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Abstract: transdermal drug delivery system (TDDS) is a method that provides drug adsorption via
the skin. TDDS could replace conventional oral administration and blood administration because it is
easily accessible. However, it is still difficult to design efficient TDDS due to the high barrier property
of skin covered with stratum corneum, which inhibits the permeation of drug molecules. Thus far,
TDDS methods by applying physical stimuli such as microneedles and chemical stimuli such as
surfactants have been actively developed. However, it has been hard to avoid inflammation at the
administration site because these methods partially destroy the skin tissue. On the other hand, TDDS
with nanocarriers minimizing damage to the skin tissues has emerged together with the development
of nanotechnology in recent years. This review focuses on current trends in TDDS.
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1. Introduction

A lot of effort has been paid to achieve efficient drug delivery into skin tissue for
decades. The transdermal drug delivery system (TDDS) is an attractive administration
method because it is easily accessible [1-5]. However, a major part of drugs is still adminis-
tered with needles due to the skin barrier. In general, needle injections have two serious
problems. One is pain and needle phobia, and the other is infections due to the reuse of
needles and unintended damage. Injections are unpleasant and painful, increasing needle
phobia and reducing quality of life. In fact, some studies suggested that 30% of adults suffer
from needle phobia [6-9]. A more significant risk is unintended needle injury for both the
patient and the doctors. Hundreds of millions of dollars have been provided for additional
health care, and transmission of infectious diseases has increased [10,11]. In particular,
800,000 needle injuries by medical professionals were reported in the United States each
year [11,12]. Nevertheless, needle injections are still mainstream for overcoming the skin
barriers. Remarkable barrier properties of the skin tissue are mainly due to the stratum
corneum (SC), which represents the thin outer layer of the epidermis [13-15]. Differently
from other tissues in the body, the stratum corneum is composed of corneocytes that
are surrounded by an extracellular environment of lipids assembled as multiple lamellar
bilayers. These lipids prevent excessive water loss from the body and block the entry of
hydrophobic drugs with low molecular weight. This offers a significant challenge to drug
administration via the skin tissue as systemic therapy following their entry into superficial
dermal capillaries. As a result, various methods of skin permeation to enhance the transport
of drugs through the SC have been investigated (Figure 1). As a first-generation of TDDS,
the delivery of small lipophilic drugs has been reported, and the number of clinical appli-
cations is still increasing. After that, the development of second-generation TDDS using
ultrasound [16-20], iontophoresis [21-27], and chemical enhancers [28,29], has emerged,
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which produced clinical products. Especially, iontophoresis can control the supply rate
in real-time, realizing a wide range of applications. In addition, a third-generation TDDS
by using electroporation [30,31] and microneedles [32-51], has been developed for mini-
mizing the effect on the stratum corneum in the skin barrier. In particular, microneedles
have been actively investigated, and clinical trials of delivery of macromolecules such as
insulin, parathyroid hormone, and influenza vaccines were currently performed. Recently,
nanocarrier-based TDDS [52-102] have attracted particular attention, aiming to minimize
the unfavorable effects on the skin [103-106]. It is revealed that drug molecules could be
delivered to the skin tissue by controlling the flexibility, shape, and size of the nanocarriers,
suggesting the potentials for fourth-generation TDDS. This review introduces recent trends
in TDDS with the developments of such nanomaterials.
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Figure 1. Schematic illustration of representative strategies in transdermal drug delivery system
(TDDS) using physical enhancements and nanocarriers.

2. Transdermal Drug Delivery by Physical Enhancement
2.1. Sonophoresis

Sonophoresis is a transdermal delivery method in which the absorption of drugs
occurs into the epidermis, dermis, and skin appendages using ultrasound. Hydrophilic
molecules and macromolecules are used as drugs. Sonophoresis occurs when ultrasound
waves stimulate micro-vibrations within the skin epidermis increasing the kinetic energy
of molecules. This technology is effective at low frequencies and it is widely utilized
in hospitals for transdermal delivery. As a pioneer work, Langer et al. succeeded in
transdermal delivery of proteins by using sonophoresis [18]. Recently, Boddu et al. reported
that sonophoresis could be used for the delivery of econazole nitrate for treating Raynaud’s
phenomenon [19]. In addition, Shende et al. reported that the combination of sonophoresis
and transdermal patches could be used to treat rheumatoid arthritis [20].

2.2. lontophoresis

Iontophoresis is a transdermal delivery method that uses an electric current to deliver
a substance to the skin tissue to break the limitations of the skin barrier, which usually
allows for penetration of only fat-soluble substances with a molecular weight of about 500.
The most important requirement for iontophoresis is that the drug molecules should be
ionized to be water-soluble. Iontophoresis allows for the delivery of molecules that are
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unsuitable for passive delivery across the stratum corneum. Although the requirements
for the formulation are clearly different from those of lipophilic molecules delivered by
the conventional transdermal delivery method, uncharged and water-insoluble molecules
can also be used for iontophoresis by appropriate modulation of their physicochemical
properties [21]. Penbutolol is a non-cardioselective agent for adrenoreceptor blocking,
which is used for the treatment of hypertension. Tablet is the conventional dosage form
for penbutolol, which has limitations such as high incidence of adverse effects because of
variable absorption profile and hepatic first-pass metabolism. To address these problems,
Ita et al. succeeded in TDDS of penbutolol sulfate by iontophoresis [22]. Ranitidine is
used in pediatric medicine, especially in intensive care, and is prescribed in a variety of
clinical indications such as gastro-esophageal reflux disease, benign gastric and duodenal
ulcerations, for which gastric acid reduction is needed. Oral and intravenous delivery have
been used as an administration method. Especially in children, the oral bioavailability of
ranitidine is highly variable. Moreover, some drugs contain alcohol, and no oral prepara-
tion is licensed for use in children under 3 years of age. For overcoming these limitations,
Charro et al. reported transdermal delivery of ranitidine by iontophoresis [23]. More
recently, Hwang et al. successfully developed an iontophoretic method coupled with
hydrogel embedding nanocarriers (Figure 2) [24]. Reverse electrodialysis (RED)-driven
iontophoretic patch was constructed with polypyrrole-appended polyvinyl alcohol elec-
troconductive hydrogel. Electrically mobile drug nanocarriers can efficiently be delivered
by this method. Thus far, iontophoretic therapeutic systems such as lidocaine (LidoSite®;
2004), fentanyl (Ionsys®; 2006), and sumatriptan (Zecuity®; 2013) have been approved.
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Figure 2. Schematic of the reverse electrodialysis (RED)-driven iontophoretic patch and each compo-
nent in which the RED battery is operated by the transport of Na* and Cl1~ ions. The polypyrrole-
appended polyvinyl alcohol electroconductive hydrogel patches are constructed with the RED system.
Reprinted with permission from ref 24. Copyright 2020 American Chemical Society.

