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Table(s)

Table 6: Summary of in vitro permeation skin studies conducted with caffeine formulations

Formulation Tissue Author(s) Caffeine concentration / Permeation parameter reported
amount applied
Ointment bases Human | Zesch et al. (1979) 0.1%, 4.3 pug /cm? SC penetration: 0.63 —2.18 ug/cm?
Petrolatum, ethylene glycol gels, aqueous | Human | Bronaugh and Franz (1986) | 0.5 — 60 ug /cm® ko:2.1-7.2x 10” cm/h
gels
Ethoxylated amines Human | Hadgraft et al. (1986) 0.2% Kp: 2.5-4.9x 10% ecm/h
OA, LA Human | Green et al. (1988) 0.2%, 1.1 pg /cm? ko: 3.0-4.5 x 10 cm/h
Water, PGDP, Labrafil M 1944, Labrasol®, | Human | Bonina et al. (1993) 0.2-2.8%,0.3-3.7mg/cm’ | J:0.3-2.3 ug/cm?/h
PG, Transcutol™, PG/PGDP
PG, PG/water, PG/ethanol, PG/OA, Human | Thakur et al. (2007) 0.8-2.8%,1.1-3.7 mg/cm” | J: 0—585 + 44 ug/cm?/h
PG/water/OA, ethanol/water/OA,
PG/Azone™, PG/menthone, PG/limonene,
PG/cineole
Water, PG/ethanol/water, 1,2- | Porcine | Duracher et al. (2009) 2 %, 0.2 mg/cm”’ ko: 1.7 -7.7x 10" cm/h
pentanediol/Water, PG/water, Cumulative permeation: 32.4—-179.7
ethanol/water pg/cm?’
Cationic “gemini” surfactants/PG Porcine | Silva et al. (2013) 1.5 %, 7 mg/cm? J:6.1-10.9 pg/cm*/h
Cumulative permeation: 127.9 — 226.9
pg/cm’
Spilanthol/ethanol/water Human | De Spiegeleer et al. (2013) | 5.4%, 42 mg/cm’ Cumulative permeation: ~300 — 1000
pg/cm’
Phytoceramides/ethanol/water Human | Veryser eta l. (2015) 5.4%, 42 mg/cm’ kp: 2.1-7.0x 10* cm/h
J:10..9 - 35.4 pg/cm’/h
Emulsions (O/W) Human | