) therapeutic adherence, as well as (5) the decrease in MXD’s toxicity
and treatment resistance [25,26] (Figure 3).
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Figure 3. Major advantages and drawbacks associated to minoxidil-loaded nanotechnology-based
formulations.

Hence, nanotechnology-based formulations offer the possibility of smart MXD delivery at
lower doses with maximized therapeutic effects and a more favorable release profile. MXD-loaded
nanotechnology-based formulations include: (1) lipid, (2) polymer and (3) inorganic nanotechnology-based
formulations. Table 1 shows the nanotechnology-based formulations developed or studied so far for MXD’s
application in AGA, regarding their composition, method of preparation, particle size, zeta potential,
encapsulation efficiency (EE) and stability. Furthermore, a critical analysis of the in vitro and in vivo
studies for such nanotechnology-based formulations for topical MXD delivery are depicted in Table 2.
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Table 1. Nanotechnology-based formulations applied to topical administration of minoxidil.

Nanotechnology-Based
Formulations Composition Preparation

Method PS (nm) Zeta Potential
(mV) EE (%) Stability Ref.

SLNs Semi-synthetic triglycerides; polysorbate and sorbitan oleate;
phosphatidylcholine Hot HPH 190.00 ± 2.00 1

−27.00 ± 2.00 1 NA NA [27]

NLCs

Oleic acid; stearic acid; Polysorbate 80; sorbitan monooleate Hot HPH 281.40 ± 7.40 −32.90 ± 1.23 92.48 ± 0.31
- Particle size and EE
unaltered (3 months/4

◦C or RT)
[28]

Oleic acid, tristearin; cholesterol; soya lecithin; Polysorbate 80,
2-[4-(2,4,4-trimethylpentan-2-yl) phenoxy]ethanol;

polyoxyethylene polyoxypropylene F-68 (Pluronic© F-68)

Melt dispersion
ultrasonication 280.40 −42.40 86.09 - Electrostatic

stabilization [29]

Stearic acid; oleic acid; polyoxyethylenepolyoxypropylene
F-68 (Pluronic© F-68) Hot HSH 250 NA NA

- Particle size unaltered
(6 months/25 ◦C) [30]

Cetyl palmitate; oleic acid; Polysorbate 60 Ultrasonication
ca. 180 ca. −33 31.9 ± 2.5 - Particle size and

polydispersity index
unaltered (28 days)

[31]
ca. 190 ca. −37 22.2 ± 2.3

Labrafac®WL 1349 (medium chain triglycerides);
Lipoïd®S75-3 (soybean lecithin - 69% of

phosphatidylcholine); Solutol®HS 15 (macrogol 15
hydroxystearate); sodium chloride

Phase inversion 49.80 ± 0.60 −3.20 ± 1.60 42.2 ± 2.0 NA [32]

Squarticles

NLC: squalene; glyceryl palmitostearate; hydrogenated soy
phosphatidylcholine; polyoxyethylenepolyoxypropylene F-68 HSH and

ultrasonication
177.00 ± 3.00 −54.00 ± 0.20 63.30 ± 0.50

NA [33]

NE: squalene; hydrogenated soy phosphatidylcholine;
polyoxyethylene-polyoxypropylene F-68 193.00 ± 0.02 −56.60 ± 1.10 63.50 ± 1.10

NLC: squalene, hexadecyl palmitate; hydrogenated soy
phosphatidylcholine; polyoxyethylenepolyoxypropylene

F-68; deoxycholic acid

HSH and
ultrasonication

236.00 ± 3.30 −43.80 ± 0.90 54.40 ± 1.80
NA [34]

194.50 ± 4.70 −45.50 ± 0.60 49.20 ± 1.20

Liposomes
PEVs: soy lecithin; 2-(2-Ethoxyethoxy) ethanol (Transcutol®) Mechanical

shake
200 ± 5 −70 ± 3 67.65 - ↑ stability vs. control

liposomes [35]

Soy lecithin; permeation enhancer (cineol); DCP 144.00 ± 3.00 −57.00 ± 1.00 71.3 ± 3.5 - Stable (30 days/25 ◦C [36]

α-DPPC; cholesterol Hydration 520.00 ± 24.00 NA 66.10 ± 1.45 2
65.60 ± 1.23 3

- Stable (4 weeks/4 ◦C);
- ↓ stability for the

liposomes vs.
ethosomes.

[37]
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Table 1. Cont.

Nanotechnology-Based
Formulations Composition Preparation Method PS (nm) Zeta Potential

(mV) EE (%) Stability Ref.

Polymeric liposomes
DPPC

HPH
84.41 ± 4.95 4.58 ± 0.32 NA - Unstable

[38]DPPC; chitosan 94.97 ± 4.23 10.80 ± 1.37 NA - Stable (8 weeks/RT)

DPPC; Eudragit EPO© 94.65 ± 4.33 23.84 ± 5.77 NA - Stable (20 weeks/RT)

Niosomes

Sorbitane monostearate; cholesterol Ethanol injection 470±27 NA 34.70±1.1
- 40% of MXD remained
inside the niosomes (90

days/4ºC)
[10]

DCP; BrijTM 52

Thin film-hydration

1292.00 ± 64.002 −27.96 ± 1.60 40.87 ± 2.202

- Stable (3 months/ 4 ◦C) [39]DCP; BrijTM 76 905.00 ± 73.002 −36.23 ± 0.70 NA

DCP; SpanTM 20 289.00 ± 29.002 −32.16 ± 1.20 5.90 ± 1.082

DCP; SpanTM 40 498.00 ± 11.002 −29.07 ± 1.20 19.40 ± 1.462

DCP; SpanTM 60 1368.00 ± 39.002 −26.73 ± 1.10 22.05 ± 1.382

Ethosomes
α-DPPC; cholesterol; ethanol Mechanical dispersion 230.00 ± 27.00 NA 84.40 ± 4.523