2.3. Chemical Penetration Enhancer

TDDS using chemical penetration enhancers is one of the most widely used ap-
proaches. In 1997, Buyuktimkin et al. evaluated water, hydrocarbons, alkanols, acids,
esters, alkylamino esters, ureas, amides, sulfoxides, terpenes, steroids, dioxolanes, pyrroli-
dones, and imidazole derivatives as penetration enhancers for human skin [28,29]. Shah
et al. suggested that the enhancers work by the following mechanisms; (1) increase of
diffusivity of the drug in the skin, (2) fluidization of SC, which causes a decrease in barrier
function, (3) increasing the thermodynamic activity of the drug in the carrier, and (4) affect-
ing the partition coefficient of the drug. Although about 150 kinds of chemical penetration
enhancers have been used in the pharmaceutical industry thus far, they are not ideal in
terms of toxicity, irritation, allergy, and sensitization, and further improvement is desired.
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2.4. Electroporation

In contrast to iontophoresis, high voltage pulses of 50-500 V is applied in electropo-
ration to perturb lipid organization in the stratum corneum. Electrochemotherapy is the
most successful clinical application of electroporation, which is used for the treatment
of cutaneous tumors in malignant melanoma patients [33]. In addition, Mohand et al.
recently reported that effective transdermal delivery can be achieved by electroporation
of non-ionic surfactant-based vesicles containing Annona squamosa [34]. Because the car-
rier is non-ionized, electroporation enhanced skin permeability with little effect on the
organization of the vesicle.

2.5. Microneedle

Microneedles are micron-scale devices, which enable mechanical perforation of the
skin barrier. Because the microneedle can penetrate the stratum corneum and epidermis
without reaching the pain-sensitive nerve cells [47]. This technology can be mainly di-
vided into four categories as follows; (i) solid microneedles that are used to pretreat the
skin prior to formulation application, (ii) drug-coated microneedles with drugs on the
microneedle surface for rapid transdermal delivery method to the epidermis, (iii) dissolv-
ing microneedles in which drug molecules are formulated into the microneedle, and (iv)
hollow microneedles, which are in contact with a drug reservoir. Microneedles are one
of the most extensively studied transdermal delivery method in the category of physical
perturbation. For example, Oomens et al. recently reported the calculation of diffusion
and kinetics for vaccine delivery to figure out the optimal geometry of microneedles using
a computer model [48]. In addition, Prausnitz et al. found that transdermal delivery
for the eye can be designed by applying an optimal surface coating to microneedles [50].
Transdermal delivery of vaccines is one of the attractive applications because microneedles
also enable the delivery of biomacromolecules. Gu et al. reported delivery of anti-PD1
antibodies by using a microneedle for cancer immunotherapy (Figure 3) [54]. In this
work, self-degradable microneedles composed of biocompatible hyaluronic acid matrix
integrated with acid-degradable dextran nanoparticles encapsulating programmed death-1
protein (aPD1) were used.
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Figure 3. (a) Schematic design of the TDDS of the anti-PD1 antibody by the microneedle patch. (b)
SEM image and (c) fluorescence image of the microneedles. (d) Appearance and (e) SEM images of
the anti-PD1 antibody-loaded nanoparticles. (f,g) Release profiles of the anti-PD1 antibody from the
microneedle in the presence of glucose oxidase. Reprinted with permission from ref 54. Copyright
2016 American Chemical Society.
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From a historical point of view, physical enhancement methods have been improved
with a focus on how to minimize damage to the skin. In particular, microneedle methods
are currently capable of transdermal delivery with low invasiveness, and related research
would be further expanded in the future.

3. Transdermal Drug Delivery Using Nanocarrier

Not only the above-mentioned TDDS using physical enhancements, TDDS with
nanocarriers has emerged together with the recent progress in nanotechnology for mini-
mizing damage to the skin tissues.

3.1. Flexible Liposome

The flexibility of liposomes affects the efficiency of TDDS [55-65]. In 1992, Cevc et al.
reported highly deformable liposomes, so-called transfersomes, which penetrate intact skin [55].
After that, flexible liposomes containing ethanol showing high skin permeation capability have
emerged. Atopic eczema is one of the inflammatory skin diseases, and it represents serious
problems for patients and physicians as well as for researchers. The characteristic point of this
disease is an itchy red rash that favors the skin creases such as the folds of elbows. Atopic eczema
is characterized by an increase in activity of mast cells, higher expression levels of IgE antibodies,
and a decrease in the production of ceramides at the molecular level. Nicotinamide (NIC) is an
important coenzyme and involved in various oxidation-reduction reactions in biological systems
as an antioxidant by inhibiting poly-adenosine diphosphate-ribose polymerase. The effects are
derived from inhibition of poly-adenosine diphosphate-ribose polymerase, and NIC increasingly
gains interest in the treatment of several skin diseases. Sayed et al. proposed a new approach
of TDDS of NIC using an ethosome for the treatment of atopic eczema [56]. Ibuprofen is a
popular drug for the treatment of fever and pain. Ibuprofen is widely used in both adults and
children thanks to its high effectiveness and low-side-effect. It belongs to the NSAID family and
shows pharmacodynamic actions by inhibiting COX-1 and COX-2, which are the enzymes related
to inflammatory pathways and the formation of pro-inflammatory prostaglandins. TDDS of
ibuprofen could avoid side effects associated with gastrointestinal ulceration and bleeding due to
the local effect on the production of mucosal prostaglandins. In addition, TDDS could benefit
pediatric patients often suffering from taking the full dose of oral medication and vomiting [62].
More recently, Mo et al. successfully developed a peptide hydrogel embedding ethanol-containing
liposomes for chemotherapy of melanoma (Figure 4) [63].
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Figure 4. (a) Schematic illustration of the preparation and the application of a liposome embedding
hydrogel as a paintable patch for TDDS. (b) Schematic illustration of the enhancement on the
efficiency of TDDS for noninvasive chemotherapy of melanoma. Reprinted with permission from ref
63. Copyright 2018 American Chemical Society.
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3.2. Lipid Nanoparticle

Lipid nanoparticles have been used as an alternative TDDS for pharmaceutical drugs
and cosmetic compounds since the early 1990s [66-82]. A solid lipid nanoparticle (SLN)
was prepared by the exchange of the liquid lipid oil of the emulsions by solid lipid, which
remains at a solid-state at room temperature and body temperature [66,67]. The SLNs are
useful for incorporating lipophilic, hydrophilic, and water-insoluble compounds owing
to their structural characteristics. Nanostructured lipid carriers (NLC) are known as the
second generation of lipid nanoparticles [68-75]. A variety of amphiphilic molecules can
be used to prepare NLC ranging from phospholipids to artificial surfactants. Different
from SLN, the lipid matrix of NLC is composed of a blend of solid and liquid lipids,
which reduce the melting point of the solid lipid by keeping the solid matrix at room
and body temperatures. NLC can also be stabilized in aqueous dispersion using a surfac-
tant. For the improvement of these lipid-based nanocarriers, Park et al. developed lipid
nanoparticles composed of ceramide and succeeded in TDDS of apigenin [76]. Gratieri
et al. reported clobetasol-loaded lipid nanocarriers and investigated the effects on hair
follicles [77]. In addition, Hamada et al. successfully prepared ultra-small nanoparticles
by using anionic phospholipids. It was revealed that ultra-small lipid nanoparticles en-
capsulating antioxidant resveratrol [80] and anticancer paclitaxel [81] exhibited high skin
permeation capability.

