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Transdermal drug delivery is one of the least intrusive and patient-friendly ways for therapeutic agent
administration. Recently, functional nano-systems have been demonstrated as one of the most
promising strategies to treat skin diseases by improving drug penetration across the skin barrier and
achieving therapeutically effective drug concentrations in the target cutaneous tissues. Here, a brief
review of functional nano-systems for promoting transdermal drug delivery is presented. The
fundamentals of transdermal delivery, including skin biology and penetration routes, are introduced. The
characteristics of functional nano-systems for facilitating transdermal drug delivery are elucidated.

Received 9th August 2022 S ’ . ) .
Accepted 27th November 2022 Moreover, the fabrication of various types of functional transdermal nano-systems is systematically
presented. Multiple techniques for evaluating the transdermal capacities of nano-systems are illustrated.
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1. Introduction

Transdermal drug delivery is one of the least intrusive and
patient-friendly ways for therapeutic agent administration. It
can not only boost medication bioavailability by concentrating
drug molecules in a particular skin region, but also limit the
possibility of unforeseen adverse effects.’ Therefore, trans-
dermal drug delivery is an appealing option for oral adminis-
tration and an alternative to hypodermic injection. In the 1970s,
the Food and Drug Administration (FDA) first authorized the
transdermal patch to administer scopolamine for the treatment
of motion sickness.* Since then, various physical and chemical
strategies of transdermal drug delivery systems (TDDs) have
been developed with significant progress achieved. Physical
methods include epidermal erosion, skin puncture devices
using probes, high-frequency oscillating needle bundles,
microneedle arrays, and high-velocity dry powder jets, whereas
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chemical methods include the use of penetration enhancers
and prodrugs.” However, physical methods and chemical
methods possess their own drawbacks. Physical methods such
as iontophoresis may lead to pain, a burning sensation, blister
formation, and skin necrosis with increasing current strength
or if applied for a longer period.® Slight itching, irritation, and
a burning sensation have been reported with sonophoresis.”
Microneedles may cause skin irritation or allergy in sensitive
skin. Topical formulations such as pastes, creams, gels, oils and
ointments®® have been developed with significant progress
achieved but have poor permeation through the stratum cor-
neum (SC) and require a high dose and repeated applications in
a day, which may cause severe side effects like skin rashes and
itching that lead to poor patient compliance for long term
therapy.' Moreover, the application of pro-drugs is another
chemical technique to conquer the barrier function of the skin.
The main disadvantage of this approach is that the pro-moiety
is basically a redundant coarse stone, which, when released,
may result in adverse effects.” Thus, it is highly desired to
develop new types of TDDs, improve drug penetration across
the skin barrier and achieve therapeutically effective drug
concentrations in the target cutaneous tissues.

Ever since the term “nanoparticles” was known to the
scientific world from the 1970s, functional nano-systems have
attracted great scientific interest and have always been the
research hotspot in the dynamic interdisciplinary branch of
science.”™ Functional nano-systems typically have diameters
ranging from 10 to 1000 nm in at least one dimension and are
composed of different biocompatible materials, including
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natural or synthetic polymers and lipids.* Due to their distinct
characteristics, including small size and large specific surface
area, high encapsulation capacity of both hydrophilic and
lipophilic drugs and applicability for multiple administration
routes, functional nano-systems can be used as superior drug
delivery platforms, which can regulate the release rate, change
the biodistribution and improve the bioavailability of the
delivered drugs. As a result, functional nano-systems provide
new concepts and opportunities for developing new TDDs.
Recently, functional nano-systems have been attracted a great

Metallic
nanoparticles

Fig. 1 Schematic illustration of representative functional nano-
systems for promoting transdermal drug delivery, including liposomes,
quantum dots, hybrid NPs, dendrimers, micelles, ionic liquid-based
NPs and polymeric nanogels. Adapted from ref. 19. Copyright 2016
John Wiley & Sons Ltd. Adapted from ref. 20. Copyright 2019 MDPI.
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deal of interest for transdermal drug delivery, and plenty of
research and significant achievements have been made. Various
functional nano-systems, such as nanogels, polymeric nano-
particles, metallic nanoparticles, dendrimers, micelles, lipid
nanoparticles and quantum dot nanocarriers, have been
demonstrated to be an effective strategy to overcome the skin
barrier, while causing no tissue harm and promoting trans-
dermal drug delivery (Fig. 1).”*° Therefore, a comprehensive
depiction of the whole scene on functional nano-systems for
transdermal drug delivery, from fundamentals to evaluations
and various advanced applications, is desired.