84.50 ± 1. 884

- Stable (4 weeks/4 ◦C)
- ↑ stability for the

ethosomes vs.
liposomes (less particle

size variation)

[37]

Soybean phosphatidylcholine (Phospholipon 90); ethanol 154.00 ± 4.00 −4.30 ± 0.20 83.00 ± 6.00 - Stable (2 years/RT) [40]

Phosphatidylcholine; ethanol NA 194.7 NA 90 ± 6% NA [41]

Transfersomes Soybean phosphatidylcholine; polysorbate 80; polysorbate 20;
caffeine Thin film hydration NA NA 13.62 to

48.82% - Stable (28 days/25 ◦C) [42]

Polymeric
nanoparticles

Poly(D,L-lactic acid) (PLA); Capryol®90 (propylene glycol
monocaprylate); poloxamer 188 Solvent displacement 258.80 ± 3.80 −23.30 ± 0.40 20.4 ± 1.00 NA [32]

Poly(ε-caprolactone)-block-poly(ethylene glycol)
Self-assembly followed
by solvent evaporation 40.00

NA NA NA [43]

Self-assembly followed
by poly(ε-caprolactone)

(PCL) addition and
solvent evaporation

130.00

Chitosan Ion gelation 235.50 ± 99.90 38.60 ± 6.00 NA NA [8]

Poly(D,L-lactide-co-glycolide) (PLGA) W/O/W emulsion
solvent evaporation

with sonication

140.60 ± 47.10 −1.20 ± 0.30 NA
NA [44]

Poly(L-lactide-co-glycolide) (PLLGA) 118.90 ± 41.60 −2.30 ± 1.70 NA
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Table 1. Cont.

Nanotechnology-Based
Formulations Composition Preparation Method PS (nm) Zeta Potential

(mV) EE (%) Stability Ref.

Metallic
nanoparticles

Methylcellulose; methyl p-hydroxybenzoate; propyl
p-hydroxybenzoate; mannitol; zirconia beads Crush bead mill method 90.00–300.00 −9.93 NA NA [45]

Cyclodextrin Monoolein; hydroxypropyl β-cyclodextrin (HP-β-CD)

Molten monoolein
hydration with the

HPβCD/MNX complex
solution

<100.00 (smaller
population);

150.00-400.00
(larger

population)

NA NA NA [46]

Methyl-β-cyclodextrin Freeze-drying NA NA NA - Stable (48 h/25 ◦C) [11]

Cyclodextrin 5
Hydroxypropyl-b-cyclodextrin (HP-β-CD) (0.65 and 0.85

molar substitution degree) NA NA NA NA - Stable (3 months/ 25
◦C) [1]

Hydroxypropyl-β-cyclodextrin (HP-β-CD) (0.65 molar
substitution degree)

Physical mixture
Freeze-drying

Kneading
Spray-drying

NA NA NA NA [6]

Abbreviations: Minoxidil (MXD); not available (NA); entrapment efficiency (EE); solid lipid nanoparticle (SLN); high-pressure homogenization (HPH); room temperature (RT);
nanostructured lipid carrier (NLC); high speed-homogenization (HSH); 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); poly(butyl methacrylate-co-(2- demethylaminoeethyl)
methacrylate-co-methyl methacrylate) (Eudragit EPO©); penetration enhancer-containing vesicles (PEVs); polyoxyethylene alkyl ethers (BrijTM); sorbitan monoesters (SpanTM);
water-in-oil-in-water (W/O/W). 1 mean value; 2 surfactant:cholesterol ratio = 1:1; 3 dialysis as method of determination; 4 ultracentrifugation as method of determination; 5

alginate-based hydrogel.
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Table 2. In vitro and in vivo results overview of nanotechnology-based formulations for topical administration of minoxidil.

Nanotechnology-Based
Formulations

In Vitro/Ex Vivo Study In Vivo Study
Ref.

Model Output Animal Model
Outputs

Efficacy Safety

SLNs
Franz-type glass

diffusion cells (skin
punches from pig

ears)

Ex vivo skin permeation studies:
- Identical dermal and epidermal distribution of MXD

(24 h)
-Similar skin penetration vs. commercial products

NA NA NA [27]

Ex vivo skin corrosion studies:
- non-corrosive

- ↓ Adverse effects vs. commercial products

NLCs

Franz diffusion cells - Faster MXD release vs. SLNs Healthy male rats
(strain not specified)
(skin irritation test)

NA
- No erythema
- ↑ tolerability

and patient
acceptance

[28]
Sprague–Dawley
abdominal skin - ↑MXD skin retention vs. SLNs

Modified Franz
diffusion cells

- Biphasic release pattern
- Initial burst release

- MXD sustained and prolonged release for 12 h

Albino mice
(skin irritation test) NA - No edema

- No erythema [29]

Dialysis bag diffusion
technique - MXD sustained and prolonged release for 25 h NA NA NA [31]

Franz diffusion cells
(pig ear skin) -↓MXD skin crossing after 24 h

Squarticles

Female nude mice
(ICR-Foxn1nu) skin

(Franz diffusion cell);
Human hair dermal

papilla cells

- Biphasic release pattern
- Burst release within the first 8 h proceeded by plateau

- ↑MXD skin absorption
- ↑MXD follicle uptake and accumulation

- ↑MXD skin deposition
- ↑ VEGF expression in dermal papilla cells

Female nude mice
(ICR-Foxn1nu)