3.3. Bicelle

The Bicelle is a disk-shaped phospholipid assembly and it has been actively studied
in recent years in several research fields due to its unique shape [83-91]. Bicelles are
formed by mixing long-chain and short-chain phospholipids in an aqueous solution. As
a typical example, a bicelle structure is formed with a diameter of about 15 to 50 nm
by stabilizing the edge of dipalmitoylphosphatidylcholine (DMPC) bilayers with short-
chain dihexanoylphosphatidylcholine (DHPC) [83]. Firstly, bicelle has attracted attention as
alignment media in NMR measurements, taking advantage of the magnetic field orientation
due to its anisotropic shape. For example, Ramamoorthy et al. systematically investigated
the effects of chain length to form the bicelles for the use in NMR analysis of membrane
proteins [83]. Recently, applications of the bicelles to TDDS have emerged. The first reason
for this is that disk-shaped carriers were found to show stronger adhesion to microvascular
networks [107] and longer circulation times [108] than spherical carriers. In addition, Lopez
et al. reported that the unique two-dimensional shape of bicelles is advantageous because
the carriers have to pass through narrow gaps (6-10 nm) between skin cells to penetrate
deep inside skin tissue [85]. Vesicles normally have diameters of more than 100 nm and
are too large to pass through the narrow gaps. In the case of small micelles, the carriers
tend to undergo cellular uptake, which prevents penetration into skin tissues. On the
other hand, bicelles are sufficiently thin (<4 nm) to pass through intercellular gaps but are
wide enough (20-1000 nm) to resist cellular uptake. However, the bicelle is generally an
unstable self-assembly and tends to transform in skin tissue when applied to TDDS, and
various studies have been reported to solve this problem [86]. Dai et al. succeeded in the
preparation of kinetically stable bicelles by covalent fixation of bilayers with polymerizable
phospholipids. By encapsulating an anticancer drug, doxorubicin (DOX), in this bicelle
and administering it to mice, DOX was successfully delivered in vivo (Figure 5) [88]. In
addition, Ishida et al. realized a kinetically stable and temperature-responsive bicelle using
a kinetically stable gel-phase phospholipid bilayer and chemically designed surfactants
and applied them to the delivery of DOX [90].
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Figure 5. Schematic illustration of the bicelle containing doxorubicin (DOX) and fluorescent dye.
Reprinted with permission from ref 88. Copyright 2017 American Chemical Society.

3.4. Nanoemulsion

Nanoemulsions are dispersions of water and oil phases stabilized by surfactants with
a diameter in the submicron range [92-98]. Nanoemulsions can be prepared by high-
energy and low-energy emulsification techniques and usually contain a relatively low
amount of surfactant. The low surfactant content brings advantages in topical application
with low irritation to the skin. The small-sized droplet provides a large surface area and
uniform distribution on the skin, resulting in good occlusiveness, aesthetic qualities, film
formation, and skin feel [92,93]. For the effective use of emulsion, Harwansh et al. reported
efficient TDDS of the herbal drug by using a nanoemulsion [94]. In addition, Casiraghi et al.
evaluated the effects of the size of emulsion on TDDS and revealed that nanometer-sized
emulsion carriers efficiently delivered apolar molecules into skin tissue [97].

3.5. Other Nanocarriers

In addition to the above-mentioned examples, nanocarriers for TDDS, which exhibit
unique functions, have been developed [99-104]. Dendrimer is a dendritic macromolecule,
and it can be used for TDDS. In particular, lower generation cationic dendrimers are
more effective in enhancing skin permeation by interacting with the skin lipid bilayers.
Polyamidoamine (PAMAM) dendrimers are shown to deliver drugs such as 5-fluorouracil,
riboflavin, indomethacin, and ketoprofen [100]. Nanogels are nanocarriers consisting
of a network of hydrophilic polymers that are chemically or physically crosslinked and
swell in a preferred medium. Lyer et al. created pH-responsive nanogels and demon-
strated in vivo and ex vivo studies that they are effective for the treatment of skin can-
cers [101]. Cyclodextrin-based TDDS have also been developed [109,110]. For example,
Kilimozhi et al. succeeded in the co-delivery of curcumin and resveratrol using a cyclodex-
trin nanosponge [109].

As mentioned above, various nanocarriers have been developed because it is easy to
prepare rather than physical enhancement methods. The key for the clinical applications of
the nanocarriers is how to design materials that pass through the skin barrier. The effects of
flexibility, shape, and size of nanocarriers have been evaluated, and ideal properties have
been clarified. In the future, the development of nanocarriers that combine these factors
would be expected.
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4. Conclusions

In this paper, we have introduced recent trends in TDDS by classifying them into
methods that use physical perturbations and nanocarriers. TDDS by using physical per-
turbations has already been put into practical use, and preparations are being made for
the social implementation of TDDS. If a promising material for TDDS would be devel-
oped by using nanocarriers, it could be an innovative treatment for the next generation of
skin diseases.

Author Contributions: N.U., M.Y,, and H.H. created and edited the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Early-Career Scientists (19K15378 to N.U.)
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Prausnitz, M.R; Langer, R. Transdermal drug delivery. Nat. Biotech. 2008, 7, 1261-1268. [CrossRef] [PubMed]

2. Schoellhammer, C.M.; Blankschtein, D.; Langer, R. Skin permeabilization for transdermal drug delivery: Recent advances and
future prospects. Expert Opin. Drug Deliv. 2014, 11, 393—407. [CrossRef] [PubMed]

3.  Singhal, M,; Lapteva, M.; Kalia, Y.N. Formulation challenges for 21st century topical and transdermal delivery systems. Expert
Opin. Drug Deliv. 2017, 14, 705-708. [CrossRef] [PubMed]

4. Watkinson, A.C; Kearney, M.-C.; Quinn, H.L.; Courtenay, A.J.; Donnelly, R.E. Future of the transdermal drug delivery market—
have we barely touched the surface? Expert Opin. Drug Deliv. 2016, 13, 523-532. [CrossRef]

5. Jiang, T.; Xu, G.; Chen, G.; Zheng, Y.; He, B.; Gu, Z. Progress in transdermal drug delivery systems for cancer therapy. Nano Res.
2020, 13, 1810-1824. [CrossRef]

6.  Andrews, S.N.; Jeong, E.; Prausnitz, M.R. Transdermal delivery of molecules is limited by full epidermis, not just stratum
corneum. Pharm. Res. 2013, 30, 1099-1109. [CrossRef]

7. Giudice, E.L.; Campbell, J.D. Needle-free vaccine delivery. Adv. Drug Deliv. Rev. 2006, 58, 68-89. [CrossRef]

8.  Sokolowski, C.J.; Giovannitti, J.A.; Boynes, S.G. Needle phobia: Etiology, adverse consequences, and patient management. Dent.
Clin. N. Am. 2010, 54, 731-744. [CrossRef]

9. Nir, Y,; Paz, A,; Sabo, E.; Potasman, I. Fear of injections in young adults: Prevalence and associations. Am. J. Trop. Med. Hyg. 2003,
68, 341-344. [CrossRef]

10. Dabhlan, A.; Alpar, H.O.; Stickings, P.; Sesardic, D.; Murdan, S. Transcutaneous immunisation assisted by low-frequency ultrasound.
Int. ]. Pharm. 2009, 368, 123-128. [CrossRef]

11. Tezel, A; Paliwal, S.; Shen, Z.; Mitragotri, S. Low-frequency ultrasound as a transcutaneous immunization adjuvant. Vaccine 2005,
23, 3800-3807. [CrossRef] [PubMed]

12. Patterson, ].M.M.; Novak, C.B.; Mackinnon, S.E.; Ellis, R.A. Needlestick injuries among medical students. Am. |. Infect. Control
2003, 31, 226-230. [CrossRef] [PubMed]

13. Yang, R.; Wei, T.; Goldberg, H.; Wang, W.; Cullion, K.; Kohane, D.S. Getting drugs across biological barriers. Adv. Mater. 2017, 29,
1606596. [CrossRef] [PubMed]

14. Prausnitz, M.R; Elias, PM.; Franz, T.].; Schmuth, M.; Tsai, J.-C.; Menon, G.K.; Holleran, W.M.; Feingold, K.R. Skin barrier and
transdermal drug delivery. Med. Ther. 2012, 2065-2073.