In this review, we highlight the recent progress on functional
nano-systems for promoting transdermal drug delivery. First,
the fundamentals of transdermal delivery, including skin
biology and penetration routes, are introduced. Then, the
characteristics of functional nano-systems for facilitating
transdermal drug delivery are elucidated. Moreover, the fabri-
cation of various types of functional transdermal nano-systems
are systematically presented. Besides, multiple techniques for
evaluating the transdermal capacities of nano-systems are
illustrated. Finally, the advances in applications of functional
transdermal nano-systems for treating different skin diseases
are summarized. We present an overview of functional nano-
systems for transdermal drug delivery covering from basic
fundamentals to progress made for advanced therapeutic
applications in recent years.

2. Fundamentals of transdermal
delivery
2.1 Skin biology

As the biggest organ of the human body with simple accessi-
bility, the skin is a prospective option for medication adminis-
tration. Thus, it been extensively examined, and its biological
structure is well understood.” The skin structure can be
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categorized into three layers epidermis, dermis, and subcuta-
neous “fat” tissue (Fig. 2). The epidermis comprises two main
layers: stratum corneum (SC), the viable epidermis (VE). The SC,
with a thickness of 10-20 pum, consists of dead, flattened,
keratin-rich cells (keratinocytes) and an intercellular lamellar
lipid bilayer, which acts as the outer layer of the skin. The lipid
layer primarily consists of ceramides (50%), cholesterol (25%),
and other free fatty acids, and is estimated to be <100 nm wide,
limiting passive diffusion to small, lipophilic molecules.”* The
SC is characterized as having a ‘brick-and-mortar’ structure due
to the long, flat, tile-like form of the corneocytes** and respon-
sible for the most of the skin's barrier function.?*?* The kera-
tinocytes underlying the SC make up the VE, which is
approximately 100-150 pm thick. These cells continually
proliferate, pushing older cells to the surface where they
undergo keratinization and programmed cell death, resulting
in the formation of the SC.”” Keratinocytes can produce cyto-
kines and chemokines to boost immune activity at the site of
infection.”® Patrolling dendritic cells may be recruited as a result
of this signaling.

The dermis, which is ~1200 pm thick, is on top of the skin's
middle layer. It is made up of connective tissue like collagen,
elastin, fibronectin, and glycosaminoglycan matrix, and it is
dotted with blood and lymphatic vessels, nerve endings, hair
follicles, sebaceous glands, and sweat glands.*»* The hair
follicles and sweat ducts form a direct connecting path from the
dermis to the skin surface, bypassing the stratum corneum and
henceforth involved in providing the appendageal route of skin
permeation.*

The superficial fascia, or the loose connective and adipose
tissue beneath the dermis that connects and supports the skin
and muscle, is known as the subcutaneous “fat” tissue. It is
composed of cells that contain large quantities of fat, making
the cytoplasm lipoidal in character.* The collagen between the
fat cells provides the linkage of the epidermis and the dermis
with the underlying structures of the skin.