- Stratum corneum
partitioning retards MXD

absorption;
- Distribution within the
follicles and hair shafts

- Acceptable
tolerance [33]

Franz diffusion cells
(cellulose membrane,

nude mice
(ICR-Foxn1nu) skin

and porcine skin)

- Biphasic release pattern
- MXD sustained and prolonged release

- ↑MXD skin deposition
- ↑MXD skin accumulation

nude mice
(ICR-Foxn1nu) and

specific pathogen free
pig

- ↑MXD accumulation in
hair shafts

- ↑MXD follicular
deposition

- ↑MXD follicular uptake
- ↑MXD follicular uptake

(↑↑PDGF squarticles)

NA [34]

Human hair dermal
papilla cells

- ↑ VEGF expression (PDGF squarticles > squarticles)
- ↑ cell proliferation (PDGF squarticles > squarticles)

- ↑ internalization by DPCs (PDGF squarticles >
squarticles)



Cosmetics 2020, 7, 21 10 of 25

Table 2. Cont.

Nanotechnology-Based
Formulations

In Vitro/Ex Vivo Study In Vivo Study
Ref.

Model Output Animal Model
Outputs

Efficacy Safety

Liposomes
Franz diffusion cells

(pig skin)

- ↑ fluidity vs. soy lecithin liposomes
- ↑ epidermal and dermal accumulation
- ↓MXD deposition in stratum corneum

- ↓MXD skin delivery vs. soy lecithin liposomes

NA NA NA [35]

Franz diffusion cells
(newborn

Goland–Pietrain
hybrid pig skin)

- MXD sustained and prolonged release
- ↑MXD accumulation in stratum corneum

- ↑MXD accumulation in dermis
- ↑MXD skin deposition vs. liposomes

NA NA NA [36]

Franz diffusion cells
(Wistar rats’

abdominal skin)
- ↑MXD skin permeation NA NA NA [37]

Niosomes
Keshary–Chein

diffusion cells (Wistar
rat abdominal skin)

- ↑MXD skin deposition
- ↑MXD skin accumulation NA NA NA [10]

Franz diffusion cells
(hairless mice skin)

- ↑MXD skin permeation vs. commercial formulation
- ↑MXD skin bioavailability vs. commercial

formulation
NA NA NA [39]

Ethosomes

Franz diffusion cells
(Wistar rats’

abdominal skin)
- ↑MXD skin permeation NA NA NA [37]

Valia–Chien diffusion
cells (nude mice
abdominal skin)

- ↑MXD skin permeation NA NA NA [40]

NA NA C57BL/6 mouse

- ↑ size of hair follicles
- ↑melanocytes

formation
- ↑ hair growth

- No skin
erythema or

edema [41]

Transfersomes Franz diffusion cells
(synthetic membrane) - MXD release fits a 1st order kinetics Wistar rats

- Uniform hair growth
- ↑ hair growth (10
days) - ↑MXD hair

follicles delivery
- ↑MXD skin
penetration

NA [42]
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Table 2. Cont.

Nanotechnology-Based
Formulations

In Vitro/Ex Vivo Study In Vivo Study
Ref.

Model Output Animal Model
Outputs

Efficacy Safety

Lipid nanoparticles Franz diffusion cells
(polydimethylsiloxane

membrane)
- Poor MXD membrane permeation NA NA NA [32]

Polymeric nanoparticles

Franz diffusion cells
(abdominal skin of

Albino Hartley
guinea pigs,

IAF/HA-hrBR hairless
guinea pigs and SKH1

hairless mice)

- Efficient MXD skin permeation (↑MXD skin
permeation with smaller size nanoparticles)

- MXD skin permeation occurs through the follicular
route

- MXD skin permeation depends on the stratum
corneum thickness

C57BL/6 mice

- MXD skin
permeation (follicular

route)
- ↑MXD retention

during anagen phase
- ↑MXD skin
permeation
- MXD skin

permeation depends
on the stratum

corneum thickness

NA [43]

Franz diffusion cells
(cellulose acetate

membrane)
- MXD sustained release NA NA NA [8]

Franz diffusion cells
(porcine ear skin)

- ↑MXD hair follicle accumulation
- ↑MXD skin penetration
- MXD sustained release

- ↑MXD concentrations inside hair follicles
- Prolonged MXD release into hair follicles
- MXD targeted delivery to the hair follicles

NA NA NA

NA NA C3H/He mouse

- 68% of MXD were
release (8 h)

-↑MXD stratum
corneum and hair

follicles deliver

NA [44]

Metallic nanoparticles NA NA C57BL/6 mouse

- ↑ VEGF and IGF-1
protein and mRNA

levels
- Significant hair

growth
- ↑MXD hair bulb

retention
- ↓MXD skin retention

- No erythema
or inflammation

- No plasma
detection

[45]
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Table 2. Cont.

Nanotechnology-Based
Formulations

In Vitro/Ex Vivo Study In Vivo Study
Ref.

Model Output Animal Model
Outputs

Efficacy Safety

Cyclodextrins

Franz diffusion cells
(SKH mice)

- ↑MXD skin permeation
- ↓MXD skin retention NA NA NA [46]

Franz diffusion cells
(artificial cellulose

membrane)

- ↑↑MXD release for the calcium alginate and carbopol
Methyl-β-cyclodextrin/MXD hydrogel formulations NA NA NA [11]

Franz diffusion cells
(pinna pig ear skin)

- ↑↑MXD accumulation / retention for the calcium
alginate methyl-β-cyclodextrin/MXD hydrogel

formulation

Franz diffusion cells
(artificial cellulose
acetate membrane)

- ↓MXD release vs. MXD solution
NA NA NA [1]

Franz diffusion cells
(pinna pig ear skin)

-↑MXD skin permeation
-↑MXD skin accumulation

Dissolution studies
(Varian VK 7010) - ↑MXD dissolution Wistar rat

- ↑ AKT2 gene mRNA
levels vs.

conventional solution

- ↑ in vivo
tolerability vs.
conventional

solution
[6]

Abbreviations: ATP-sensitive potassium channel (AKT2); insulin-like growth factor-1 (IGF-1); messenger ribonucleic acid (mRNA); minoxidil (MXD); not available (NA); nanostructured
lipid carrier (NLC); solid lipid nanoparticle (SLN); vascular endothelial growth factor (VEGF).
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2.3.1. Lipid-Based Nanoparticles

Since the discovery of the first lipid-based nanotechnology-based formulations during the
1990s [47], the interest and research in this field has grown [48]. These formulations display enhanced
surface areas and are able to enhance physic stabilization and topical tolerability, allowing the sustained
and targeted release of compounds [49]. Therefore, lipid-based nanotechnology-based formulations
enable the efficient targeted dermal delivery of MXD [48].

Lipid Nanoparticles

Lipid nanoparticles are colloidal systems that are easy to produce and allow a quick
scale-up, emerging as sustainable and targeted MXD delivery systems [50]. Regarding these
nanotechnology-based formulations, there are two major groups that may be categorized: solid lipid
nanoparticles (SLNs), which appeared in the 1990s, and are constituted only by lipids in solid phase,
and nanostructured lipid carriers (NLCs), which appeared after SLNs, as an improvement, in order to
overcome SLNs’ issues regarding stability, drug leakage during storage and low drug loading [47,49,51].
The development of MXD-loaded lipid nanotechnology-based formulations are indeed a promising
strategy for MXD dermal delivery regarding improved AGA treatment. MXD-loaded SLNs and NLCs
interact with the lipids in the stratum corneum, promoting their reorganization, which results in
enhanced permeation and in the improvement of MXD’s therapeutic efficacy. Additionally, these lipid
nanoparticles do not compromise skin’s hydration upon topical application [49,52]. The application of
SLNs and NLCs in MXD topical delivery systems has been widely investigated due to their ability
to permeate the skin through the follicular pathway [53] (Table 1). However, based on their particle
size, SLNs and NLCs may form MXD depots at the application site, or permeate the skin and enter
the bloodstream [47]. Padois et al. developed SLN-based suspensions for MXD dermal delivery
and hair follicle targeting. Despite efficacy results for the MXD-loaded SLNs being similar to the
commercial MXD formulations, the MXD-loaded SLN was advantageous once the appearance of
topical side effects (skin corrosion) was drastically reduced, as ex vivo studies showed [27]. Wang et
al. reported the development of MXD-loaded NLC dispersions, composed of stearic acid as the solid
lipid, and oleic acid as the liquid lipid. Both stearic acid and oleic acid were selected, owing to their
performance on improving both MXD solubility and loading, and their overall stability. Besides, oleic
acid acts as a skin permeation enhancer, potentiating MXD dermal permeation. The MXD-loaded
NLCs exhibited faster MXD release compared to SLN derivatives, once MXD diffusion from the liquid
lipid core was facilitated, as opposed to the solid lipid core of MXD-loaded SLNs. Additionally,
MXD-loaded NLCs showed enhanced in vitro MXD skin permeation and retention (10.7-fold higher
than MXD-SLNs) and stability [28]. In another study, Uprit et al. developed an MXD-loaded NLC
gel formulation. Initially, different NLCs were prepared by altering the solid lipid (tristearin) and
liquid lipid (oleic acid). The MXD-loaded tristearin:oleic acid (2:1) NLCs showed the lowest particle
size as well as the highest MXD entrapment efficiency in the liquid lipid, showing the optimum
ratio of the lipid mixtures. In vitro studies showed ca. 92.18% cumulative MXD release from NLC,
as well as an initial burst release followed by sustained MXD release from the NLC gel, owing to
increased dermal penetration and prolonged MXD action, respectively, being of utmost relevance
considering dermal delivery [29]. Aljuffali and co-workers developed squalene-based NLCs designated
as squarticles for topical delivery of MXD [33,34]. The squalene-based composition allows for the
interaction between MXD and the hair follicles, as sebum contains squalene and is avidly secreted into
the hair follicle duct by the sebaceous ducts. This lipidic nature and the nano-sized squarticles favor
the interaction between squarticles and the squalene-containing sebum, ensuring fusion with sebum
and facilitating targeted follicular delivery of MXD. Two different nanotechnology-based formulations
were tested, namely MXD-containing nanoemulsions (NEs) and MXD-loaded NLCs. While in vitro
skin delivery showed that both nanotechnology-based formulations could increase skin deposition
compared to a control (30% propylene glycol (PG) in water), MXD deposition was significantly
improved by the NLC formulation, once the crystalline lipid structure of NLCs ensured occlusive
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and hydration effects enhancing MXD absorption, contrary to the NEs-containing amorphous inner
phase. The two nanotechnology-based formulations could effectively reduce MNX flux through the
skin, thus indicating improvements in skin accumulation and reduced systemic absorption. The NLCs
formulation showed higher MXD release when compared to the NE formulation, as well as accounting
for the expressive increase in VEGF expression in dermal papilla cells. In vivo skin irritation tests
showed no erythema formation for both NLCs and NEs formulations [33]. Overall, MXD-loaded
squarticles showed improved skin and follicular MXD accumulation. DPCs are an active group of
mesenchymal cells encountered at the base of hair follicles, imparting hair growth and regeneration.
VEGF-mediated hair cycling and the growth process consists of an interesting target for different
hair-related conditions. Further studies were reported, this time concerning antibody-conjugated
squarticles for MXD-targeted delivery to hair follicles, more precisely DPCs. For achieving DPC
targeting, the squarticles were conjugated with anti-platelet-derived growth factor (PDGF) receptor β
antibody as an active targeting strategy for improved MXD delivery to the hair follicles and enhanced
penetration into the DPCs [34]. The PDGF squarticles exhibited smaller particle size (194.5 ± 4.7 nm)
when compared to the non-targeted ones (236.0 ± 3.3 nm). Overall, the MXD-loaded PDGF squarticles
enhanced cellular internalization by the DPCs of the MXD-loaded nanoparticles, as well as the cell
viability of human DPCs to a greater extent compared to non-targeted MXD-loaded squarticles and
the MXD solution control. Both cell proliferation and VEGF production enhancements were reported,
together with increased follicular uptake, as in vivo skin permeation studies in nude mouse skin
models showed. Furthermore, MXD-loaded PDGF squarticles showed controlled and sustained MXD
release. NLCs emerge this way as robust MXD delivery systems with optimized performance and
improved therapeutic efficacy. Additional studies have reported high MXD retention in the skin,
no erythema [28], faster onset yet prolonged MXD release [29,31], typical pseudoplastic behavior, and
increased bioavailability towards skin delivery [29], which make MXD-NLC formulations suitable
nanotechnology-based formulations for topical MXD administration. Besides, MXD-NLC formulations
are an alternative to the conventional alcoholic solutions for MXD, therefore minimizing the risk
of adverse effects, such as skin dryness and irritation [30]. Indeed, NLCs demonstrated attributes
concerning the enhancement of tolerability and acceptance toward treatment, owing to enhanced
tolerability and skin bioavailability when compared to commercial and SLN formulations of MXD.
MXD-loaded lipid nanoparticles might be further emulsified with hydrofluoroalkane (HFA) and
pluronic L62D surfactant to produce foams that lead to the release of MXD from the nanoparticles
just upon application to the skin [32]. However, these dynamic foams have demonstrated premature
dose dumping.