15. Elias, PM. Epidermal lipids, barrier function, and desquamation. J. Investig. Dermatol. 1983, 80, 44s—49s. [CrossRef]

16. Park, D.; Park, H.; Seo, ].; Lee, S. Sonophoresis in transdermal drug deliverys. Ultrasonics 2014, 54, 56—65. [CrossRef]

17.  Azagury, A.; Khoury, L.; Enden, G.; Kost, J. Ultrasound mediated transdermal drug delivery. Adv. Drug Deliv. Rev. 2014, 72,
127-143. [CrossRef]

18. Mitragotri, S.; Blankschtein, D.; Langer, R. Ultrasound-mediated transdermal protein delivery. Science 1995, 269, 850-853.
[CrossRef]

19. Daftardar, S.; Bahl, D.; Boddu, S.H.S.; Altorok, N.; Kahaleh, B. Ultrasound-mediated topical delivery of econazole nitrate with
potential for treating Raynaud’s phenomenon. Int. J. Pharm. 2020, 580, 119229. [CrossRef]

20. Vaidya, J.; Shende, P. Potential of sonophoresis as a skin penetration technique in the treatment of rheumatoid arthritis with
transdermal patch. AAPS PharmSciTech 2020, 21, 180. [CrossRef]

21. Cormier, M,; Chao, S.T.; Gupta, S.K.; Haak, R. Effect of transdermal iontophoresis codelivery of hydrocortisone on metoclopramide
pharmacokinetics and skin-induced reactions in human subjects. J. Pharm. Sci. 1999, 88, 1030-1035. [CrossRef] [PubMed]

22. Tta, K. Transdermal iontophoretic drug delivery: Advances and challenges. J. Drug Target. 2016, 24, 386-391. [CrossRef] [PubMed]


http://doi.org/10.1038/nbt.1504
http://www.ncbi.nlm.nih.gov/pubmed/18997767
http://doi.org/10.1517/17425247.2014.875528
http://www.ncbi.nlm.nih.gov/pubmed/24392787
http://doi.org/10.1080/17425247.2017.1311320
http://www.ncbi.nlm.nih.gov/pubmed/28338352
http://doi.org/10.1517/17425247.2016.1130034
http://doi.org/10.1007/s12274-020-2664-5
http://doi.org/10.1007/s11095-012-0946-7
http://doi.org/10.1016/j.addr.2005.12.003
http://doi.org/10.1016/j.cden.2010.06.012
http://doi.org/10.4269/ajtmh.2003.68.341
http://doi.org/10.1016/j.ijpharm.2008.10.014
http://doi.org/10.1016/j.vaccine.2005.02.027
http://www.ncbi.nlm.nih.gov/pubmed/15893617
http://doi.org/10.1067/mic.2003.44
http://www.ncbi.nlm.nih.gov/pubmed/12806360
http://doi.org/10.1002/adma.201606596
http://www.ncbi.nlm.nih.gov/pubmed/28752600
http://doi.org/10.1038/jid.1983.12
http://doi.org/10.1016/j.ultras.2013.07.007
http://doi.org/10.1016/j.addr.2014.01.007
http://doi.org/10.1126/science.7638603
http://doi.org/10.1016/j.ijpharm.2020.119229
http://doi.org/10.1208/s12249-020-01725-w
http://doi.org/10.1021/js980491+
http://www.ncbi.nlm.nih.gov/pubmed/10514351
http://doi.org/10.3109/1061186X.2015.1090442
http://www.ncbi.nlm.nih.gov/pubmed/26406291

Nanomaterials 2021, 11, 335 9of 12

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Djabri, A.; Guy, R.H.; Delgado-Charro, M.B. Transdermal iontophoresis of ranitidine: An opportunity in paediatric drug therapy.
Int. J. Pharm. 2012, 435, 27-32. [CrossRef] [PubMed]

An, Y-H; Lee, J.; Son, D.U.; Kang, D.H.; Park, M.].; Cho, KW.; Kim, S.; Kim, S.-H.; Ko, J.; Jang, M.-H.; et al. Facilitated
transdermal drug delivery using nanocarriers-embedded electroconductive hydrogel coupled with reverse electrodialysis-driven
iontophoresis. ACS Nano 2020, 14, 4523-4535. [CrossRef] [PubMed]

Herr, N.R; Kile, B.M.; Carelli, R.M.; Wightman, R.M. Electroosmotic flow and its contribution to iontophoretic delivery. Anal.
Chem. 2008, 80, 8635-8641. [CrossRef] [PubMed]

Kalia, Y.N.; Naik, A.; Garrison, J.; Guy, R.H. Iontophoretic drug delivery. Adv. Drug Deliv. Rev. 2004, 56, 619-658. [CrossRef]
[PubMed]

Priya, B.; Rashmi, T.; Bozena, M. Transdermal iontophoresis. Expert Opin. Drug Deliv. 2006, 3, 127-138. [CrossRef]
Buyuktimkin, N.; Buyuktimkin, S.; Rytting, ].H. Chemical means of transdermal drug permeation enhancement. Transdermal Top.
Drug Deliv. Syst. Interpharm Press IL 1997, 357-475.

Shah, V.P. Skin penetration enhancers: Scientific perspective. Drug Permeat. Enhanc. Marcel Dekker 1994, 19-23.

Ahad, A; Aqil, M.; Kohli, K.; Chaudhary, H.; Sultana, Y.; Mujeeb, M.; Talegaonkar, S. Chemical penetration enhancers: A patent
review. Expert Opin. Ther. Pat. 2009, 19, 969-988. [CrossRef] [PubMed]

Dragicevic, N.; Maibach, H.I. Percutaneous Penetration Enhancers Chemical Methods in Penetration Enhancement; Springer:
Berlin/Heidelberg, Germany, 2016. [CrossRef]

Denet, A.-R.; Vanbever, R.; Préat, V. Skin electroporation for transdermal and topical delivery. Adv. Drug Deliv. Rev. 2004, 56,
659-674. [CrossRef] [PubMed]

Marty, M.; Sersa, G.; Garbay, J.R.; Gehl, ].; Collins, C.G.; Snoj, M.; Billard, V.; Geertsen, P.F,; Larkin, ]J.O.; Miklavcic, D.; et al.
Electrochemotherapy—an easy, highly effective and safe treatment of cutaneous and subcutaneous metastases: Results of ESOPE
(european standard operating procedures of electrochemotherapy) study. Eur. J. Cancer Suppl. 2006, 4, 3—13. [CrossRef]
Abd-Elghany, A.A.; Mohamad, E.A. Ex-vivo transdermal delivery of Annona squamosa entrapped in niosomes by electroporation.
J. Rad. Res. Appl. Sci. 2020, 13, 164-173. [CrossRef]