2.2 Skin penetration routes

In accordance with the skin biological structure, the process of
transdermal delivery can occur via three distinct pathways: (A)
intercellular route, (B) transcellular route, and (C) appendageal
route (Fig. 2). The intercellular route has been identified as the
primary pathway, in which the penetrating nanocarriers cross
the intercellular lipids by diffusion between the cells.** The size
as well as the mechanical characteristics of the nanocarriers
must be considered for this pathway since they must be flex-
ible.’” Rigid nanocarriers, like metal NPs, have been reported to
have a limited ability to enter the SC via the intercellular
pathway. It has been proposed that their lack of flexibility
impedes their diffusion between cells.** In contrast, highly
flexible polymer-based nanocarriers have been shown to be able
to penetrate into the SC. The transcellular route is the most
direct and fast pathway for the nanocarriers to permeate the
skin; however, this pathway is challenging as NPs must over-
come both the lipophilic (cell membrane and the lipid matrix)
and lipophobic barriers (inside the cells) within the skin cells.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Functional nanocarriers with a high degree of amphiphilicity
may be suitable options for overcoming such barriers. The
follicular pathway is the most commonly postulated method for
highly rigid nanocarriers to penetrate the skin. This approach
addresses the administration of medications directly through
hair follicles and glandular ducts. However, this route is
severely constrained since hair follicles and glandular ducts
account for just 0.1 and 0.01% of the entire skin surface area,
respectively.>* Meanwhile, there is sufficient evidence that the
size of the applied nanocarriers has an important impact on the
penetration depth and selective targeting of certain compart-
ments inside the hair follicle.*® Toll et al. showed that the
penetration depth in terminal hair follicles increases when
smaller NPs are used.*® Similarly, Alvarez Roman et al
demonstrated with animal models that ~20 nm NPs penetrate
deeper than polystyrene ~200 nm particles.’” Furthermore, the
accumulation of nanocarriers within the hair follicle canal can
benefit from their depot activity, allowing for continuous drug
release over time. Thus, a constant drug level in tissue could be
achieved opening the way for transdermal delivery of active
compounds to specific targets within the hair follicle.**** Taken
together, each of the penetration routes represents a chance for
nano-systems to overcome the skin barrier and the properties of
the functional nano-systems must be fine-tuned to meet the
requirements of the selected routes.

3. Characteristics of functional nano-
systems for facilitating transdermal
drug delivery

Functional nano-systems with the capacity to cross the skin
offer an attractive option to facilitate transdermal drug delivery.
It is worth noting that due to the unique physicochemical
features of nano-systems, such as nanoscale effect, form, stiff-
ness, thermo-responsiveness, surface charge, and pH-
responsiveness, that can all impact skin penetration and
interact with biological components to improve the trans-
dermal capacity, the efficacy of nano-systems is more from their
capacity to cross the skin, rather than acting as a skin surface
depot. The representative characteristics of functional nano-
systems that contribute to the facilitation of the transdermal
drug delivery are discussed in detail in the following sections.

3.1 Nanometer effects

Among all the characteristics, the intrinsic nanometer effects
are no doubt the most important factor. Specifically, the
nanometer effects refer to the phenomenon that nanocarriers
have size-dependent penetration capacities across the
epidermal barriers.**** For example, the penetration of differ-
ently sized citrate-coated gold nanoparticles, with diameters of
15, 102, and 198 nm, were investigated, respectively. Smaller
NPs can permeate deeper into the skin (fibrous layer and
adipose tissues), whereas larger NPs gather mostly in the
epidermis and dermis.*® Moreover, the reduction in the size of
nanocarriers and the relative increase in the surface area of the
nanocarriers the function of bioactive

may improve
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Fig. 3 Illustration of Stimulated Raman-Loss (SRL) images of the skin distribution of proteins and lipids by treating with tNG, and pH-sensitive
Eudragit® L 100 NPs for transdermal delivery. (A) Fluorescence microscopy image of the skin region for SRL (red frame). (B) SRL spectra of the SC
and viable epidermis and (C) optical transmission image (left); distributions of proteins (middle) and lipids (right). (D) Differential permeation of
DxPCA from NPs and cream in intact and barrier-disrupted porcine ear skin. (E) Release efficiency of DxPCA from NP dispersion calculated from
simulated EPR spectra under different pH conditions. (F) Confocal laser scanning microscopy (CLSM) images of the hair follicles (HFs) (i and ii) and
glabrous skin (iii and iv) of the intact skin after the application of Nile red (NR) loaded in NPs (i and iii) and cream (ii and iv). (A—C) Adapted from ref.
47. Copyright 2016 Elsevier. (D and E) Adapted from ref. 53. Copyright 2019 Elsevier.

1530 | Nanoscale Adv, 2023, 5, 1527-1558 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00530a

Open Access Article. Published on 24 Februari 2023. Downloaded on 18/04/2026 10:44:38 PTG.

