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Abstract

Chemical penetration enhancer (CPE) is a preferred approach to improve drug permeability through the skin, due to its unique
advantages of simple use and high compatibility. However, CPEs efficiency and safety problems frequently arise, which
greatly restrains the further application in transdermal drug delivery systems (TDDS). To get access to the root of problems,
the efficiency and safety of CPEs are reviewed especially from molecular perspectives, which include (1) the possible factors
of CPEs low efficiency; (2) the possible contribution of CPEs in the evolution of safety problems such as skin irritation and
allergic reaction; (3) the interactive relationship between CPEs efficiency and safety, as well as the bottlenecks of achieving
their balance. More importantly, based on these, recent advances are summarized in improving efficiency or safety of CPEs,
which offers a guidance of rationally selecting CPEs in future research.

Keywords Chemical penetration enhancers (CPEs) - Efficiency - Molecular perspectives - Safety - Transdermal drug

delivery

Introduction

Transdermal drug delivery has been an attractive alternative
to conventional drug administration and made an important
contribution to medical practice [1]. It can reduce first-pass
hepatic metabolism, avoid gastrointestinal adverse reactions,
and improve patients compliance [2]. Hence, transdermal
drug delivery is regarded as a versatile and fascinating route
for drug delivery [3].

However, human skin is a remarkably efficient barrier
to protect our body by impeding the entry of xenobiotics
into the body, which causes great difficulties for transder-
mal drug delivery systems (TDDS) [4]. In order to improve
drug permeation through the skin, a variety of methods have
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been developed, including physical methods (e.g., ultra-
sound, laser, microneedle, iontophoresis) [5-9], chemical
methods (e.g., CPEs, ion pairs, and prodrug design) [4, 8,
10, 11] and pharmaceutics methods (e.g., vesicular carri-
ers) [3, 12, 13]. Among the above methods, CPEs are the
most widely studied approaches in TDDS on account of the
advantages they offered over other methods: (1) simplicity
in application [14], (2) noninvasive way for the skin [15],
(3) excellent compatibility in different formulations [3, 16],
(4) relatively low cost [17]. However, the disadvantages of
CPEs especially traditional ones were mainly unreachable
enhancing efficacy to physical methods and potential safety
problems in clinical or product applications [18]. Accord-
ing to the structure, the traditional CPEs have been classi-
fied into fatty acids and derivatives, terpenes, surfactants,
glycols, alcohols, amide, pyrrolidones, and sulfoxides [19].
Scientists have been committed to improving the efficiency
and safety of CPEs and have made great progress. Molecular
level provides an essential and distinctive viewpoint in ana-
lyzing CPEs behavior in TDDS [20, 21]. Hence, this review
summarized the limitations of traditional CPEs, especially
providing a molecular perspective to analyze the problems
of CPEs efficiency and safety as well as their relationships.
More importantly, this review focuses on the advanced
research progress of CPEs for improving their efficiency
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and safety. It may be helpful to deepen the understanding of
CPE:s for their further applications in TDDS.

Understanding efficiency problems of CPEs

About 300 molecules have been identified as CPEs to facili-
tate drug permeation through the skin, including alcohols,
amides, amines, esters, fatty acids, glycols, surfactants,
terpenes, terpenoids, and essential oils [22, 23]. In prod-
uct application, the phenomenon usually occurs that some
CPEs are difficult to exhibit their efficiency of enhancing
drug permeation through the skin [20, 24-26]. In this part,
the structure of the skin barrier function and CPEs action
mechanisms will be reviewed at a molecular level, based on
which the current understanding of CPEs efficiency problem
will be summarized.

Structure of the skin barrier function

The epidermis of the skin, specifically its external layer, stra-
tum corneum (SC), functions as a permeability barrier [17,
27]. The specific composition element and the ordered struc-
ture make SC the main impediment to diffusion and penetra-
tion of drug molecules through skin [17, 28]. As illustrated
in Fig. 1, SC is composed of the dead but keratin-rich cells,
corneocytes, which were issued from the terminal differ-
entiation of keratinocytes from the viable epidermis [29,
30]. The organization of SC barrier structure is commonly

¥ Action on SC lipids

Action on SC protein

referred to as the “brick and mortar” mode, in which the cor-
neocytes resemble the bricks cemented by the intercellular
lipid matrix [31, 32]. Besides, the corneocytes are connected
by corneodesmosomes, thus maintaining cohesion between
them [33]. The intercellular lipid matrix is composed of
ceramide, fatty acid, and cholesterol molecules in a roughly
1:1:1 molar ratio [34, 35]. These molecules form a highly
ordered bilayer arrangement, in which the ceramides are
in splayed chain conformation, with the hydrocarbon tails
pointing in opposite directions centered on the polar head
groups [36]. Both cholesterol and fatty acid are distributed
selectively: the cholesterol at the end of ceramide sphingoid
and the fatty acid at the end of ceramide fatty acid [37].
Based on this bilayer arrangement, the organization of the
lipid lamellar layer is parallel to the flat plane of the cor-
neocytes [38]. This lamellar organization, as determined by
the lateral packing of lipid head groups, plays a crucial role
in the barrier properties of SC. Besides, there are hydrogen
bond networks between ceramide head groups both in the
plane of the bilayer and across the lamellar layers [31].

With the abovementioned structure of SC, the skin only
allows drugs with suitable physicochemical properties
(molecular weight of below 500 Dalton and satisfactory
lipid solubility) to permeate through it [39]. Even though
the hair follicles provide a pathway for drugs to the dermal
microcirculation, the limited account in total skin area hin-
dered the amount of drugs that can be transported through
this pathway [40-42]. Hence, it was necessary to introduce
strategies like CPEs to enhance drug permeation.
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Fig. 1 Molecular structure of the skin barrier function and molecular action mechanism of chemical penetration enhancers, modified from

Andrej [18]
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Action mechanisms of CPEs

As illustrated in Table 1, different action mechanisms of
CPEs and the corresponding examples were listed.