Vesicular Nanoparticles

Vesicular nanoparticles are a large group of lipid-based nanoparticles, which are attractive due to
their capability to load either lipophilic and hydrophilic drugs, enhancing drug-targeted delivery and
bioavailability [54]. These nanotechnology-based formulations have been widely explored as MXD
topical delivery systems and are also considered to be permeation enhancers, due to their ability to
solubilize MXD into the lipidic matrix, in order to promote localized depots and facilitate MXD’s skin
absorption via the follicular pathway [55,56].

Liposomes

Liposomes are phospholipid bilayer systems with an aqueous core, which may be loaded with
hydrophilic drugs in the core or lipophilic drugs trapped within the phospholipid bilayers [17,57].
Concerning their phospholipid constitution, liposomes are able to interact with the stratum corneum’s
lipids, allowing MXD skin permeation, or through the hair follicles, creating MXD’s depots [58]. Liposomes
have been explored for MXD topical delivery (Table 1). Liposomes are highly biocompatible and
biodegradable, remaining in blood circulation for extended periods of time. Nonetheless, their applicability
is restricted due to stability issues, namely aggregation, drug leakage, hydrolysis and particle size
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alterations [57,59]. MXD-loaded liposomes reportedly enhanced skin permeation through the stratum
corneum pathway and depot formation with significant improvements, namely MXD sustained release
and targeting features (Table 2). However, due to their ability to reach the bloodstream, liposomes may
induce systemic adverse effects, such as headaches or hypotension [1]. Penetration enhancer-containing
vesicles (PEVs), i.e., vesicles containing different penetration enhancers, are also able to increase MXD
accumulation in the upper skin layers without reaching systemic circulation, improving cutaneous drug
bioavailability. Particularly, MXD-loaded vesicles containing 2-(2-ethoxyethoxy) ethanol (Transcutol®(Trc))
as a penetration enhancer were developed [35]. The MXD-loaded PEVs containing 20% of Trc showed
the highest skin accumulation, as in vitro penetration and permeation studies showed. A further
study explored soy lecithin-based liposomes containing three different penetration enhancers, namely
Trc, capryl-caproyl macrogol 8-glyceride (Labrasol®) and cineole. The inclusion of penetration
enhancers—especially Labrasol®and cineole—increased the PEVs’ deformability and elasticity, enhancing
skin MXD delivery compared to MXD-loaded lecithin liposomes [36]. Coating liposomes with cationic
polymers, such as chitosan and Eudragit EPO©, increased MXD skin diffusion due to the charge
differences between the skin surface and the cationic liposomes [38]. Additionally, the presence of the
positively charged polymers might cause the disruption of the tight junctions of the skin, thus contributing
to the improvement of MXD skin permeation.