Park, J.-H.; Choi, S.-O.; Seo, S.; Choy, Y.B.; Prausnitz, M.R. A microneedle roller for transdermal drug delivery. Eur. J. Pharm.
Biopharm. 2010, 76, 282-289. [CrossRef] [PubMed]

Sivamani, R.K.; Stoeber, B.; Liepmann, D.; Maibach, H.I. Microneedle penetration and injection past the stratum corneum in
humans. J. Dermatolog. Treat. 2009, 20, 156-159. [CrossRef] [PubMed]

Cheung, K.; Das, D.B. Microneedles for drug delivery: Trends and progress. Drug Deliv. 2016, 23, 2338-2354. [CrossRef] [PubMed]
Vicentre-Perez, E.M.; Larraneta, E.; McCrudden, M.T.C; Kissenpfennig, A.; Hegarty, S.; McCarthy, H.O.; Donnelly, R.F. Repeat
application of microneedles does not alter skin appearance or barrier function and causes no measurable disturbance of serum
biomarkers of infection, inflammation or immunity in mice in vivo. Eur. J. Pharm. Biopharm. 2017, 117, 400-407. [CrossRef]
[PubMed]

Bal, S.M.; Caussin, J.; Pavel, S.; Bouwstra, J.A. In vivo assessment of safety of microneedle arrays in human skin. Eur. J. Pharm.
Sci. 2008, 35, 193-202. [CrossRef] [PubMed]

Gratieri, T.; Alberti, I.; Lapteva, M.; Kalia, Y.N. Next generation intra- and transdermal therapeutic systems: Using non- and
minimally-invasive technologies to increase drug delivery into and across the skin. Eur. J. Pharm. Sci. 2013, 50, 609-622. [CrossRef]
[PubMed]

Kadonosono, K.; Yamane, S.; Inoue, M.; Yamakawa, T.; Uchio, E. Intra-retinal arterial cannulation using a microneedle for central
retinal artery occlusion. Sci. Rep. 2018, 8, 1360. [CrossRef] [PubMed]

Prausnitz, M.R.; Gomaa, Y.; Li, W. Microneedle patch drug delivery in the gut. Nat. Med. 2019, 25, 1471-1472. [CrossRef]
[PubMed]

Tarbox, T.N.; Watts, A.B.; Cui, Z.; Williams, R.O., III. An update on coating/manufacturing techniques of microneedles. Drug
Deliv. Transl. Res. 2018, 8, 1828-1843. [CrossRef] [PubMed]

Pires, L.R.; Vinayakumar, K.B.; Turos, M.; Miquel, V.; Gaspar, J. A perspective on microneedle-based drug delivery and diagnostics
in paediatrics. J. Pers. Med. 2019, 9, 49. [CrossRef] [PubMed]

Ornelas, J.; Foolad, N.; Shi, V.; Burney, W.; Sivamani, R.K. Effect of microneedle pretreatment on topical anesthesia: A randomized
clinical trial. JAMA Dermatol. 2016, 152, 476-477. [CrossRef]

Larraneta, E.; Lutton, R.E.M.; Woolfson, A.D.; Donnelly, R.E. Microneedle arrays as transdermal and intradermal drug delivery
systems: Materials science, manufacture and commercial development. Mat. Sci. Eng. R Rep. 2016, 104, 1-32. [CrossRef]
Nagarkar, R.; Singh, M.; Nguyen, H.X; Jonnalagadda, S. A review of recent advances in microneedle technology for transdermal
drug delivery. J. Drug Deliv. Sci. Technol. 2020, 59, 101923. [CrossRef]

Romgens, A.M.; Bader, D.L.; Bouwstra, J.A.; Oomens, C.W.]. Predicting the optimal geometry of microneedles and their array for
dermal vaccination using a computational model. Comput. Methods Biomech. Biomed. Engin. 2016, 19, 1599-1609. [CrossRef]

He, X.; Sun, J.; Zhuang, J.; Xu, H.; Liu, Y.; Wu, D. Microneedle system for transdermal drug and vaccine delivery: Devices, safety,
and prospects. Dose Response 2019, 17, 182-194. [CrossRef]

Jiang, J.; Gill, H.S.; Ghate, D.; McCarey, B.E.; Patel, S.R.; Edelhauser, H.F.; Prausnitz, M.R. Coated microneedles for drug delivery
to the eye. Invest. Ophthalmol. Vis. Sci. 2007, 48, 4038-4043. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22429890
http://doi.org/10.1021/acsnano.0c00007
http://www.ncbi.nlm.nih.gov/pubmed/32191436
http://doi.org/10.1021/ac801547a
http://www.ncbi.nlm.nih.gov/pubmed/18947198
http://doi.org/10.1016/j.addr.2003.10.026
http://www.ncbi.nlm.nih.gov/pubmed/15019750
http://doi.org/10.1517/17425247.3.1.127
http://doi.org/10.1517/13543770902989983
http://www.ncbi.nlm.nih.gov/pubmed/19552513
http://doi.org/10.1007/978-3-662-47862-2
http://doi.org/10.1016/j.addr.2003.10.027
http://www.ncbi.nlm.nih.gov/pubmed/15019751
http://doi.org/10.1016/j.ejcsup.2006.08.002
http://doi.org/10.1080/16878507.2020.1719329
http://doi.org/10.1016/j.ejpb.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20624460
http://doi.org/10.1080/09546630802512679
http://www.ncbi.nlm.nih.gov/pubmed/19016065
http://doi.org/10.3109/10717544.2014.986309
http://www.ncbi.nlm.nih.gov/pubmed/25533874
http://doi.org/10.1016/j.ejpb.2017.04.029
http://www.ncbi.nlm.nih.gov/pubmed/28478160
http://doi.org/10.1016/j.ejps.2008.06.016
http://www.ncbi.nlm.nih.gov/pubmed/18657610
http://doi.org/10.1016/j.ejps.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23567467
http://doi.org/10.1038/s41598-018-19747-7
http://www.ncbi.nlm.nih.gov/pubmed/29358594
http://doi.org/10.1038/s41591-019-0606-0
http://www.ncbi.nlm.nih.gov/pubmed/31591600
http://doi.org/10.1007/s13346-017-0466-4
http://www.ncbi.nlm.nih.gov/pubmed/29288358
http://doi.org/10.3390/jpm9040049
http://www.ncbi.nlm.nih.gov/pubmed/31731656
http://doi.org/10.1001/jamadermatol.2015.5544
http://doi.org/10.1016/j.mser.2016.03.001
http://doi.org/10.1016/j.jddst.2020.101923
http://doi.org/10.1080/10255842.2016.1173684
http://doi.org/10.1177/1559325819878585
http://doi.org/10.1167/iovs.07-0066

Nanomaterials 2021, 11, 335 10 of 12

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ita, K. Dissolving microneedles for transdermal drug delivery: Advances and challenges. Biomed. Pharm. 2017, 93, 1116-1127.
[CrossRef]

