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DEVELOPMENT STRATEGY OF DERMAL AND TRANSDERMAL
FORMULATION: SYNERGISTIC EFFECT OF CHEMICAL
PENETRATION ENHANCERS

M. Spaglova, D. Zigrayova, D. Krchiak
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Abstract. The skin is an attractive site for direct administration of drugs due to its easy ac-
cess and patient compliance. The strategy in the development of a dermal pharmaceutical
and a cosmetic product lies in a selection of suitable excipients capable of delivering the
drug or active pharmaceutical ingredient at the site of its action. The key moment is over-
coming the least permeable skin layer stratum corneum. Chemical penetration enhancers
facilitate drug diffusion and accelerate drug delivery through the stratum corneum, possibly
in combination with hydration of the skin or increasing temperature. The paper summarises
basic information about the most common chemical enhancers and the studies investigat-
ing the synergistic action of suitable combinations of chemical enhancers, which may also
include microemulsions.

Key words: chemical penetration enhancer, permeation, synergistic effect, SCOPE

Corresponding author: Miroslava Spaglova, Faculty of Pharmacy, Department of Galenic
Pharmacy, Comenius University — Bratislava, Odbojarov 10, SK-832 32 Bratislava, Slovakia,

e-mail: spaglova@fpharm.uniba.sk

Received: 11 December 2023; Accepted: 08 February 2024

MECHANISM OF THE ACTION OF THE PENETRATION
ENHANCER

hemical penetration enhancers facilitate drug
( diffusion through the skin by several mecha-

nisms. Most often they do that by disrupting
the highly organized intercellular structure of the lipid
bilayer, thereby reducing the resistance of the stratum
corneum barrier layer, or by acting on desmosomes
whose function is to maintain cohesion between cor-
neocytes, by denaturing intracellular keratin, or by
changing its conformation. The enhancers may also
provide increased hydration of the stratum corneum,
thus altering its properties and increasing the drug
partition coefficient between the skin and the vehicle.
Many of these substances are also characterized by

the solubilizing capability. Drug solubilization modi-
fies the thermodynamic activity of the drug or vehicle
[1, 2]. The requirements for the characteristics of an
ideal penetration enhancer are the following:

e pharmacologically inert
e non-allergenic
e fast action with a predictable duration

e temporary reduction of the skin barrier function
without loss of endogenous material

e restoring the barrier function of the stratum corne-
um after removing the product from the skin

e cosmetically acceptable properties (color, odor)
e affordable [3].
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GENERAL CLASSIFICATION OF CHEMICAL
PENETRATION ENHANCERS

The classification of chemical penetration enhancers
based mainly on chemical structure together with ex-
amples of common enhancers in dermal and trans-
dermal applications are listed in Table 1.

Table 1. The Classification of Chemical Penetration
Enhancers

Chemical Group | Examples

Alcohols Ethanol, Propanol, Decanol, Octanol
Glycols Propylene glycol
Amides Azone (1-dodecylazacykloheptan-2-on/lauro-

kapram)

Aliphatic acids | Lauric acid, Oleic acid, Linolenic acid

Esthers Isopropyl myristate, Isopropyl palmitate

Ethers Transcutol (dietylene glycol monoetylether)

Surfactants Sodium lauryl sulphate, Benzalkonium chloride,
Cetylpyridinium chloride, Cetyltrimethylammo-
nium bromide, Polysorbates (Tween 20, Tween
60), Dodecylbetaine

Sulfoxides Dimethylsulfoxid (DMSO), decylmethylsulfoxid
(DCMS)

Pyrolidones N-methyl-2-pyrrolidone, 2-pyrrolidone

Oxazolidines 4-decyloxazolidin-2-on

Phospholipids Phosphatidylcholine, Phosphatidylethanolamine

Terpenes D-limonene, 1-menthol, 1,8-cineole, Eugenol,
Neridol, Farnesol
Essential oils Cinnamon oil, Eucalyptus oil, Rosemary oil

The efficiency of the chemical penetration enhanc-
ers can be expressed as the so-called Enhancement
Ratio (ER):

QE

ER = 2 (1)

wherein Q_ represents the drug amount that perme-
ated trough/or in the skin from the enhancer-con-
taining formulation and Q, is the drug amount that
permeated trough/or in the skin from the reference
formulation [4].