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

(cc)

Review

compounds; when the size is reduced, the ability of functional
nano-systems to interact with biological membranes is also
enhanced, promoting their biological activity.** Moreover,
Wiraja et al. demonstrated framework nucleic acids (FNAs) with
distinct shapes and sizes for topical applications. Skin histology
reveals size-dependent penetration, with FNAs =75 nm effec-
tively reaching the dermis layer. 17 nm-tetrahedral FNAs show
the greatest penetration to 350 pm from the skin periphery.**

3.2 Hydrating effects

Apart from having a nano-meter effect, functional nano-systems
show the hydration effect that can promote skin hydration and
be useful in transdermal delivery applications. Generally, the
skin hydration can promote the transdermal transport of both
hydrophilic and hydrophobic drugs, while hydrophobic
compounds can hardly penetrate and cause skin irritation in
some situations.*>*® Thermo-responsive nano-systems, such as
nanogels (NGs) and nano-capsules, have been demonstrated to
induce skin hydration by releasing water in response to
temperature change, which enhances the penetration of
hydrophilic compounds, ranging from dyes to proteins.*” For
instance, Giulbudagian et al. reported the unique properties of
thermos-responsive nanogels (tNGs) acting as penetration
enhancers to increase skin hydration.” Three types of tNGs
were synthesized by employing dendritic polyglycerol as
a multifunctional crosslinker and poly(N-isopropylacrylamide)
(PNIPAM), p(GME-co-EGE) and p(di(ethylene glycol) methyl
ether methacrylate-co-oligo ethylene glycol methacrylate)
P(DEGMA-co-OEGMAA475) as three kinds of thermo-responsive
polymers. These NGs were covalently tagged with indodicarbo-
cyanine (IDCC) and loaded with fluorescein to study both the
penetration of tNGs and the penetration of released fluorescein.
The results showed that skin samples treated with NGs were
swollen and the SC exhibited a disruption in the structure of its
proteins and lipids as opposed to untreated skin samples
(Fig. 3A-C). Furthermore, after adhering to the skin surface,
lipid-based nanocarriers can alter skin moisturizing keratin and
modify the structure of both SC lipids and keratin. Both keratin
hydration and structural alterations to the lipids and keratin
can weaken the SC's barrier function, allowing the medication
to penetrate deeper into the skin.*

3.3 pH-Responsiveness

Together with temperature, pH is one of the important
stimulus-response mechanisms that has been widely applied to
trigger drug release from nano-systems. Healthy skin is known
to have an acidic surface with a pH range of 4.1 to 5.8. As the
skin layers change, the pH of the deeper skin layers and hair
follicles shifts to a near-neutral environment.*® In addition, skin
illnesses (inflammations and epidermal lesions) can alter pH
levels.* Due to these pH changes in different skin layers and
environments, pH-responsive nano-systems can exhibit physi-
cochemical changes in various skin layers or diseased areas,
which facilitate the transdermal drug delivery.”® Eudragits and
chitosan (CS) are two pH-responsive polymers that have been
used in therapeutics.*>** For instance, Dong et al. designed pH-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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responsive NPs based on Eudragit L100 and loaded with spin-
labeled dexamethasone (DxPCA). When pH was above 6, NPs
showed higher skin permeation than commercial cream in both
intact and barrier disrupted skin (Fig. 3D-F).** Moreover, CS is
a common natural pH-responsive polymer whose responsive-
ness arises from its amino groups, which undergoes proton-
ation in an acidic environment, leading to repulsion of the
positively charged groups followed by swelling. Sahu et al
developed a CS nanogel loaded with 5-fluorouracil (5-FU) to act
against melanoma and demonstrated the triggered release of 5-
FU in a slightly acidic microenvironment, resulting in selective
drug accumulation at the melanoma site.*>

3.4 Electrostatic charges

The surface charge can affect functional nano-system perme-
ation and penetration on skin.** Specifically, the surface of cells
presents a negative charge mainly caused by sulfated proteo-
glycan molecules, which are responsible for cell proliferation,
migration and movement.*® Thus the electrostatic interactions
between the cell membrane and nano-systems can be achieved
when nano-systems present a positive charge and therefore
promote the transdermal permeation.*-** Meantime, the nega-
tively charged nano-systems also show high cellular uptake due
to a non-specific process of nano-system adsorption on the cell
membrane and to the formation of clusters of nano-systems.*
The adsorption of negatively charged NPs to positively charged
sites occurs via electrostatic interaction neutralization and
membrane bending, or cellular uptake via endocytosis.>® There
is no change of the permeation of neutral nano-systems across
the endothelial cell monolayer.>®

4. Fabrication of functional
transdermal nano-systems

With the above-mentioned characteristics, functional nano-
systems hold great feasibility to improve transdermal delivery
while lowering the undesirable side.*”* In the following section,
functional nano-systems including polymeric nanocarriers
(polymeric NPs, polymeric micelles, and dendrimers), lipid-
based NPs (solid lipid NPs and nanostructured lipid carriers),
vesicular nanocarriers (liposomes, niosomes, transfersomes, and
ethosomes), and inorganic NPs (metallic NPs, metallic oxide NPs,
silica NPs, and quantum dots) are discussed. To offer a whole
scene of the functional nano-systems for transdermal drug
delivery, we have elaborately summarized their detailed infor-
mation including the compositions and fabrication methods in
Table 1 and Table 2 shows the advantages and disadvantages of
these developed functional nano-systems.