Chiang, B.; Venugopal, N.; Edelhauser, H.F,; Prausnitz, M.R. Distribution of particles, small molecules and polymeric formulation
excipients in the suprachoroidal space after microneedle injection. Exp. Eye Res. 2016, 153, 101-109. [CrossRef]

Van der Maaden, K; Jiskoot, W.; Bouwstra, ]. Microneedle technologies for (trans)dermal drug and vaccine delivery. . Control.
Rel. 2012, 161, 645-655. [CrossRef]

Wang, C.; Ye, Y.Q.; Hochu, G.M.; Sadeghifar, H.; Gu, Z. Enhanced cancer immunotherapy by microneedle patch-assisted delivery
of anti-PD1 antibody. Nano Lett. 2016, 16, 2334-2340. [CrossRef]

Cevc, G.; Blume, G. Lipid vesicles penetrate into intact skin owing to the transdermal osmotic gradients and hydration force.
Biochem. Biophys. Acta. Biomem. 1992, 1104, 226-232. [CrossRef]

El-Menshawe, S.E; Sayed, O.M.; Abou-Taleb, H.A.; El Tellawy, N. Skin permeation enhancement of nicotinamide through using
fluidization and deformability of positively charged ethosomal vesicles: A new approach for treatment of atopic eczema. J. Drug
Deliv. Sci. Technol. 2019, 52, 687-701. [CrossRef]

Salem, H.E; El-menshawe, S.F; Khallaf, R.A.; Rabea, Y.K. A novel transdermal nanoethosomal gel of lercanidipine HCl for
treatment of hypertension: Optimization using box-benkhen design, in vitro and in vivo characterization. Drug Deliv. Transl. Res.
2019, 10, 227-240. [CrossRef]

Abdulbaqi, LM.; Darwis, Y.; Khan, N.A.K.; Assi, R.A.; Khan, A.A. Ethosomal nanocarriers: The impact of constituents and
formulation techniques on ethosomal properties, in vivo studies, and clinical trials. Int. . Nanomedicine 2016, 11, 2279-2304.
[CrossRef]

Marto, J.; Vitor, C.; Guerreiro, A.; Severino, C.; Eleuterio, C.; Ascenso, A.; Simoes, S. Ethosomes for enhanced skin delivery of
griseofulvin. Coll. Surf. B Biointer. 2016, 146, 616—623. [CrossRef]

Mota, A.H.; Rijo, P.; Molpeceres, J.; Reis, C.P. Broad overview of engineering of functional nanosystems for skin delivery. Int. |.
Pharm. 2017. 532, 710-728. [CrossRef]

Ainbinder, D.; Paolino, D.; Fresta, M.; Touitou, E. Drug delivery applications with ethosomes. ]. Biomed. Nanotech. 2010, 6,
558-568. [CrossRef]

Margarita, S.; Ronny, B.; Shaher, D.; Denize, A.; Elka, T. Ibuprofen transdermal ethosomal gel: Characterization and efficiency in
animal models. J. Biomed. Nanotech. 2010, 6, 569-576. [CrossRef]

Jiang, T.; Wang, T; Li, T.; Ma, Y.; Shen, S.; He, B.; Mo, R. Enhanced transdermal drug delivery by transfersome-embedded
oligopeptide hydrogel for topical chemotherapy of melanoma. ACS Nano 2018, 12, 9693-9701. [CrossRef]

Geusens, B.; Van Gele, M.; Braat, S.; De Smedt, S.C.; Stuart, M.C.A.; Prow, T.W.; Sanchez, W.; Roberts, M.S.; Sanders, N.N.;
Lambert, J. Flexible nanosomes (SECosomes) enable efficient siRNA delivery in cultured primary skin cells and in the viable
epidermis of ex vivo human skin. Adv. Funct. Mater. 2010, 20, 4077-4090. [CrossRef]

Cevc, G.; Schitzlein, A.; Richardsen, H. Ultradeformable lipid vesicles can penetrate the skin and other semi-permeable barriers
unfragmented. Evidence from double label CLSM experiments and direct size measurements. Biochim. Biophys. Acta Biomembr.
2002, 1564, 21-30. [CrossRef]

Permana, A.D.; Tekko, I.A.; McCrudden, M.T.C.; Anjani, Q.K.; Ramadon, D.; McCarthy, H.O.; Donnelly, R.F. Solid lipid
nanoparticle-based dissolving microneedles: A promising intradermal lymph targeting drug delivery system with potential for
enhanced treatment of lymphatic filariasis. J. Control. Rel. 2019, 316, 34-52. [CrossRef]

Jeong, YM.; Ha, ].H.; Park, S.N. Cytoprotective effects against UVA and physical properties of luteolin-loaded cationic solid lipid
nanoparticle. J. Ind. Eng. Chem. 2016, 35, 54-62. [CrossRef]

Desmet, E.; Van Gele, M.; Lambert, J. Topically applied lipid- and surfactant-based nanoparticles in the treatment of skin disorders.
Expert Opin. Drug Deliv. 2016, 14, 109-122. [CrossRef]

Cao, S.; Liu, X,; Li, X,; Lin, C.; Zhang, W.; Tan, C.H.; Liang, S.; Luo, B.; Xu, X.; Saw, P.E. Shape matters: Comprehensive analysis of
star-shaped lipid nanoparticles. Front. Pharmacol. 2020, 11, 539. [CrossRef]

Qin, Z.; Chen, E; Chen, D.; Wang, Y.; Tan, Y.; Ban, ]. Transdermal permeability of triamcinolone acetonide lipid nanoparticles. Int.
J. Nanomedicine 2019, 14, 2485-2495. [CrossRef]

Bellefroid, C.; Lechanteur, A.; Evrard, B.; Piel, G. Lipid gene nanocarriers for the treatment of skin diseases: Current state-of-the-art.
Eur. J. Pharm. Biopharm. 2019, 137, 95-111. [CrossRef]

Kovacevi¢, A.B.; Muller, R.H.; Keck, C.M. Formulation development of lipid nanoparticles: Improved lipid screening and
development of tacrolimus loaded nanostructured lipid carriers (NLC). Int. J. Pharm. 2019, 576, 118918. [CrossRef]

Alves, A.C.; Ramos, LI; Nunes, C.; Magalhaes, L.M.; Sklendrova, H.; Segundo, M.A.; Lima, J.L.E.C.; Reis, S. On-line automated
evaluation of lipid nanoparticles transdermal permeation using franz diffusion cell and low-pressure chromatography. Talanta
2016, 146, 369-374. [CrossRef] [PubMed]

Chuang, S.-Y.; Lin, C.-H.; Huang, T.-H.; Fang, J.-Y. Lipid-based nanoparticles as a potential delivery approach in the treatment of
rheumatoid arthritis. Nanomaterials 2018, 8, 42. [CrossRef] [PubMed]

Desfrangois, C.; Auzely, R.; Texier, I. Lipid nanoparticles and their hydrogel composites for drug delivery: A review. Pharmaceuti-
cals 2018, 11, 118. [CrossRef]