Action on SC lipids. Most of the CPEs are designed to
reduce the barrier resistance by disrupting the highly ordered
SC lipid bilayer structure, which can be classified into three
different manners, as depicted in Fig. 1: (1) Extraction of
lipids [43]. Some CPEs can extract lipids from the skin
thereby forming diffusion pathways for drugs to permeate
through [44]. Ethanol at concentrations between 40 and 80%,
hexanol, and octanol may have the lipid extraction effects [4,
34, 43, 45]; (2) Fluidization of lipids [38, 44, 46]. Amphip-
athic CPEs possess a similar molecular structure to the lipid,
generally having lipid fluidization effects [47]. Their hydro-
phobic chains enable molecules to penetrate the intercellular
lipids of SC, and the polar heads interact with the hydro-
philic region of the lipid bilayers via Van der Waals forces
and H-bonds [17]. In this way, SC lipid fluidity increases,
which may improve drug permeation; (3) Disorganization
of lipid lamellae, SC lipids in a normal state are arranged in
an orthorhombic lateral packing, which is the most tightly
packed form as a barrier [48]. The change or disruption of
this lipid lamellae organization caused by CPEs may result
in higher drug transdermal permeability [49].

Action on SC protein. CPEs interact with the SC intracellu-
lar protein-named keratin and denature it or modify its con-
formation. Hydrogen bonds are essential for keeping keratin
in their natural structures. Competitive hydrogen bonding
from CPEs may potentially change the natural hydrogen
bonding in keratin, resulting in a reduction of SC barrier
function and an improvement of drug permeation [44, 50].

Action on solvent nature of SC. Altering the solvent nature
of SC can modify the drug partitioning into the skin, which
may contribute to the enhancement of drug permeation
through the skin [51].

Action on desmosomes and tight conjunction. Des-
mosomes maintain the main cohesion properties between
epidermal keratinocytes, which will be transformed into
corneodesmosomes and thus provide stronger intercellular
adhesion [33]. Some CPEs may affect desmosomes, but the
specific action mechanism of these CPE:s is still unclear [51].

Action on formulations. CPEs can enhance drug permeation
through the skin via indirect action on formulations, such as
modification of the thermodynamic activity of the vehicle
[4, 51]. Recently, several reports revealed that CPEs can
also increase drug permeation via improving drug release
behavior from formulation matrix [4, 21, 52-54].

Apart from the above mechanisms, some CPEs were
reported to improve drug permeation via trans-appendage
route such as hair follicle [55, 56]. They could interact with
sebum in the hair follicle, in turn improving drug solubili-
zation in the “sebum-enhancer” matrix, thereby improving
drug permeation through the skin [55].

Understanding CPEs efficiency problem

As illustrated in Fig. 2, CPEs locate in a multifactored
TDDS microenvironment, which involves complicated inter-
actions among drug, formulation, the skin, and CPEs [58].
In the initial state of TDDS, both drug molecules and CPE
molecules are in the position of the formulation. First, CPEs
either play a role in changing a property of the formulation
matrix or simply release to the surface of the skin, and drugs
simultaneously release to the surface of the skin [21, 52, 59,
60]. Then, CPEs at the surface of the skin influences SC [4,
61, 62]. Finally, drugs can permeate through the skin via
the influenced SC [62, 63]. Based on the above process, the
factors influencing CPEs efficiency can be reviewed from
the following aspects.

Table 1 Different action mechanisms of CPEs and their corresponding examples

Examples of CPEs Efficiency mechanisms

Safety problems Reference

Ethanol at high concentrations ~ Action on SC lipids

O-acylmenthol derivatives

L-menthol Disorganization of lipid
lamellae

DMSO Action on SC protein

NMP Action on solvent nature of SC

Propylene glycol (PG) Action on desmosomes and tight conjunction

Span 80 Action on formulations

Eucalyptol Action on the skin appendage

Extraction of lipids

Fluidization of lipids

Pan et al. [43]
Liu et al. Pan et al. [14]
Kapoor et al. [48]

Irritation/allergic reaction
No obvious safety problems

No obvious safety problems

Irritation/allergic reaction Roy et al. [57]
Vasyuchenko et al. [51]
Nina Dragicevic-Curic [34]
Song et al. [21]

Abd et al. [56]

No obvious safety problems
No obvious safety problems
No obvious safety problems
No obvious safety problems
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Fig.2 Diagram of possible
factors of CPEs low efficiency
transdermal drug delivery
systems
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Unsatisfactory release profile of CPEs

Initially, CPEs locate in the polymer of formulation in TDDS
as shown in Fig. 2. Thus, the release behavior of CPEs from
the polymer (such as release degree and speed) was likely
to restrain the efficiency of CPEs, especially for those CPEs
whose site of action is the skin [20]. It was found that some
kinds of CPEs (such as fatty acids and their esters) were of
difficulty in releasing from patches [20, 64]. In compari-
son to direct skin pretreatment with 5% fatty acids and their
esters, the efficiency of fatty acids and their esters contained
in the patch was reduced significantly in enhancing felodi-
pine skin permeation [20]. This suggested that the decreased
efficiency of fatty acids and their esters was just due to the
problem of themselves releasing from formulations. Further-
more, Zeng et al. reported that the release rate of fatty acids
and their esters in adhesives were very slow, which to some
extent verified that the efficiency of CPEs was likely to be
influenced by their release behavior from formulations [20].