4.1 Lipid carriers

Various types of lipid-based nano-systems, such as solid lipid
NPs (SLNs), nanostructured lipid carriers (NLCs), and vesicular
nanocarriers, are developed for transdermal drug delivery. They
can alter SC barrier integrity by disrupting lipid bilayers, as well
as increasing epidermal distribution of drug molecules and hair
follicle targeting of lipid nanocarriers.

Nanoscale Adv., 2023, 5, 1527-1558 | 1531
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Table 1 Summary of the composition and fabrication methods of functional nano-systems
Nano-systems Composition Characterization Fabrication methods Reference
SLNs Solid lipids, Shape: spherical Thin film hydration; hand shaking; reverse- 60-66
surfactants, co- Size: 50-1000 nm phase evaporation; sonication; ether injection;
surfactants Drug: amphotericin B pro-niosome method; freeze and thaw;
dehydration; rehydration; bubble method;
solvent injection-homogenization technique;
microfluidics
NLCs Solid lipids, liquid Shape: spherical High pressure homogenization (hot/cold); 29, 60, 67-76
lipids (oils), surfactants Size: 120.9-185.2 nm ultrasonication (probe/bath); solvent
Drug: simvastatin evaporation; solvent emulsification diffusion;
microemulsion; supercritical fluid; spray drying;
hot-melt extrusion (HME) methods
Liposomes Cholesterol, Shape: spherical Reverse-phase evaporation; membrane 77-92
phospholipids Size: 25-5000 nm extrusion; thin film hydration; sonication
Drug: diflucortolone (probe/bath); ethanol injection; ether injection;
valerate freeze-thaw; micro-emulsification;
microfluidics; heating methods
Ethosomes Ethanol, phospholipids Shape: spherical Thin film hydration; vortex/sonication; ethanol 25, 55, 93, 94
Drug: lipophilic or injection; hot and cold methods
hydrophilic drugs
Transfersomes Phospholipids, Shape: spherical Thin film hydration 95-101
surfactant/edge Size: 90-140 nm
activators, alcohol Drug: meloxicam
buffering agent
Niosomes Cholesterol, nonionic Shape: spherical Cold and hot method 55, 102-113
surfactant Size: 100 to 2000 nm
ISAsomes Inverse bicontinuous Shape: nonlamellar High-energy emulsification methods, 114-120
(Q2) and discontinuous Size: 100-200 nm microfluidization, high-pressure
hexagonal (H2) phases Drug: progesterone homogenization
Polymeric NPs Natural/synthesis Shape: spherical Emulsification/solvent diffusion; salting; 55, 123-131
polymers Size: 10 to 1000 nm nanoprecipitation; polymerization; dialysis;
Drug: donepezil solvent evaporation; supercritical fluidization
hydrochloride
Polymeric Polymers preferably, Shape: spherical Chemical conjugation; physical entrapment 23, 25, 79,
micelles polyethylene glycol, Size: 113.0 &+ 34.0 nm, through dialysis; emulsification; poly-ionic 132-137
aqueous solution, 498.7 £ 35.4 nm complexation
ligands (target Drug: curcumin
molecules)
Dendrimers Core molecule, surface Shape: spherical Divergent; convergent method 60, 139-145
units, monomers Size: 20 nm
Metallic NPs Metal atom, ligands Shape: rod, spherical, Microfluidics 79, 109, 125,
triangular, spherical 148-166
Size: 2-100 nm
Metallic oxide Metal oxide Shape: non-spherical Green synthesis methods 34, 168, 169
NPs Size: <100 nm
QDs Metalloid crystalline Shape: spherical Oxidative cleavage, hydrothermal/solvothermal, 54,173,174
core, surface groups/ Size: 20 nm microwave/ultrasonic-assisted, electrochemical,
polymer/peptide ligand/ pulsed laser ablation, chemical vapor
antibody deposition, electron beam irradiation,
controllable synthesis, carbonization
Silica NPs Silica Shape: spherical A system chemical method 41, 79,
Size: 0.05-2 nm 170-172