Lee, N.H,; Park, S.H.; Park, S.N. Preparation and characterization of novel pseudo ceramide-based nanostructured lipid carriers
for transdermal delivery of apigenin. J. Drug Deliv. Sci. Technol. 2018, 48, 245-252. [CrossRef]


http://doi.org/10.1016/j.biopha.2017.07.019
http://doi.org/10.1016/j.exer.2016.10.011
http://doi.org/10.1016/j.jconrel.2012.01.042
http://doi.org/10.1021/acs.nanolett.5b05030
http://doi.org/10.1016/0005-2736(92)90154-E
http://doi.org/10.1016/j.jddst.2019.05.038
http://doi.org/10.1007/s13346-019-00676-5
http://doi.org/10.2147/IJN.S105016
http://doi.org/10.1016/j.colsurfb.2016.07.021
http://doi.org/10.1016/j.ijpharm.2017.07.078
http://doi.org/10.1166/jbn.2010.1152
http://doi.org/10.1166/jbn.2010.1153
http://doi.org/10.1021/acsnano.8b03800
http://doi.org/10.1002/adfm.201000484
http://doi.org/10.1016/S0005-2736(02)00401-7
http://doi.org/10.1016/j.jconrel.2019.10.004
http://doi.org/10.1016/j.jiec.2015.12.014
http://doi.org/10.1080/17425247.2016.1206073
http://doi.org/10.3389/fphar.2020.00539
http://doi.org/10.2147/IJN.S195769
http://doi.org/10.1016/j.ejpb.2019.02.012
http://doi.org/10.1016/j.ijpharm.2019.118918
http://doi.org/10.1016/j.talanta.2015.08.070
http://www.ncbi.nlm.nih.gov/pubmed/26695277
http://doi.org/10.3390/nano8010042
http://www.ncbi.nlm.nih.gov/pubmed/29342965
http://doi.org/10.3390/ph11040118
http://doi.org/10.1016/j.jddst.2018.09.019

Nanomaterials 2021, 11, 335 11 of 12

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Angelo, T.; EI-Sayed, N.; Jurisic, M.; Koenneke, A.; Gelfuso, G.M.; Cunha-Filho, M.; Taveira, S.F.; Lemor, R.; Schneider, M.;
Gratieri, T. Effect of physical stimuli on hair follicle deposition of clobetasol-loaded lipid nanocarriers. Sci. Rep. 2020, 10, 176.
[CrossRef] [PubMed]

Cheng, Y.-C; Li, T.S.; Su, H.L.; Lee, P.C.; Wang, H.-M.D. Transdermal delivery systems of natural products applied to skin therapy
and care. Molecules 2020, 25, 5051. [CrossRef] [PubMed]

Uchida, N.; Yanagi, M.; Hamada, H. Piceid nanoparticles stabilized by anionic phospholipids for transdermal delivery. Nat. Prod.
Commun. 2020, 15, 1-6. [CrossRef]

Uchida, N.; Yanagi, M.; Shimoda, K.; Hamada, H. Transdermal delivery of small-sized resveratrol nanoparticles to epidermis
using anionic phospholipids. Nat. Prod. Commun. 2020, 15, 1-5. [CrossRef]

Uchida, N.; Yanagi, M.; Hamada, H. Size-tunable paclitaxel nanoparticles stabilized by anionic phospholipids for transdermal
delivery applications. Nat. Prod. Commun. 2020, 15, 1-4. [CrossRef]

Chin, ].T.; Wheeler, S.L.; Klibanov, A.M. On protein solubility in organic solvents. Biotechnol. Bioeng. 1994, 44, 140-145. [CrossRef]
Diirr, UH.N.; Gildenberg, M.; Ramamoorthy, A. The magic of bicelles lights up membrane protein structure. Chem. Rev. 2012,
112, 6054-6074. [CrossRef] [PubMed]

Marcotte, I.; Auger, M. Bicelles as model membranes for solid- and solution-state NMR studies of membrane peptides and
proteins. Concepts Magn. Reson. Part A 2005, 24A, 17-37. [CrossRef]

Barbosa-Barros, L.; Rodriguez, G.; Barba, C.; Cécera, M.; Rubio, L.; Estelrich, J.; Lépez-Iglesias, C.; de la Maza, A.; Lopez, O.
Bicelles: Lipid nanostructured platforms with potential dermal applications. Small 2012, 8, 807-818. [CrossRef] [PubMed]
Barbosa-Barros, L.; De La Maza, A.; Estelrich, J.; Linares, A.M.; Feliz, M.; Walther, P; Pons, R.; Lépez, O. Penetration and growth
of DPPC/DHPC bicelles inside the stratum corneum of the skin. Langmuir 2008, 24, 5700-5706. [CrossRef]

Yasuhara, K.; Miki, S.; Nakazono, H.; Ohta, A.; Kikuchi, J. Synthesis of organic-inorganic hybrid bicelles-lipid bilayer nanodiscs
encompassed by siloxane surfaces. Chem. Commun. 2011, 47, 4691-4693. [CrossRef]

Lin, L.; Liang, X.; Xu, Y.; Yang, Y.; Li, X.; Dai, Z. Doxorubicin and indocyanine green loaded hybrid bicelles for fluorescence
imaging guided synergetic chemo/photothermal therapy. Bioconjug. Chem. 2017, 28, 2410-2419. [CrossRef]

Lin, L.; Wang, X.; Guo, Y;; Ren, K,; Li, X,; Jing, L.; Yue, X.; Zhang, Q.; Dai, Z. Hybrid bicelles as a pH-sensitive nanocarrier for
hydrophobic drug delivery. RSC Adv. 2016, 6, 79811-79821. [CrossRef]

Uchida, N.; Horimoto, N.N.; Yamada, K.; Hikima, T.; Ishida, Y. Kinetically stable bicelles with dilution tolerance, size tunability,
and thermoresponsiveness for drug delivery applications. ChemBioChem 2018, 19, 1922-1926. [CrossRef]

Ravula, T.; Ramadugu, S.K.; Di Mauro, G.; Ramamoorthy, A. Bioinspired, size-tunable self-assembly of polymer-lipid bilayer
nanodiscs. Angew. Chem. Int. Ed. 2017, 129, 11624-11628. [CrossRef]

Solans, C.; Izquierdo, P; Nolla, J.; Azemar, N.; Garcia-Celma, M.J. Nano-emulsions. Curr. Opin. Coll. Inter. Sci. 2005, 10, 102-110.
[CrossRef]

Bouchemal, K.; Briangon, S.; Perrier, E.; Fessi, H. Nano-emulsion formulation using spontaneous emulsification: Solvent, oil and
surfactant optimisation. Int. J. Pharm. 2004, 280, 241-251. [CrossRef] [PubMed]

Harwansh, R K.; Deshmukh, R.; Rahman, M.A. Nanoemulsion: Promising nanocarrier system for delivery of herbal bioactives. J.
Drug Deliv. Sci. Technol. 2019, 51, 224-233. [CrossRef]

Kreilgaard, M. Influence of microemulsions on cutaneous drug delivery. Adv. Drug Deliv. Rev. 2002, 54, S77-598. [CrossRef]
Suiier, J.; Calpena, A.C,; Clares, B.; Canadas, C.; Halbaut, L. Development of clotrimazole multiple W/O/W emulsions as vehicles
for drug delivery: Effects of additives on emulsion stability. AAPS PharmSciTech 2017, 18, 539-550. [CrossRef]