Unsatisfactory release profile of drugs

A drug must release from formulations before percutaneous
absorption [61]. The release behavior of drugs could also
be a non-negligible factor restraining the efficiency of CPEs
[21]. If the drugs were restrained and cannot release from
the matrix of formulations, CPEs may fail to enhance drug
permeation just by acting on the skin SC [65]. For exam-
ple, both Azone (AZ) and N-methyl pyrrolidone (NMP) are

Stratum corneum (SC)

CPEs acting on SC, which could increase SC lipid fluid-
ity and improve drug partitioning into SC, respectively [66,
67]. The combination of AZ and NMP revealed a significant
enhancing effect on bisoprolol tartrate (BSP-T) percutane-
ous absorption from its saturated solution, but their combi-
nation could hardly enhance BSP-T skin permeation in its
transdermal patches. In other words, the efficiency of CPEs
could be decreased when the formulation was switched from
solution to transdermal patches, just because that BSP-T had
a problem in releasing from its transdermal patches, while
this problem usually did not happen in its solution [21]. The
improvement of drug release from adhesive of patches could
greatly contribute to the enhancement of drug transdermal
permeation [21, 65, 68, 69].

Unmatched behavior between CPE and drug

The matched behavior between CPE and drug means “the
consistency between CPE and drug in their skin permeation
or their skin residence time,” which is in favor of CPEs effi-
ciency of enhancing drug permeation [45]. To investigate the
“matched” relationship between drugs and CPEs, the loga-
rithm of the apparent oil-water partition coefficient (log P)
of a drug is often researched as an important parameter. For
a specific CPE, its efficiency is constantly changing which
depends on the individual characteristics of drugs [70]. The
efficiency of camphor (log P =2.38) as a CPE was evaluated
for the transdermal delivery of drugs possessing different
log P (from—0.95 to 3.8). It was shown that the efficiency
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of camphor was in a parabolic curve relationship with log
P values of the drugs, which showed the best efficiency for
hydrophilic or weak lipophilic drugs (an estimated log P
value of 0) [71]. Similarly, the “matched” CPEs for a spe-
cific drug were also evaluated with log P. The skin permea-
tion enhancing effect of isoniazid (INH) (log P=—0.7) was
found positively correlated with the different log P of CPEs
(from —0.42 to 4.58) [72]. And it was much the same with
the research of zaltoprofen (ZAL) (log P=3.55) transdermal
delivery, in which the correlation coefficient between ZAL
permeation enhancement and log P values of CPEs (from — 1
to 7) was up to 0.919 [73].

Unsatisfactory penetration behavior of CPEs in SC

As illustrated in “Action mechanisms of CPEs,” some CPEs
achieve their enhancing efficacy by mainly acting on the
SC of the skin. Hence, the retention amounts of chemical
enhancers in SC may be important in influencing their effi-
cacy. Unfortunately, the amounts of chemical enhancers
in SC or epidermis were scarcely reported. Time-of-flight
secondary ion mass spectrometry bioimaging analysis was
performed to visualize and analyze the distribution of fatty
acids in the skin. It was found that there was a large dif-
ference between the amounts of saturated fatty acids and
unsaturated fatty acids in the epidermis [74]. Moreover, in
some researches, the relevance between the permeation of
chemical enhancers in SC and the extent of decreasing SC
barrier was confirmed by transepidermal water loss [75].
Some researchers even reported it was an indispensable fac-
tor of their efficacy whether they can only be restricted to
the top few layers of SC or penetrate into a deeper part of
the SC [76]. If they show poor permeation across SC, their
concentration reduces in the deeper part of the SC, and their
enhancing efficiency decreases as well.

Understanding safety problems of CPEs

CPEs can significantly enhance drug permeation through
the skin, but at the same time, CPEs may also cause safety
concerns [19]. The main safety concerns are skin irritation
and allergic reaction, which greatly limits their clinical
application [76].In this part, the possible roles of CPEs in
the evolution pathway of skin irritation and allergic reac-
tion are illustrated from molecular perspectives (Fig. 3).
The involved important cytokines in both these concerns
are summarized in Table 2.

The skin irritation
The clinical symptoms of skin irritation range from slight

scaling, erythema, edema, and erosions, to eczema [77]. As
a nonimmune, nonspecific topical skin reaction, the skin

@ Springer

irritation results from direct damage to the skin SC, which
occurs faster than the self-repair of the skin itself [78].

The first step that CPEs may involve is the destruction of
the SC barrier mainly in two modes: one is extracting SC
lipids, also called delipidizations; the other is denaturing SC
protein such as keratin, which exposes new water-binding
sites and causes high hydration of the SC [79, 80].

The second step that CPEs may involve is the release
of pro-inflammatory primary cytokines, which have two
distinctive pathways. When CPEs continue to penetrate
deep into the skin, they can contact the membrane of
keratinocytes in viable epidermis and cause the release of
interleukin-1a (IL-1a) and tumor necrosis factor-o (TNF-ar)
[79-81]. In contrast to this pathway, other CPEs may indi-
rectly or directly cause keratinocytes to produce excessive
reactive oxygen species (ROS), which causes dysregulation
of the cellular signaling pathway. ROS activates transcrip-
tion factors and promote the synthesis of IL-1a and TNF-a
[82, 83].

The successive final step of skin irritation caused by CPEs
is the inducing of secondary mediators. IL-1a accumulates
in the cytoplasm of keratinocytes in epidermal layers and
is only released from leaky cells following cell damage or
membrane perturbation [84]. IL-1a is a vital inflammatory
mediator in the skin and is believed to be the main switch
triggering the inflammatory cascade. Briefly, IL-1a induces
the expression of further cytokines IL-6 and IL-8, followed
by changes in the skin morphology and finally the typical
onset of irritation symptoms [79]. In addition, the keratino-
cytes also produce tumor necrosis factor-o (TNF-a), which
is not related to the release of IL-1a. It has been reported that
TNF can increase the production of inflammatory cytokines,
including IL-1p, IL-6, etc. [85]. These cytokines activate
Langerhans cells (LC), dermal dendritic cells (dDC), and
endothelial cells. Their overall role is to recruit neutrophils,
lymphocytes, macrophages, and mast cells to the damaged
site, eventually inducing histological alterations followed by
the clinical manifestation of eczema [86, 87].