SYNERGISTIC ACTION OF CHEMICAL PENETRATION
ENHANCERS

The limiting factor for dermal drug penetration im-
provement by application of chemical penetration en-
hancers is the high molecular weight of many drugs
and the possible irritative action of the penetration
enhancers at higher concentrations. To avoid this

problem, the enhancers began to be applied in syn-
ergistic combinations often called Synergistic Com-
bination of Penetration Enhancers (SCOPE) [5, 6].
The enhancer mixtures are usually more effective
than when used alone, due to various action mecha-
nisms on the stratum corneum multiplying their ac-
tion. A typical example is the solution of propylene
glycol with amphiphilic surfactants. The most signifi-
cant benefit of SCOPE application is the minimiza-
tion of necessary enhancer concentration resulting in
irritation and toxicity reduction [7]. Synergy can be
objectively quantified using the parameter S, i.e., a
degree of interaction between two enhancers given
by Equation 1:
XY
S- ER, @)
(1-X).ER",+X.ERY,

wherein ER, X" is the penetration enhancement ratio
of the mixture containing enhancers A and B at a total
concentration of Y% (w/V) and X is the weight ratio of
enhancer A. E,¥ and E," are the enhancement ratio
of enhancers A and B used separately at the same
concentration of Y%. Interpretation of value: S > 1
indicates positive synergy, S < 1 negative synergy,
S = 1 means no synergy [8, 9].

Karande and Mitragotri [8] present a simple way of
classifying SCOPE as it is shown in Figure 1.

By combining properly selected penetration en-
hancers, it is possible to synergize their effect. Of
course, the level of synergy depends on several
aspects such as ratio, concentration, and physico-
chemical properties of the enhancer mixture [10].
Because Azone, Transcutol, and DMSO are among
the most frequently used enhancers in topical appli-
cation, we have focused in the paper preferentially
on their characteristics and/or synergizing effect
with other enhancers. However, Table 2 lists also
other SCOPEs.

Dimethylsulfoxid (DMSO) is one of the oldest and
best-studied chemical penetration enhancers. It is a
strong, universal, aprotic solvent without color and
odor. A large number of studies have demonstrated
the supportive solubilizing effect of DMSO for both
hydrophilic and lipophilic drugs. It changes the struc-
ture of intercellular keratin and interacts with lipids of
the stratum corneum. DMSO acts as a cosolvent or
drug solubilizer in many dermal products. It has its
therapeutic effect [11]. Its topical administration treats
systemic inflammation, but for many side effects, it is
applied for this purpose only in veterinary medicine
[12]. Although it acts as an excellent enhancer, its
application is accompanied by many shortcomings.
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SYNERGISTIC COMBINATION OF PENETRATION ENHANCERS

EXAMPLE

» water + alcohols/
glycols

MIXTURES OF
SOLVENTS

Vbgill-d==1ej7 '« nano-/ microemulsion

ENHANCERS

* niosomes, ethosomes,

VESICLES transferosomes

EUTECTIC
MIXTURES

+ menthol + camphor

INCLUSION
COMPLEX

+ cyclodextrins

| modification of thermodynamic activity / |

MECHANISM OF ACTION

MICROEMULSION W0
100 nm

specific interaction with stratum corneum

drug solubilization + reversible
enhancement of stratum corneum
permeability

drug encapsulation in elastic vesicle
facilitating drug delivery

Fig. 1. The examples of synergistic combinations of penetration enhancers

The effect of DMSO is dose-dependent, with the con-
centration required to achieve optimal enhancer ac-
tivity exceeding 60%. The dermal administration of
such high concentrations can cause erythema, urti-
caria, flaking, or burning on the skin. Another limita-
tion of DMSO application in dermal and transdermal
products is the formation of a smelly dimethyl sulfide
metabolite [13]. The mentioned limits have moved
the attention to investigate other compounds struc-
turally related to sulfoxide, e.g., dimethylacetamide
(DMAC) and dimethylformamide (DMF). The appli-
cation of DMSO, DMAC, as well as DMF to human
skin, causes denaturation of intercellular protein, and
interaction with the intercellular matrix of the stratum
corneum, and thus facilitates the drug delivery from
the preparation to the skin [12,14]. DMSO is contro-
versial in clinical use because of possible side effects
and potential toxicity [15]. Therefore, current studies
focus on finding suitable substitutes rather than com-
bining them with other enhancers.

The first compound specifically designed to improve
drug penetration was Azone , chemically 1-dodecy-
lazacycloheptan-2-one. It is highly lipophilic (logP octa-
nol/water = 6.2), soluble in most organic solvents, and
an excellent solvent for a wide range of drugs (steroids,
antibiotics, antivirals). It is non-irritating, almost with-
out its pharmacological activity. Only a slight antiviral
effect has been reported. LD, for rats is 9 g/kg. As in
cases of other chemical enhancers, the effect of Azone
is significantly dependent on concentration. The high-
est enhancer activity was found in low concentration,
usually 0.1-5% [12,16]. It acts directly on the lipid bi-
layer of the stratum corneum improving drug penetra-
tion by increasing its fluidity. This mechanism of action