4.1.1 Lipid carriers

4.1.1.1 SLNs. The SLNs made of physiological and biode-
gradable lipids are widely employed transdermal nano-
carriers.®”®" At room temperature, these lipids can create a solid
lipophilic matrix into which hydrophilic or lipophilic drug
molecules can be incorporated. Structurally, they are spherical
and have an estimated mean particle size in the range of 50—
1000 nm, with a narrow particle size distribution around the

1532 | Nanoscale Adv., 2023, 5, 1527-1558

mean particle size.®* Various techniques, including hot and cold
homogenization, solvent emulsification, evaporation, micro-
emulsion, W/O/W double emulsion method, and microfluidics,
are applied to fabricate SLNs.®*"** As shown in Fig. 4A and B,
SLNs can be fabricated in a microchannel system by the liquid
flow-focusing and gas displacing method (LFGDM). The size of
the fabricated NPs can be tuned approximately in the range of
100-220 nm and 80-210 nm, respectively (Fig. 4C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Advantages and disadvantages of nano-systems for transdermal drug delivery

Nano-systems Advantage Disadvantage Reference

SLNs Feasibility in incorporation of lipophilic and No deeper penetration for SLNs, drug 60-66
hydrophilic drugs, producing on a large expulsion during storage cause by lipid
industrial scale, good biocompatibility and polymorphism for SLNs, and risk of
biodegradability gelation for SLNs

NLCs Better drug loading capacity, high permeation No deeper penetration 29, 60, 67-76
(NLCs: 86.35%, marketed formulation: 69.41%),
prevention of drug expulsion during storage,
better stability

Liposomes Encapsulation of amphiphilic drugs, low Require special storage conditions, 77-92
toxicity and biocompatibility (erythema and higher production cost, poor permeation
eschar formation value 0-1), improves localized to the viable epidermis and dermis, poor
delivery physicochemical characteristics for long-

term stability (storage at 4-6 °C, in

a refrigerator and adjustment of the pH
of the dispersions to pH values close to
neutral)

Niosomes, Incorporation of both lipophilic and hydrophilic Skin irritation and toxicity (erythema and 25, 55,

transfersomes, drugs, higher encapsulation efficiency, simple eschar formation value 0~1) due to 93-113

ethosomes and inexpensive to manufacture compared with chemical excipients
liposomes, the ability of intact transport across
the SC due to their soft and malleable
characteristics, enhanced penetration and
permeation (niosomes: up to a depth of 120 nm)

ISAsomes Better drug loading capacity, high permeation Unknown toxicity and coalescence 114-120
(NLCs: 48.57 x 107> £ 0.7 ug cm™?)

Polymeric NPs Targeted to a specific site, higher stability than Mass production is difficult, unknown 55, 123-131
lipid-based ones, tunable chemical and physical toxicity, and coalescence
properties, existence of pH, enzymatic,
hydrolysis, etc., sensitive properties when
preferred appropriate polymers

Polymeric micelles Acts as penetration enhancers, increased Useful only for lipophilic drugs, low drug- 23, 25, 79,
solubility of highly lipophilic drugs, protecting loading capacity, dependent on critical 132-137
drug from environmental conditions micellar concentration

Dendrimers Multifunctional surface modification, target Not suitable for hydrophilic drugs, 60, 139-145
specific drug delivery higher cost, toxicological (hemolysis

rates >5%)

Metallic NPs Potential therapeutic and diagnostic tools, Scaling up process is difficult, the use of 79, 109, 125,
stability against oxidation, in vivo degradation, toxic NPs 148-166
biocompatibility, bioavailability of entrapped
drug targeted action, targeted drug action

Metallic oxide NPs Biocompatibility, stability, and targeted action, Exhibited phototoxicity and cellular 34, 168, 169
potential therapeutic and diagnostic tools membrane damage

QDs Biocompatibility, cellular targeting enhanced Toxicity of heavy metals 54,173,174
specificity, deliver a wide range of bioactive
(430-720 nm), imaging tool

Silica NPs Biocompatibility, surface functionalization Potential toxicity of NPs 41, 79,