Niosomes

Niosomes are non-ionic surfactant-based vesicular nanotechnology-based formulations capable
of accommodating either hydrophilic or hydrophobic drugs. The first major use of niosomes were
reported in the cosmetic field, with several applications concerning the development of niosome-based
cosmetic formulations [14,51,60]. Typical compositions consist of cholesterol and surfactant molecules,
assembled in a stable bilayered nanostructure with an aqueous inner compartment [61]. Niosomes can
promote the targeted and sustained release of drugs through the stratum corneum and favoring
local depot formation, enhancing drug skin permeation and bioavailability. In addition, niosomes
exhibit increased stability and a better cost–effect ratio compared to liposomes [10,62], as well as
biocompatible and biodegradable features. Skin irritation is also reported to be minimized, as these
nanotechnology-based formulations have not been related so far to irritant or immunogenic responses,
as opposed to conventional topical formulations, thereby allowing better therapeutic adherence due to
a reduction in the oily sensation after application [63,64]. MXD entrapment into niosomes enhanced
the ability to reach deeper skin layers and to form drug depots for MXD prolonged release. This is
dependent on the particle size and lipid composition. However, and akin to liposomes, though to a
lesser extent, niosomes may allow some MXD to reach the systemic bloodstream, leading to systemic
adverse effects. Additional drug hydrolysis and drug leakage phenomena may also occur. In this
regard, different MXD-loaded niosome formulations for topical delivery were studied, varying the
surfactant composition and cholesterol–surfactant ratios [10]. Sorbitane monostearate (Span 60©) was
the selected surfactant due to maximum encapsulation efficiency, whilst rendering stable niosomes
with the lowest particle size. Additionally, cholesterol improved the encapsulation efficiency of MXD
and the particle size. Moreover, and interestingly, by increasing cholesterol concentration, both MXD
skin deposition and permeation yield significant improvements. In vitro skin permeation studies
showed 43.68 ± 4.7% MXD permeation for the sorbitane monostearate/cholesterol (1:2) noisome-based
formulation. MXD deposition was significantly higher (17.21± 3.2%) when compared to plain minoxidil
gel (2.26 ± 1.3%) [10]. Furthermore, the noisome-based formulations produced by Balakrishnan and
co-workers enhanced MXD bioavailability, proving to be auspicious substitutes for the commercial
formulation (Minoxyl) [39].
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Ethosomes

First developed in 1997, ethosomes comprise vesicular nanotechnology-based formulations
composed by lipid contents and high ethanol concentrations. Several studies report the capabilities
of ethosomes on improving drug skin permeation, due to their interaction with the stratum
corneum’s lipids and enhancement of both the cellular membrane’s fluidity and permeability [40,65].
Ethosomes allow for deeper cutaneous drug permeation, enhanced drug delivery performance
and stability compared to liposomes, the latter exhibiting lower skin penetration and hampering
accumulation into deep skin layers [37,40,51]. MXD loading into ethosomes resulted in skin permeation
enhancements, as it could reach deeper skin layers [37]. A study showed the potential of MXD-loaded
ethosomes in management of hair loss disorders and reprogramming the hair growth cycle. Particularly,
ethosomal MXD-topically treated C57BL/6 mice exhibited a telogen phase shortage, as well as
stimulation of the premature anagen phase [41]. Despite their high content in ethanol (30–40%), MXD
ethosomes did not show induced skin adverse effects, such as erythema or edema, surpassing the
characteristic limitations of MXD’s conventional formulations.

Transferosomes

Transferosomes comprise an aqueous core surrounded by a phospholipid bilayer with edge
activators. Those structures are characterized by their ability to deform and permeate through the
skin layers, without suffering noticeable decrease in the particle size, hence reaching the stratum
corneum’s deep layers [66]. The ability of transferosomes to deform is inherent in the edge activators,
which act through the modification of the interfacial tension, allowing these vesicular nanoparticles
to “squeeze” through intercellular spaces without losing their structure [24]. When compared to
liposomes, transferosomes are more adaptable and may respond better in stress conditions [67].
The process of transferosome deformation when containing an hydrophilic drug, such as MXD, is
challenging due to vesicular elasticity decrease, which may lead to transferosomal disruption [68].
This way, the application of this nanotechnology-based formulation to MXD topical delivery systems is
not so common (Tables 1 and 2). Ramezani and co-workers have developed a transferosome containing
MXD and caffeine for the treatment of alopecia. The hair growth effects of the MXD and caffeine
transferosomal formulation was evaluated in Wistar rats. The MXD transferosome enhanced MXD
delivery into the rats’ hair follicles, promoting hair growth within 10 days after topical application [41].

Cubosomes

Cubosomes are self-assembled crystalline bilayer vesicular nanoparticles with a liquid honeycomb
structure, comprised of two water canals on the inside and specific surfactants on the outside [69]. The
honeycomb structure is a 3D bi-continuous structure which enhances their surface area. Their enhanced
stability, biodegradability, and encapsulation efficiency attributes make cubosomes an promising
strategy for sustained and targeted drug release [70]. MXD-loaded cubosomes have already been
developed (Table 1) and have demonstrated their ability to decrease the barrier function of the
skin, enhancing MXD skin permeation and hair follicle depots, allowing them to reach deeper skin
layers and enabling the sustained release of MXD (Table 2). Nonetheless, due to the higher loading
capability, cubosomes deliver higher MXD quantities, which may reach the systemic bloodstream
and, consequently, promote intense systemic adverse effects, hindering the patient’s compliance and
therapeutic adherence.
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2.3.2. Polymeric Nanoparticles