was elucidated by monitoring the phase transition tem-
perature using a turbidity test and the pyrene excimer
fluorescence technique [17]. The comparison of the ef-
fect of Span 20 and Azon on the compression of a skin
model representing stratum corneum fluidity showed
that both enhancers have similar activity [18]. Azone
was combined with borneol and menthol to promote in
vitro transdermal delivery of ferulic acid through mouse
skin [19]. A synergistic effect on the improvement of
transdermal delivery of dl-praeruptorin A was confirmed
when Azone was combined with propylene glycol [20].
The same combination of the enhancers in the simulta-
neous application of iontophoresis increased skin per-
meation of insulin significantly [21]. The other synergis-
tic combinations with Azone are mentioned in Table 2.

Transcutol is a potent solubilizer of many drugs. It is
non-toxic and biocompatible to the skin. It has found
its application not only in the pharmaceutical indus-
try but also in the cosmetics and food industries. In
dermal preparations, it solubilizes active substanc-
es, which are insoluble in common solvents, such as
ethanol or propylene glycol. In transdermal formula-
tions, it prolongs depot release or improves system-
ic absorption [22]. Many studies have shown that it
significantly improves the penetration of substances
into the skin, especially when used in combination
with another cosolvent [23,24]. Transcutol together
with propylene glycol significantly increased the flux
of clonazepam released from carbopol gel across
the synthetic membrane, but this effect was not con-
firmed by an ex vivo permeation test through rab-
bit skin [23]. Another study showed a 2-fold higher
ER when using Transcutol and Azone to promote
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naproxen penetration from Pluronic F-127 gels
compared to only Transcutol-containing gels [24].

The results of other studies investigating the synergy
of the enhancers are listed in Table 2.

Chemical penetration enhancers are also popular in
the improvement of the physical properties and pen-
etration capabilities of vesicular and other drug nano-
carriers. Mura et al. [43] investigated the properties
of liposomes as minoxidil carriers compared to leci-
thin vesicles, in which a solution of Transcutol (5%,

10%, 20%, 30%) was used as a hydrophilic phase.
The amount of drug entrapped in the vesicles and
liposomes was approximately the same. Vesicles
containing 5% and 10% Transcutol solution were
more deformable. However, all Transcutol vesicles
showed greater stability compared to liposomes over
3 months, considering changes in their size, degree
of polydispersity, and zeta potential. The results of
the diffusion test showed that Transcutol vesicles can
deliver minoxidil deeper into the skin.

Table 2. The synergistic combination of penetration enhancers (SCOPE) studied in dermal or transdermal administration

Drug Penetration enhancers Enhancer ratio Dosage form | Enhancement ratio (ER) | Reference
Diclofenac 1,8-cineole, ethanol, 1:41:59 Gel ointment 171 [25]
Mcllvaine buffer
Tetracaine Menthol, ethanol 5:70 Gel 26.59 [26]
5-fluorouracil Azone, propylene glycol 2:98 Solution 2.6 [27]
Insulin Azone, propylene glycol 0.1:40 Cream 1.69 [28]
Metronidazole | Azone, propylene glycol 1:99 Gel 4.4 [29]
Lidocaine Olive oil, o-linolenic acid, | 3.23:0.45:1.81:0.91:13.60 | Microemulsion | 1.54 [30]
linoleic acid, vitamin E suc-
cinate, surfactants
Lidocaine Isopropyl myristate, n- 25:75 Solution 43 [31]
methyl pyrrolidone
Formoterol I-menthol, N-methyl-2-pyr- | 60:40 Solution 1.21 [32]
rolidone
Tenoxicam Oleic acid, propylene glycol | 15:40 Gel 19.4 [33]
Nicardipine Propylene glycal, oleic 80:10:10 Solution 814/182/339 [34]
acid, dimethyl isosorbide
Nifedipine Oleic acid, propylene gly- | 4:84:10 Solution 20 [35]
col, dimethyl isosorbide
Estradiol Lauric acid, propylene 3.3:60:33.7 Solution 2/ 241122 [36]
glycol, dimethyl isosorbide
17- B -estradiol | Lauroyl choline, oleic acid, | Non-specified Gel 14 [37]
propylene glycol
Acyclovir Lauroyl choline, oleic acid, | Non- specified Powder 5.08 [37]
propylene glycol
Docetaxel Sodium oleate, sodium lau- | 64:16:20 Gel Non-specified [38]
ryl ether sulfate, propylene
glycol
Clebopride Diethylene glycol mono- | 40:60 Gel 80 (compared to refer- | [39]
ethyl ether, isopropyl ence only with isopropy!
myristate myristate)
Naloxone Propylene glycol, 33:67 Solution 10.9 [40]
ethanol
Pentazocine Isopropyl myristate, glyc- | 90:10 Solution 58.0 [41]
eryl monocaprylate
Tegafur Ethanol, tricaprylin 40:60 Solution 69.19 (compared to [42]
aqueous solution)
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As already mentioned, there are also pairs of en-
hancers that slow down percutaneous drug trans-
port, e.g., Brij 30 together with Transcutol / or lauryl
alcohol/ or Span 80/ or isopropyl palmitate caused
retardation of in vitro donepezil release from trans-
dermal patch (ER was 0.70/0.75/0.78/0.80) [44].
Further, the couple of 1,4-cyclohexanediol and
1,2-hexanediol caused a delay in the absorption
of metronidazole (ER was 0.40-0.69), which may
be perceived as effective if the potential systemic
toxicity of the drug needs to be minimized while the
therapeutic efficacy persists [45]. It is therefore not
possible to argue that negative synergy is undesir-
able or unworkable in practice. Few studies have
addressed negative outcomes, hence, there is a
lack of documentation to help clarify the mecha-
nism of action of a combination of enhancers and
thus predict, for example, negative synergy.