The skin allergic reaction

The skin allergic reaction is a T-lymphocyte-mediated
delayed hypersensitivity reaction that occurs after the skin
exposure to a specific allergen in previously sensitized indi-
viduals [78]. The symptoms are erythema, edema, vesicles,
oozing, and notably intense pruritus [88].

The sensitization phase is the first phase of the skin aller-
gic reaction [89]. At this phase, the skin barrier is firstly
disrupted by CPEs just in the same way as “The skin irrita-
tion”. Then, CPEs may penetrate the skin, come into contact
with immune cells, and cause an immune response [80].
After they penetrate through SC, they either covalently bind
to or form complexes with endogenous proteins, which is
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Fig.3 Molecular evolution pathway of skin irritation and allergic reaction

essential for the activation of the innate immune system, and
for the effective initiation of T cells [90]. Then, keratino-
cytes are activated and produce various cytokines such as
IL-1a, IL-1, IL-8, and TNF-a, which promote the migra-
tion and activation of Langerhans cells (LCs) [89, 91]. LCs
capture the hapten and migrate to the draining lymph nodes
(dLNSs), where they present hapten to T cells. Then, these T
cells become effectors or memory T cells and are distributed
through the blood circulation. This phase usually takes about
several days.

Next is the elicitation phase when the same CPEs dif-
fuses into the skin and stimulates keratinocytes to produce
pro-inflammatory cytokines such as IL-1p and TNF-a [88].
These cytokines then activate vascular endothelial cells to
express adhesion molecules, thereby directing the migra-
tion of T cells from the blood to tissues [89]. When T cells
infiltrate into the skin, they can be activated by cutaneous
LCs and then produce pro-inflammatory cytokines, such as
IFN-y and IL-17. These cytokines activate keratinocytes and
cause further recruitment of T cells, which exacerbates the
inflammation [92].

7 /\\\\\. Dermal dendritic cells (dDC)

(® Transmigrate and activate

Comparison between the skin irritation and the skin
allergic reaction

The mechanism processes of skin irritation and allergic
action share strong similarities mainly in two respects. In the
beginning, both processes require the destruction of the SC
barrier, which is a prerequisite condition for their occurrence
[80]. On the other hand, both processes cause inflammation
via kinds of cytokines [87, 92].

In comparison, there are two key aspects of difference
between the skin irritation and allergic action. The most
pivotal difference is that the skin allergic reaction requires
the participation of “allergen-specific T cells” as initiators
of the skin inflammatory reaction, while the skin irritation
does not [87]. Their second important difference is clinical
symptoms. The skin irritation is sharply circumscribed to
the area of contact while dissemination of the lesions can
occur in an allergic reaction. The skin allergies are more
prone to itching, while the skin irritations are more likely to
present with burning and stinging [93]. Furthermore, follow-
ing CPE removal, the skin irritation is characterized by the

@ Springer
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decrescendo phenomenon, while the revolution of the skin
allergic reaction is slower than the skin irritation which is
characterized by the crescendo phenomenon [94].

Key factors influencing the safety of CPEs

The mechanisms of CPEs disrupting the skin barrier were
very crucial. As showed in CPEs examples in Table 1,
among these action mechanisms, only the extraction of SC
lipids and the degeneration of SC protein were designated
as the first step of skin irritation and allergic reaction. In
other words, CPEs of these two action mechanisms were
more likely to cause safety risks. For instance, termed as a
“Universal Solvent,” DMSO enhanced drug percutaneous
absorption via denaturing the skin proteins, resulting in ery-
thema, stinging, and burning sensation [57]. Similarly, as a
volatile solvent, ethanol at high concentrations may extract
SC lipids, which caused skin safety problems [4]. Therefore,
from the molecular perspectives of skin safety, it was neces-
sary to avoid the selection of CPEs with these two action
mechanisms.

In addition, the cytotoxicity of CPEs was also a key fac-
tor influencing their safety. After disrupting the SC barrier,
CPEs penetrated into the viable epidermis. They can interact
with the keratinocytes, the living cells, and cause different
cytotoxicity, thereby resulting in safety issues. Cytotoxicity
assay was often investigated to roughly evaluate the skin
irritation irritancy potential [71]. When comparing the
cytotoxicity of laurocapram and camphor, their different
cytotoxicity was regarded as a great possibility of their dif-
ferent irritancy potential. In a report on the cytotoxicity of
22 CPEs, 5 CPEs were found to be nontoxic at the moderate
concentration of 1 mg/mL, including oleic acid, 4-octanone,
octanal, cis-4-hexen-1-ol and 2,4,6-collidine [95]. Other
CPEs like octanoic acid, 1-methyl-2-pyrrolidone, and pule-
gone all exhibited different cytotoxicity, which may lead to
safety problems.

To sum up the above parts of “Understanding efficiency
problems of CPEs” and “Understanding safety problems
of CPEs,” disrupting the skin barrier is not only an effec-
tive mechanism for enhancing drug permeation but also an
important primary step for the occurrence of skin irritation
and allergic action. For some CPEs with poor permeating
ability across SC, their activity is restricted to the top few
layers of SC, thus resulting in an unsatisfactory enhancement
efficiency of CPEs [76]. Inversely, other CPEs with excellent
enhancement efficiency are good at disrupting SC, but they
cannot confine their activity to SC and ultimately further dif-
fuse into the viable epidermis. In a viable epidermis, CPEs
can interact with the keratinocytes, the living cells of the
epidermis, and pose safety risks [87].