170-172

Furthermore, due to small particle size and hence a larger
surface area, these NPs make intimate contact with the super-
ficial junction of corneocyte clusters and channels of the SC.*
This is especially crucial for improving drug accumulation and
local drug depot development, which may be utilized for regu-
lated drug administration over time. SLNs also have a specific
occlusive characteristic, which may enhance the penetration of
drugs through the SC by reducing trans-epidermal water loss.
Therefore, SLNs are being extensively researched for thera-
peutic efficacy via the skin delivery route. Butani et al. designed
topical amphotericin B-loaded SLNs to improve the therapeutic

© 2023 The Author(s). Published by the Royal Society of Chemistry

antifungal activity. The result demonstrated higher drug accu-
mulation in the upper layers of the skin and minimize the
diffusion of the drug from the dermis layer into the systemic
circulation.®® The smallest particle sizes are observed for SLN
dispersions with a low lipid content (up to 5%). Both the low
concentration of the dispersed lipid and the low viscosity offer
challenges for the subsequent dermal administration. In most
cases, the incorporation of the SLN dispersion in an ointment
or gel is necessary in order to achieve a formulation that can be
administered to the skin. Besides, cycles of ultrasonication may
later the size and stability of the dispersion. This is why

Nanoscale Adv., 2023, 5, 1527-1558 | 1533
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Fig. 4 Preparation and characterization of SLNs and NLCs. (A and B) The preparation of SLNs by LFGDM by microfluidics. (C) Transmission
electron microscopy (TEM) photographs of the fabricated SLNs. (D) Schematics of the preparation of NLCs via the emulsification-solvent
evaporation technique. (E) Histograms showing the intensity-, volume-, and number-averaged hydrodynamic diameter distributions of sim-
vastatin-loaded NLCs. (F) TEM image of simvastatin-loaded NLCs showing spherical or elliptical vesicles with smooth surfaces. (A—C) Adapted
from ref. 64. Copyright 2009 Elsevier. (D) Adapted from ref. 71. Copyright 2021 Elsevier. (E and F) Adapted from ref. 72. Copyright 2021 Elsevier.

sometimes scale-up of SLNs fails even though perfect initial lab
results are achieved.

4.1.1.2 NLCs. NLCs, as a new improved generation of lipid
NPs, are presently being explored extensively.®® NLCs are
produced by combining at least one liquid lipid (oil) with one or
more solid lipids to form nano-capsules, where the liquid lipid
phase can be embedded in a solid matrix or localized on the
surface of solid particles (Fig. 4F).**® High-pressure homoge-
nization,* melt-emulsification,”® emulsification-solvent evapo-
ration (Fig. 4D),”»”* ultra-sonication,” solvent-diffusion,” and

1534 | Nanoscale Adv, 2023, 5, 1527-1558

spray drying techniques™ are used in the fabrication of NLCs.
The normal weight ratio of solid lipid to liquid lipid ranges from
70:30 to 90 : 10.*° Therefore, several types of NLCs are obtained
based on the technique of manufacturing and the content of the
lipid blend. Moreover, using dynamic light scattering (DLS) and
transmission electron microscopy (TEM), the characterized
information of nano-systems based on the intensity, volume,
number, and morphology can be obtained (Fig. 4E and F). The
intensity-, volume- and number-averaged hydrodynamic diam-
eters of NLCs are 185.2, 175.9 and 120.9 nm, respectively. NLCs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Preparation and characterization of liposomes and ethosomes for transdermal drug delivery. (A) Various design types of micromixer
cartridges for producing liposomes. (i) A toroidal mixer with planar geometry employing centrifugal forces to encourage uniform mixing. (i) The
staggered herringbone micromixer with embossed chevrons. (iii) A basic T-mixer with two inlets where fluids are forced into a T junction and (iv)
hydrodynamic flow focusing with three inlets where a central stream of solvent is focused by aqueous fluid streams either in 2D or 3D. (B) Rapid
single-step preparation of liposomes using microfluidics. (i) Schematic of the fully integrated microfluidic device for remote loading of liposomal
therapeutic nanomedicines in-line with liposome synthesis. (ii) Cross-sectional view of the microfluidic system, revealing the differing channel
heights supporting each process step. (C) Schematics of the liposome structure and lipophilic or hydrophilic drug entrapment models. (D) A TEM
image of a 