MICRO- AND NANOEMULSIONS AS PENETRATION
ENHANCERS IN DERMAL AND TRANSDERMAL
ADMINISTRATION

Due to the composition, microemulsion, and nano-
emulsion systems can be considered as composed
penetration enhancer systems. Micro- and nano-
emulsions as drug carrier systems are characterized
by several advantages. Their preparation, especially
in the case of microemulsions, is relatively simple.
Microemulsions are formed spontaneously, by ho-
mogenization of the correct ratio of suitably selected
constituents; oil, water, surfactant, and, if necessary,
co-surfactant. However, the ratio of the components
is crucial to ensure a very small droplet size of the
inner phase, i.e., up to 100 nm in microemulsions,
and up to 500 nm in nanoemulsions. To create na-
noemulsions with an inner phase of 100 to 500 nm,
it is necessary to reduce the droplet size of the initial
coarse emulsion by ultrasonication or high-pressure
homogenization. The paradoxical naming of these
dispersion systems, which does not correspond to
the size of the internal phase, stems from the fact
that microemulsions were named before their droplet
size characterization.

These dynamic systems with a continuously fluctuat-
ing interface are characterized by a high solubiliza-
tion ability [46]. Due to the presence of hydrophilic
and lipophilic regions, they can solubilize both hydro-
philic and lipophilic drugs. As colloidal systems, they
are used either as vehicles alone or as drug solubiliz-
ers in formulation, e.g., gels [47,48]. Microemulsions
are sensitive to quantitative changes in composition
because they exist only in a narrow region, usually
defined by a ternary phase diagram. The character-

ization of the phase behavior of a microemulsion is
an important point.

Many studies have confirmed their positive effect on
drug penetration in dermal and transdermal delivery
systems. Some of them are listed in Table 3. However,
despite countless studies demonstrating the positive
influence of micro-/nanoemulsions on drug penetra-
tion, their application in dermal and transdermal drug
delivery is minimal. This may be due to possible skin
irritation caused by the need for high tenside content
for the formation of the microemulsion structure. The
replacement of ionic tensides with non-ionic tensides
presents one of the solutions. The other is the substi-
tution of synthetic tensides with natural ones. As an
example, nanodisperse systems containing natural
surfactant, lecithin, appear to be more effective than
liposomes because they can deliver the drug to the
deeper layers of the skin [49]. Recently, they are of
particular interest. [50-53] Lecithin microemulsions
offer the ideal penetration enhancer properties due
to that lecithin’s function as a surfactant is synergized
by the action of a suitably selected co-surfactant and
the oil phase.

CONCLUSION

The efficiency of chemical penetration enhancers
depends on their concentration and physicochem-
ical properties. The effect is specific to the drug,
or the active pharmaceutical ingredient. However,
it can be noted that the application of tradition-
al penetration enhancers (such as DMSO, DMF,
DMAC, Azon, pyrrolidone, surfactants, and alco-
hols) causing significant destruction of the stratum
corneum is declining. Many chemical enhancers
may ensure effective penetration enhancement
only when used in a high concentration that can
irritate the skin. The combination of several pen-
etration enhancers can lead to a synergy of their
effect, and finally to the reduction of individual
enhancer concentration needed for adequate
enhancement effect on drug penetration. Syn-
ergistic penetration enhancers often used in the
development of drug dosage forms include aque-
ous solutions with multiple solvents (cosolvents),
surfactant vehicles, eutectic mixtures, inclusion
complexes, and last but not least, microemulsions
and transport vesicles.
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