Generally, the potency of CPEs in causing skin irrita-
tion or allergic reaction increases in proportion to their

efficiency of causing the skin disruption [76]. However, the
safety risk of CPEs may be different, which depends on the
action mechanisms in disrupting the skin barrier. Karande
et al. evaluated the relationship between enhancing effi-
ciency (ER) and irritation potential (IP) of one hundred and
two CPEs chosen from 10 categories [96]. According to the
results, they found that these CPEs fell into two classes.
The first class, where ER increases proportionately with
IP, includes nonionic surfactants, zwitterionic surfactants,
Azone-like compounds, and sodium salts of fatty acids.
The second class, where ER exhibits poor correlation with
IP, comprises fatty acids, fatty amines, fatty esters, anionic
surfactants, cationic surfactants, and others. Interestingly,
the mechanism of CPEs in the first class is typically the
extraction of SC lipids, while it is fluidization of SC lipids
in the second class. It was found that /P was related to lipid
extraction and SC protein denaturation. At this point, the
design of CPEs possessing high efficiency and low safety
risk is possible.

Current developments to improve efficiency
and safety of CPEs

CPEs structure modification

Some investigators have succeeded in modifying the CPEs
structure for efficiency improvement without increas-
ing safety risk. In structure, hydrogen bond, lipophilicity,
carbon-chain length, double bonds, etc., all contribute to
the efficiency [96—-100]. Angela Abruzzo et al. synthesized
two surfactants (C12-OPK and C18-OPK) by condensation
of fatty amines and itaconic acid, with C12 and C18 alkyl
chains separately. They studied the effect of the tail length
on hydrocortisone skin permeation and found that compared
with C12-OPK, C18-OPK obtained a higher enhancing effi-
ciency on drug permeation as a result of its hydrophobic
properties [99]. Yang Chen et al. synthesized the saturated
long-chain isopulegol (ISO) esters by the esterification reac-
tion between ISO and saturated fatty acids [101]. Compared
with saturated fatty acids and ISO, saturated long-chain
ISO esters significantly increased the skin permeability of
amlodipine and flurbiprofen with low safety risk. The results
of CLSM and ATR-FTIR substantiated that the saturated
long-chain esters of ISO were suitable CPEs for TDDS,
and only the esters could disorder the alkyl chains of skin
lipids [101]. In the research of Sanjeev Rambharose et al.,
in comparison to unsaturated fatty acids, the dendritic esters
exhibited better efficiency with increasing lipophilicity. In
electron micrographs, they showed a greater disruption and
fluidization on SC and stretching/expansion of the tight junc-
tions/desmosomes [98]. In the report of Rahul S. Kalhapure
et al., the connection of dendrons and oleic acid by covalent
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bonds increased the enhancing efficiency of oleic acid, simi-
larly due to the increase of lipophilicity [102].

Combined application of CPEs

The combined application of CPEs was proved to be more
effective than the individual CPEs (Fig. 4) [103]. Scientists
have tested approximately 5000 unique binary combinations
of CPEs; however, only a small number of them showed
highly synergistic behavior [104]. Shah et al. pointed that
the combined application of lipophilic and hydrophilic CPEs
played a vital part in the percutaneous formulations and was
recommended for their satisfactory synergistic action, just
because that the environment of SC and viable epidermis (
as well as the dermis) is lipophilic and hydrophilic, respec-
tively [105]. Viewed from another angle, J. Mueller et al.
investigated the effect of combining two hydrophilic CPEs,
urea and taurine on SC lipid models. They found that the
penetration enhancing effect might result from the large
water-binding capacity of urea and a consequent osmotic
pressure in the presence of taurine, which causes large
amounts of water to diffuse into the corneocytes [106].

Synthesis of novel CPEs

Due to the limitations of traditional CPEs, researchers have
been striving to search for novel CPEs that are not only effi-
cient but also safe to the skin in recent years. Novel CPE:s,
such as the skin-penetrating peptides, ionic liquids, den-
drimers and biodegradable enhancers have been currently
studied.
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Fig.4 Synergistic effect of oleic acid and ethanol on the in vitro skin
permeation profiles of S-methyl-L-methionine (SMM). Reprinted
with permission from Kim et al. [103]
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The skin-penetrating peptides (SPPs)

SPPs have received considerable attention in recent years
[107-110]. In comparison to conventional CPEs, the unique
advantage of SPPs is that they can promote the penetration
of small and large drug molecules into the skin, even fur-
ther into various cells [107, 110, 111]. Besides, SPPs are
generally considered safe [110-113]. Some SPPs exhibited
nontoxic at the concentration range from 0.1 to 1.0 mg/mL
[111], while other SPPs like hexamer and octamer SPPs
were nontoxic at a concentration as high as 10 mg/mL [110].
The short peptide TD-1 was the first used SPP, which was
specifically discovered to penetrate the SC [111, 112]. TD-1
can promote penetration with or without drug connection.
Conjugated with drugs, TD-1 can act on Na—-K-ATPase,
which affects the tight junction of cells (Fig. 5) [112]. Pol-
yarginine can enhance transdermal drug permeation by
covalent and non-covalent methods, which was reported
to promote both skin penetration and cell penetration [108,
112]. Tt is fit for the transdermal delivery of protein and
hydrophilic drugs, but not for low molecule drugs [114].
Tracy Hsu et al. synthesized the skin-penetrating and cell-
entering (SPACE) peptide and then conjugated the peptide to
streptavidin and siRNA, respectively [111]. They found that
the permeation of streptavidin across porcine SC was greatly
enhanced, and SPACE exhibited an increased penetration
into all viable cells including fibroblasts, keratinocytes, and
endothelial cells. The transdermal permeation of siRNA was
explored using green fluorescent protein (GFP)-expressing
endothelial cells as model cell lines in vitro [111]. They
found that SPACE peptide-conjugated siRNA caused a sig-
nificant knockdown of GFP. However, no obvious knock-
down was observed in all cell lines using siRNA alone [111].