Polymeric nanoparticles are colloidal systems constituted by natural or synthetic polymers, with a
particle size between 200 to 300 nm and biocompatible properties [71]. Polymeric nanoparticles as
topical administration strategies are among the most studied and developed topical drug delivery
systems because of their ability to decrease drug degradation and to enhance drug skin permeation
through the stratum corneum and follicular accumulation, thus forming drug depots which allow
for sustained and targeted release of the drug. Polymeric nanoparticles are being developed and
investigated for AGA treatment (Tables 1 and 2) [4,51]. According to the polymeric components,
polymeric nanoparticles may be configurated as nanocapsules or nanospheres. The former have an
oil or water core surrounded by a polymeric matrix, allowing physical stability enhancement and
the protection of the loaded drug [72,73]. MXD nanocapsules enhance the hair growth, due to the
increment in number and length of hair follicles during the anagen phase. The formation of MXD
depots is less reported for lipidic nanoparticles, which highlights the importance of nanocapsules in its
targeted action enhancement in the hair follicles. Chitosan, a natural polymer derived from the chitin
of crustaceans’ exoskeletons, has been extensively investigated in nanotechnology due to its biological
compatibility, degradability, adhesiveness and renewability [14,74]. Moreover, its antimicrobial and
anti-inflammatory activity, along with its ability to bind with lipids, comprise important features for
application in topical therapeutic treatments [75,76]. In addition, MXD-loaded chitosan polymeric
nanoparticles were endowed with MXD sustained release properties, enhanced skin permeation
and hair follicle accumulation [8]. However, it is known that natural polymers have disadvantages
regarding consistency, purity and inconsistent loading release between batches; thus, synthetic polymers
are preferential for polymeric nanoparticle manufacturing [51]. These polymer-based synthetic
nanotechnology-based formulations increase drug hair follicle accumulation and may carry the drug
dispersed in the matrix, adsorbed at the surface or encapsulated [77]. The synthetic polymers used so
far for MXD-loaded synthetic polymer-based nanotechnology-based formulation development include:
poly (D,L-lactic acid) (PLA) [32], block copolymers (e.g., poly(ε-caprolactone)-block-poly(ethylene
glycol)) [43], poly(lactic-co-glycolic acid) (PLGA) and poly(L-lactide-co-glycolide) (PLLGA) [44].
The poly(ε-caprolactone)-block-poly(ethylene glycol) and PLLGA nanoparticles enhanced MXD skin
permeation in vivo via follicular route and have promoted mice hair growth [43,44] (Table 2). Further
incorporation of the polymeric nanoparticles in topical dosage forms, e.g., dynamic foams, was already
tested to enhance skin permeation and the patient’s compliance, however MXD release occurred during
storage, limiting the foams’ efficacy [32].

2.3.3. Metallic Nanoparticles

Metallic nanoparticles are inorganic systems with a rigid composition, due to the incorporation of
metal or metal oxide compounds, known for antimicrobial, anti-inflammatory, healing and antioxidant
activities [14]. The drug may be adsorbed or conjugated at the surface. However, metallic nanoparticles
are mostly employed in the cosmetic field in a wide pipeline of cosmetics as coloring agents or physical
sun blockers, particularly silver, gold, zinc, titanium and silica [78]. In the present context of AGA
treatment, Nagai and co-workers developed zircon-based nanoparticles for the delivery of MXD, which
have promoted VEGF and IGF-1 gene expression and their respective mRNA levels. Consequently,
significant hair growth with increased hair bulb retention, with no signs of erythema or inflammation,
were observed [45] (Tables 1 and 2).
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2.3.4. Cyclodextrins

Cyclodextrins (CDs), cyclic polysaccharides with six to eight glucopyranose units, are an enzymatic
product of starch degradation [14]. Three non-synthetic CDs exist namely, α, β and γ, only differing in
the number of D-glucose units they possess—six, seven and eight, respectively [79]. Due to their ring
shape, CDs may load a broad variety of drugs, creating CD–drug complexes, which are widely applied
in a broad set of fields, such as pharmaceuticals or the cosmetics industry [14]. CDs promote the
sustained and controlled release of a drug. Considering topical delivery, such as MXD delivery through
the hair follicle pathway, CDs allow for drug stabilization and avoid oxidative, thermal and photolytic
degradation, as well as improve MXD aqueous solubility [4,80]. CD/MXD inclusion complexes have
been developed so far for enabling an enhanced MXD diffusion coefficient and influx through the
skin, ultimately promoting MXD accumulation at the application site [1] (Tables 1 and 2). Recently,
alginate hydrogel-based CD formulations concerning topical delivery of MXD for AGA treatment
were reported, consisting of hydroxypropyl-b-cyclodextrin (HP-β-CD) bearing two molar substitution
degrees (MS) (0.65 and 0.85) [1]. The HP-β-CD derivative bearing 0.65 MS was the selected derivative,
as it has allowed for the significant improvement in the aqueous solubility of MXD. The gel formulation
of the HP-β-CD/MXD inclusion complexes showed adequate stability and biocompatibility, as well
as superior performance when compared to specific gene targeting (e.g., enhanced expression of
the ATP-sensitive potassium channel opener gene code (AKT2), which consequently potentiates the
KATP/AKT2 signalling pathway, and stimulates hair growth), and overall hair quality, when compared
to conventional topical MXD solutions. Additionally, an increase in both the number and diameter
of the hair follicles was described for the HP-β-CD/MXD inclusion complex-containing gel [6]. In
another study, a calcium alginate-based hydrogel formulation containing methyl-β-CD/MXD inclusion
complexes was developed, and significant skin retention effects were observed and attributed to their
bioadhesive properties [11]. In another study, in vitro skin permeation of HP-β-CD/MXD inclusion
complexes entrapped in monoolein (MO) cubic phases was compared with the performance of
conventional MXD propylene glycol/water/ethanol solution, exhibiting greater in vitro skin permeation
performance. However, skin retention was higher for the MXD solution, probably owing to propylene
glycol and ethanol activities as MXD co-solvents [46].

3. Toxicity Issues

The development of nanotechnology-based formulations for MXD topical delivery has introduced
major improvements for AGA treatment due to the distinct physicochemical features of such
formulations. Nonetheless, such formulations, as nanoscale-tailored materials, should be carefully
assessed regarding their safety profile [81]. Indeed, the nanosized dimension is responsible for an
increase in the surface area, hence increasing the surface contact area, potentiating the interaction
between the nano sized MXD carrier and the biological systems. As such, the reactivity and toxicity
when in contact with the human body should be cautioned, due to maximized exposure and/or the
introduction of irritants and toxic particles, among others [82,83]. Therefore, for the development and
further application of MXD nanotechnology-based formulations for hair treatment, an assessment
of their pharmacological and toxicological profiles is required, together with their analytical and
characterization evaluation in order to better understand and predict their suitability and potential
degradation products [17]. Toxicity assessment is based upon the predicted toxic potential assessed in
cell cultures (in vitro studies) and animal models (in vivo studies), which require detailed assessment
of the nano-bio interactions [84]. Table 3 depicts several key points to be taken into consideration for a
toxicological assessment.
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Table 3. Toxicological key points related to nanotechnology-based formulations.