Musazzi, U.M.; Franze, S.; Minghetti, P.; Casiraghi, A. Emulsion versus nanoemulsion: How much is the formulative shift critical
for a cosmetic product? Drug Deliv. Transl. Res. 2018, 8, 414-421. [CrossRef]

Shakeel, F; Baboota, S.; Ahuja, A.; Ali, J.; Aqil, M.; Shafiq, S. Nanoemulsions as vehicles for transdermal delivery of aceclofenac.
AAPS PharmSciTech 2007, 8, 104. [CrossRef]

Venuganti, V.V.K.; Perumal, O.P. Effect of poly(amidoamine) (PAMAM) dendrimer on skin permeation of 5-fluorouracil. Int. |.
Pharm. 2008, 361, 230-238. [CrossRef]

Venuganti, V.V.K,; Perumal, O.P. Poly(amidoamine) dendrimers as skin penetration enhancers: Influence of charge, generation,
and concentration. J. Pharm. Sci. 2009, 98, 2345-2356. [CrossRef]

Sahu, P; Kashaw, S.K,; Sau, S.; Kushwah, V,; Jain, S.; Agrawal, R.K,; Iyer, A.K. pH triggered and charge attracted nanogel for
simultaneous evaluation of penetration and toxicity against skin cancer: In-vitro and ex-vivo study. Int. ]. Biol. Macromol. 2019,
128, 740-751. [CrossRef]

Leite-Silva, V.R.; Sanchez, W.Y.; Studier, H.; Liu, D.C.; Mohammed, Y.H.; Holmes, A.M.; Ryan, E.M.; Haridass, I.N.; Chan-
drasekaran, N.C.; Becker, W.; et al. Human skin penetration and local effects of topical nano zinc oxide after occlusion and barrier
impairment. Eur. . Pharm. Biopharm. 2016, 104, 140-147. [CrossRef] [PubMed]

Kanikkannan, N.; Singh, M. Skin permeation enhancement effect and skin irritation of saturated fatty alcohols. Int. . Pharm. 2002,
248, 219-228. [CrossRef]

Tenjarla, S.N.; Holbrook, ].H.; Pvranajoti, P.; Pegg, C.; Lowe, K.D.; Jackson, T.E.; Smith, A. Evaluating the irritation potential of
skin penetration enhancers in the hairless guinea pig. J. Toxicol. Cutan. Ocul. Toxicol. 1995, 14, 299-307. [CrossRef]

Berardesca, E.; Vignoli, G.P; Distante, F.; Brizzi, P.; Rabbiosi, G. Effects of water temperature on surfactant-induced skin irritation.
Contact Dermat. 1995, 32, 83-87. [CrossRef]


http://doi.org/10.1038/s41598-019-56760-w
http://www.ncbi.nlm.nih.gov/pubmed/31932640
http://doi.org/10.3390/molecules25215051
http://www.ncbi.nlm.nih.gov/pubmed/33143260
http://doi.org/10.1177/1934578X20925578
http://doi.org/10.1177/1934578X20951443
http://doi.org/10.1177/1934578X19900684
http://doi.org/10.1002/bit.260440120
http://doi.org/10.1021/cr300061w
http://www.ncbi.nlm.nih.gov/pubmed/22920148
http://doi.org/10.1002/cmr.a.20025
http://doi.org/10.1002/smll.201101545
http://www.ncbi.nlm.nih.gov/pubmed/22114051
http://doi.org/10.1021/la703732h
http://doi.org/10.1039/c1cc10254k
http://doi.org/10.1021/acs.bioconjchem.7b00407
http://doi.org/10.1039/C6RA18112K
http://doi.org/10.1002/cbic.201800304
http://doi.org/10.1002/ange.201705569
http://doi.org/10.1016/j.cocis.2005.06.004
http://doi.org/10.1016/j.ijpharm.2004.05.016
http://www.ncbi.nlm.nih.gov/pubmed/15265563
http://doi.org/10.1016/j.jddst.2019.03.006
http://doi.org/10.1016/S0169-409X(02)00116-3
http://doi.org/10.1208/s12249-016-0529-8
http://doi.org/10.1007/s13346-017-0390-7
http://doi.org/10.1208/pt0804104
http://doi.org/10.1016/j.ijpharm.2008.05.034
http://doi.org/10.1002/jps.21603
http://doi.org/10.1016/j.ijbiomac.2019.01.147
http://doi.org/10.1016/j.ejpb.2016.04.022
http://www.ncbi.nlm.nih.gov/pubmed/27131753
http://doi.org/10.1016/S0378-5173(02)00454-4
http://doi.org/10.3109/15569529509037556
http://doi.org/10.1111/j.1600-0536.1995.tb00751.x

Nanomaterials 2021, 11, 335 12 of 12

106.

107.

108.

109.

110.

Niwa, M.; Nagai, K.; Oike, H.; Kobori, M. Evaluation of the skin irritation using a DNA microarray on a reconstructed human
epidermal model. Biol. Pharm. Bull. 2009, 32, 203-208. [CrossRef] [PubMed]

Muro, S.; Garnacho, C.; Champion, J.A.; Leferovich, ].; Gajewski, C.; Schuchman, E.H.; Mitragotri, S.; Muzykantov, V.R. Control
of endothelial targeting and intracellular delivery of therapeutic enzymes by modulating the size and shape of ICAM-1-targeted
carriers. Mol. Ther. 2008, 16, 1450-1458. [CrossRef]

Doshi, N.; Prabhakarpandian, B.; Rea-Ramsey, A.; Pant, K.; Sundaram, S.; Mitragotri, S. Flow and adhesion of drug carriers in
blood vessels depend on their shape: A study using model synthetic microvascular networks. J. Control. Rel. 2010, 146, 196-200.
[CrossRef]

Pushpalatha, R.; Selvamuthukumar, S.; Kilimozhi, D. Cyclodextrin nanosponge based hydrogel for the transdermal co-delivery of
curcumin and resveratrol: Development, optimization, in vitro and ex vivo evaluation. J. Drug Deliv. Sci. Technol. 2019, 52, 55-64.
[CrossRef]

Taguchi, H.; Tanaka, H.; Hashizaki, K.; Saito, Y.; Fujii, M. Application of pickering emulsion with cyclodextrin as an emulsifier to
a transdermal drug delivery vehicle. Biol. Pharm. Bull. 2019, 42, 116-122. [CrossRef] [PubMed]


http://doi.org/10.1248/bpb.32.203
http://www.ncbi.nlm.nih.gov/pubmed/19182376
http://doi.org/10.1038/mt.2008.127
http://doi.org/10.1016/j.jconrel.2010.04.007
http://doi.org/10.1016/j.jddst.2019.04.025
http://doi.org/10.1248/bpb.b18-00711
http://www.ncbi.nlm.nih.gov/pubmed/30369530

	Introduction 
	Transdermal Drug Delivery by Physical Enhancement 
	Sonophoresis 
	Iontophoresis 
	Chemical Penetration Enhancer 
	Electroporation 
	Microneedle 

	Transdermal Drug Delivery Using Nanocarrier 
	Flexible Liposome 
	Lipid Nanoparticle 
	Bicelle 
	Nanoemulsion 
	Other Nanocarriers 

	Conclusions 
	References