The mechanisms by which SPPs mediated transdermal
delivery of macromolecular drugs are not yet fully clarified.
Nowadays, mainly two hypotheses of the possible functional
mechanisms have been proposed. One is the pore formation
of the skin via the skin shunt pathway [109]. Magainin, a
peptide with 23 amino acids, obtained from the skin of an
African clawed frog, is a typical example of these hypoth-
eses [112]. When magainin interacts with a negatively
charged membrane, it can form an a-helical structure, caus-
ing a brief disturbance of the membrane and forming a trans-
membrane pore [113]. Magainin itself exhibits weak perme-
ation ability and can only penetrate through a single bilayer
lipid. Therefore, it is usually used in combination with other
CPE:s like surfactants to increase the permeation. The other
hypothesis is the interaction with the component of skin via
the transcellular pathway, such as the interaction hypoth-
esis model of Kumar et al. They suggested that SPPs did
not transform the skin lipid barrier, which was measured by
the skin resistance, transepidermal water loss (TEWL), and
Fourier transform infrared (FTIR) spectroscopic analysis.
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Fig.5 a Interaction between
TD-1 and Na+, K+-ATPase
beta subunit on epidermal cell.
The interaction influences the
penetration of protein drugs. b
TD-1 disrupts the tight junction
of epidermal cell observed
under transmission electron
microscopy. The intercellular
space obviously increases after
treating TD-1. Reprinted with
permission from Ruan et al.
[112]

A & Protein drug

On the contrary, SPPs interacted with the skin proteins and
induced alterations in the secondary structure of the skin
proteins [109].

lonic liquids

As novel CPEs for transdermal drug delivery, ionic liquids
have gained great interest in pharmaceutical applications
[115, 116]. Ionic liquids are defined as salts obtained by
a neutralization reaction between large and asymmetric
organic cations and organic or inorganic anions, which are
liquid at room temperature [115, 117]. Simply change the
anion/cation combination or introduce specific functional
groups on them, and they can be synthesized for specific
applications or present specific physicochemical proper-
ties [115]. Additionally, several ionic liquids like choline
based salts provide peculiar properties such as solubi-
lizing ability and antibacterial activity [115, 118, 119].
However, the toxicity of ionic liquids is a crucial factor
when considering their applications. Some ionic liquids
have been reported to possess low toxicity, while in dif-
ferent biological systems, they might display significant
toxicological effects [120, 121]. It has been reported that
the toxicity of ionic liquids is relevant to the length of
the alkyl side chain in the cation, the nature of functional
groups in the cation, the nature of the anion and cation as
well as their interactions [120, 121]. The ionic liquids with
longer chain lengths were proven to be more toxic [122],
and cholinium-based ionic liquids were found to be much
less toxic than regular ionic liquids [123]. Therefore, it is

¥ Peptide enhancer

(A) Protein drug only

é\ Na*/K* ATPase
B-subunit

2 Fusion protein

(B) Protein drug + peptide enhancer (C) Fusion protein

promising to design an ionic liquid with low toxicity based
on the abovementioned relationships between the toxicity
and structure.

Currently, the ionic liquids composed of highly bio-
compatible materials are used as CPEs [124], and previous
findings have shown that there was no skin tissue injury
in the course of the skin permeation caused by such ionic
liquids [117]. Ionic liquid has been shown to enhance the
transdermal permeation of quite a few drugs [125, 126].
For these reasons, ionic liquids are considered as safe and
powerful promoters of drugs skin permeation and have
gained successful uses in a wide range of applications
recently. Qi et al. reported a significant improvement of
dextrans transdermal transport employing choline and
geranic acid-based ionic liquid [127]. Such ionic liquids
belonged to bioinspired ionic liquids, which performed
desirable biodegradation as well as decreased toxicity
profiles. The mechanisms through which ionic liquids can
be beneficial to TDDs are summarized as follows: extrac-
tion of lipid components in the SC, creation of diffusional
pathways, and disruptions of cellular integrity as well as
fluidization (Fig. 6) [122]. According to Sidat et al., ionic
liquids with enhancing effects can be classified as hydro-
phobic and hydrophilic [122]. As for hydrophobic ionic
liquids, they act by increasing the partition into the epithe-
lial membrane via providing channels, thereby facilitating
transcellular transport in lipid regions. While hydrophilic
ionic liquids can open tight junctions in the SC, thus accel-
erating paracellular transport via enhancing fluidization
primarily in protein and lipid regions [128].
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Dendrimers

Dendrimers are monodisperse hyperbranched polymers with
core—shell structures, which contain high-density adjust-
able surface functional groups [129, 130] (Fig. 7). Due to
the unique characteristics such as multivalency, nanoscale,
spherical structure, precise molecular weight, and surface

functional groups [131], dendrimers have been successfully
investigated as drug carriers for different administration
routes. Drugs can be conjugated to the surface functional
groups of dendrimers or encapsulated in the core.