Key-Points Toxicological Assessment Grounds Ref.

Nanosize
Permeation through cellular membranes enables interaction with sensible organs, proteins or

DNA, especially for nanoparticles of sizes < 10 nm, which may easily be treated as gases,
inducing chemical distress.

[85,86]

In vitro and in vivo studies Studies using damaged or unhealthy skin are scarce and the nanoparticles’ pharmacokinetic
and pharmacodynamic profiles may be different when applied to healthy skin. [87]

Surfactants
Nanoparticles have reduced loading and encapsulation ability, thus the ratio of surfactants
present in formulation is high, which may induce adverse effects, such as erythema, edema,

irritation or toxicity.
[88]

Systemic bloodstream
Introduction of nanoparticles in the human body may promote their arrival into the systemic

bloodstream, inducing disturbance in sensible organs, such as the brain, lungs or heart,
which may result in the patient’s death.

[89]

Long-term toxicity
Usually, studies regarding toxicity assess this parameter in the short term, highlighting the

importance of assessing the long-term toxicity of nanoparticles, to predict the chronic
exposure of nanotechnology-based formulations.

[90]
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Considering the increased rate of nanotechnology-based formulation production, regulatory
organizations, such as the European Medicines Agency (EMA) or the U.S. Food and Drug Administration
(FDA), are concerned with the creation of guidelines related to the assessment of the toxicological profiles
of nano-based systems. Nowadays, there are only industry standards (ISO/TS 13830:2013 and ISO
19007:2018) for the assessment of toxicity in nanotechnology-based formulations, which were developed
by the International Organization for Standardization (IOS) in association with the Organization for
Economic Cooperation and Development (OECD), and may be applied in the industry [91,92].
Additionally, the FDA created a guidance draft for the industry regarding nanomaterials, however it
does not enlighten us about the toxicity assessment, only mentioning the importance of establishing a
safety profile [93]. Thus, it is urgent to continue the development of guidance regarding the toxicity
assessment of such nanotechnology-based formulations in order to guarantee the patient’s safety.

4. Regulatory Affairs

The necessity of an adequate regulatory framework is required, namely the development of specific
and concise guidance and regulation regarding the manufacturing and assessment of pharmacokinetic,
pharmacodynamic and toxicological profiles, for guaranteeing the ultimate safety and efficiency
of nanotechnology-based formulations [94,95]. This issue was addressed during an international
nanomedicine workshop sponsored by EMA in 2010 [96]. The IOS defined a “nanomaterial” as a
material with external dimension in the nanoscale or having an internal or surface structure in the
nanoscale with a particle size range from 1 to 100 nm. However, not all regulatory parties agreed with
this definition and developed other definitions regarding their own perspectives [97,98]. In addition,
the problem of deciding if nanotechnology-based formulations for drug delivery are considered
medical products or devices exists [95]. In Europe, medical products are regulated by EU Directive
2001/83/EC, and medical devices are regulated by EU Directive 93/42/EEC [99,100]. The basilar feature
for accepting or denying regulatory approval is the toxicity assessment of the nanotechnology-based
formulation, which provides the safety and efficacy results required [95]. Therefore, elucidation of
the nanotechnology-based formulations regulatory framework is required, especially regarding the
assessment of quality, non-clinical and clinical issues for market introduction approval.

5. Conclusions and Future Perspectives

MXD is a broadly used drug in AGA therapeutics for leveraging the anagen phase of the hair
follicles and, therefore, inducing hair growth. Conventional MXD formulations consist of 5% MXD
solutions of propylene glycol, ethanol and water topically administered. Such formulations are
associated with topical adverse effects, decreasing patients’ tolerability towards AGA treatment and
leading to therapeutic failure. In this regard, MXD nanotechnology-based formulations are able to
both improve AGA treatment by potentiating the skin and follicular delivery of MXD, and decreasing
MXD-related adverse effects of conventional formulations, allowing better compliance and treatment
improvements. Moreover, the improvements in MXD bioavailability, hair follicle MXD accumulation
and MXD skin permeation are ascribed to MXD delivery by means of nanotechnology-based
formulations. Considering MXD release, the encapsulation of MXD in such nanotechnology-based
systems enables sustained, controlled and targeted MXD delivery, contributing to MXD delivery
optimization and overall performance enhancements. However, the lack of data related to the
characterization of such nanotechnology-based formulations, such as stability assays, constitutes a clear
constraint that needs further attention. In addition, the amount of information related to in vitro and
in vivo assays should get a deeper exploration and insights in order to extract the maximum amount of
relevant information and level up the overall knowledge available. Moreover, the amount of evidence
collected by in vitro/ex vivo assays are confirmed by the in vivo results, in this way reinforcing the
reliability of the replacement of in vivo models with in vitro permeation models. At the same time,
the establishment of a nanosafety profile is of utmost importance and requires international guidance
and regulation, which nowadays is still scarce, hampering market approval and clinical translation.
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Attending to the aforementioned issues, international authorities must develop guidance in order
to provide enlightenment on correct manufacturing processes and underlying toxicity assessments,
especially concerning the chronic exposure to nanotechnology-based therapies, and, particularly,
to AGA topical therapy.
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