Also, dendrimers can be used alone as novel CPEs, which
have been reported to successfully improve transdermal drug
delivery [129]. However, some widely used dendrimers like
PAMAM dendrimers were reported to be toxic. To overcome
this drawback, peptide dendrimers were synthesized, pos-
sessing negligible toxicity and biodegradation to harmless
endogenous amino acids [131, 132]. The action mechanisms
of dendrimers are thought to be acting on formulations and
altering the skin barrier function [131, 132]. Dendrimers
can increase the oil/water partition coefficient of drugs and
improve drug partitioning into SC, thereby enhancing drug
permeation [132]. Dendrimers interact with the skin lipids
as well as proteins, thus weakening the skin barrier func-
tion [131]. Besides, it has been reported that dendrimers
could interact with free fatty acids and ceramides of the skin
and interact with negatively charged phosphate groups of
phospholipids subsequently causing lipids fluidization [132].
Yang et al. studied various dendrimers for transdermal deliv-
ery of therapeutic agents and found that dendrimers with
carboxyl or acetyl surface groups showed higher skin perme-
ability than that with amine groups, and smaller-sized den-
drimers showed higher skin permeability than larger ones
[130]. According to them, for transdermal delivery of non-
covalently attached drugs, larger-sized cationic dendrimers
are more suitable, while smaller-sized anionic dendrimers
are more appropriate for covalently bound drugs. Jyothsna
et al. synthesized arginine-terminated peptide dendrim-
ers and found that the dendrimers significantly improved
the transdermal permeation of ketoprofen [132]. Further-
more, the excised mouse skin after permeation studies with

Fig.7 Schematic presentation
of a G4 dendrimer containing
four generations, modified from
Chauhan [129]
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dendrimers showed no major toxic reactions, indicating non-
toxicity of the tested dendrimers. The results indicated that
dendrimers enhanced the ketoprofen transdermal permeation
by improving the partition of ketoprofen into SC.

Biodegradable penetration enhancers

Biodegradable CPEs have also been researched to avoid the
skin safety risks while maintaining enhancement, which
can be metabolized into inactive components in the viable
epidermis after they act on SC. Amino-acid derivatives
are reported to be one of the most promising soft CPEs,
peculiarly those with a hydrophobic “tail” connected to
the “head” of the amino acid via a biodegradable linkage
like ester bond. Its unstable bond could be hydrolyzed by
epidermal esterase, releasing known nontoxic compounds
with much less irritation [133]. Besides, other types of
CPEs such as terpene alcohol alkyl esters have also been
designed as biodegradable CPEs [134]. Liu et al. studied
the efficiency and safety of biodegradable O-acylmenthol
derivatives. They demonstrated that such biodegradable
CPEs could significantly improve the transdermal permea-
tion of flurbiprofen, and their influences on the skin barrier
function as well as the skin irritation were reversible [14].
As for biodegradable O-ethylmenthol ester with different
carbon-chain lengths, it was found that an O-ethylmenthol
ester with C6-C10 chain length was more effective for lipo-
philic drugs, while a C14 O-ethylmenthol ester seemed to be
more beneficial for hydrophilic drugs [135]. Vavrova et al.
found that biodegradable CPE-like tranexamic acid decyl
ester could increase the theophylline permeation amounts
while mediating to restore the skin barrier easily through the
action of released tranexamic acid (TXA) (Fig. 8) [136]. In
addition, it is worth noting that if an ester CPE is degraded

Fig.8 Hypothesized action of
TX12 on the skin, modified
from Vavrova et al. [136]

?C free_
sC atty acids

Viable
epidermis

TXA

into a fatty acid or corresponding alcohol, it will be another
type of CPE.

Extraction from natural plants

Natural plant extracts such as natural oils are considered to
be promising nontoxic, nonirritating permeation enhancers
compared with the traditionally used synthetics chemicals
[76]. Permeation effects for both hydrophilic and hydro-
phobic drugs can be increased by essential oils and their
constituents with low cytotoxicity. Geeta Aggarwal et al.
investigated the effect of CPEs on transdermal permeation of
olanzapine [137]. They chose different natural oils as CPEs
and found that corn oil with unsaturated fatty acids was the
best CPE and caused no skin irritation. Faqir Muhammad
et al. reported that the penetration of caffeine and salicylic
acid would be enhanced when some plant extracts were
subsequently applied [138]. Only a few studies have com-
pared the activities of essential oil components with typical
CPEs in transdermal drug delivery [76]. Vytis et al. found
that natural oils especially soybean and olive oils could effi-
ciently increase the penetration of dihydroquercetin [139].
Pomegranate seed oil was found to enhance the transdermal
absorption of resveratrol [140] and evening primrose oil
exhibited a similar effect to flurbiprofen [24]. The perme-
ability mechanism of these natural agents may be related to
the fatty acids contained in them [24, 139, 140].

Other methods

Searching for a method that can reduce the concentra-
tion of CPEs meanwhile maintaining efficient penetration
enhancement has become a current trend. Several studies
have reported other methods for improving the efficiency
and safety of CPEs. Aharon Azagury et al. compared free
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CPE:s in solution with CPEs encapsulated in nanoparticles
using chorioamnion membrane as model, and they found
that the enhancing effect of the latter was significantly
increased [141]. The efficacy enhancement was explained
that the nanoparticle with average diameter of 135+ 60 nm
could penetrate into the chorioamnion membrane. Thus,
the nanoparticle in membrane continued to release chemi-
cal enhancers and prolong their effects, thereby increasing
their efficacy. Besides, CPE encapsulated in nanoparticles
resulted in a reduction of required mass of CPE, which main-
tains a balance between efficiency and safety [141]. Notably,
chorioamnion membrane was more permeable than the skin.
But the SC of skin could also be penetrated by the nanopar-
ticle with very small particle size [142]. In this way, this
approach of CPEs encapsulation in nanoparticles was likely
to apply in the enhancement of efficacy through the skin.

Based on previous studies, CPEs can be combined with
iontophoresis to achieve higher efficiency. In addition, com-
bining CPEs with iontophoresis could modulate the required
mass of CPEs, thereby decreasing the irritation caused by
CPEs and increasing the safety of CPEs [143, 144]. Unlike
CPEs, iontophoresis does not disrupt the skin barrier struc-
ture that may cause skin irritation under low current density
[145, 146]. Besides, studies showed that the potential skin
irritation was proportional to the current intensity of ionto-
phoresis [145]. However, there might be a potential risk of
cell damage after membrane discharge by electroporation
[146]. According to the study of Keng-Chih Liu et al., com-
pared to the control group without any enhancing strategy,
there was only a slight increase in sodium fluorescein perme-
ation using limonene/ethanol, and triple sodium fluorescein
permeation amount was achieved when cathodal iontopho-
resis was applied [143]. However, when combined CPEs
with cathodal iontophoresis, there was a fourfold increase in
sodium fluorescein permeation amount, which demonstrated
that CPEs efficiency was significantly improved with the
application of iontophoresis [143]. The histological find-
ings of S. Arunkumar et al. suggested that the combination
of CPEs and iontophoresis could minimize skin irritation
[144].

In summary, finding a suitable way to achieve the goal of
safety and efficiency is a huge challenge that still requires
unremitting efforts.

Outlook/future directions

The efficiency and safety of traditional CPEs are two impor-
tant problems that greatly restrain their further wide applica-
tion in transdermal drug delivery. Usually, the efficiency of
traditional CPEs is low or unpredictable for different drugs
and there are security risks in causing skin discomfort. More
troubling, there exists interaction and mutual restriction

@ Springer

between CPE:s efficiency and safety. It is not easy to improve
one aspect without influencing the other aspect. Only under-
standing the superficial phenomenon of CPEs efficiency and
safety problem is far from solving the above problems. The
lack of understanding of CPEs efficiency and safety from the
molecular mechanism directly resulted in the blindness and
failure in CPEs research and product application. Molecular-
level provides an essential and distinctive viewpoint and there-
fore helps to understand the essence of CPE:s efficiency and
safety and to select CPEs rationally.

The efficiency mechanism of CPEs to enhance drug per-
meation relies on their influence on the skin barrier struc-
tures as well as formulation properties. SC lipid, SC protein,
SC solvent nature, and desmosomes and tight conjunction
are primary action sites of CPEs that may affect skin bar-
rier function. Different CPEs possess their own action sites
in the skin, while different drug candidates have different
trouble sites in the skin restricting their permeation through
the skin. An exact match relationship between “reached site”
and “trouble site” is important for the satisfactory efficiency
of CPEs. Apart from the action site, the matching behav-
ior of CPEs and drugs in the skin permeation and the skin
residence also influences CPEs efficiency. Additionally, the
release behavior of CPEs and drugs from matrix polymers
was also an indispensable factor, which is easy to be ignored
in CPEs selection.

The safety risks of CPEs mainly include skin irritation
and skin allergic reaction. Both of them initiate with the
step of the destruction of the SC barrier, which is also the
efficiency mechanism of CPEs enhancing drug permeation.
Similarly, they eventually cause inflammation via kinds
of cytokines. But there are still some differences between
them, such as the initiators of inflammatory skin reaction
and their clinical symptoms. The different mechanisms by
which CPEs disrupting the SC barrier are essential to bal-
ance efficiency and safety. For example, SC lipids extrac-
tion, fluidization, and lipid lamellae disorganization are three
pathways of CPEs altering SC lipid barrier, thereby bring-
ing efficiency. But the SC lipids extraction is more likely to
cause skin irritation and allergic reaction. Hence, the effi-
ciency mechanism of CPEs ought to be distinguished and
paid attention to. Notably, for some CPEs, their efficiency
is proportional to their skin risk. But for other CPEs, there
is no such relationship between their efficiency and the skin
risk. From this point, it is very possible to search for a CPE
with high efficiency and high safety. To maintain the balance
between CPEs efficiency and safety, the following aspects
should be paid attention to:

1) The action mechanisms of CPEs disrupting the skin bar-
rier should be distinguished. It is necessary to avoid the
selection of CPEs with action mechanisms of extracting
SC lipids or denaturing SC protein.
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2) Cytotoxicity of CPEs is often relevant to the skin irrita-
tion of CPEs.

3) It is satisfactory to design CPEs that exert their effect
exclusively in SC with little or without influence on the
living cells of the epidermis. It is hoped that biodegrad-
able CPEs would solve this problem.

4) To some CPEs, their safety problems increased with the
increasing of CPEs concentration. The combined appli-
cation of CPEs is promising to balance between CPEs
efficiency and safety.

In current developments to improve efficiency and safety,
CPEs structure modification has been employed to maxi-
mize the efficiency, which may be owed to the adjustment
of matched behavior between CPE and drug. As for the
combined application of CPEs, it is a satisfactory method
to both improve efficiency and reduce skin risk via promot-
ing CPEs skin permeation behavior, but the choice of CPE
combinations is arduous. Novel CPEs exhibited higher
efficiency than traditional CPEs, some of which even can
enhance the permeation of macromolecules. Most of these
CPEs improved their skin permeation for a more satisfactory
efficiency. For these highly efficient novel CPEs, the safety
risk should be paid close attention to and the applicability
ought to be researched for different kinds of drug candidates.

To sum up, possessing the unique advantage of simple
use and high compatibility, CPE is a more economic and
accessible approach than any other enhancing technologies
in product development. In the long term, CPEs will be
researched as a hotspot and still occupy an important posi-
tion in the market of the transdermal product. As for enhanc-
ing the permeation of small molecule drugs, the balance
between CPEs efficiency and safety has not yet reached their
potential. The understanding of CPEs molecular mechanism
is expected to provide rational guidance for the selection of
CPEs.

Conclusion

Effectiveness and safety issues limit the applications of
CPEs in TDDS. Understanding the essence of CPEs effi-
ciency and safety helped to improve the problems of low,
unpredictable efficiency and safety risk, thereby contributing
to a rational selection of CPEs. Although CPEs efficiency
and safety have a strong association with each other, it is
still possible to acquire a CPE with high efficiency and low
safety risk. The current developments in the field provided
potent and safe CPEs; however, these progresses suggested
that the balance between CPEs efficiency and safety has not
yet reached its potential. CPEs are expected to have a bright
research perspective and occupy an important position in the
market of transdermal products.
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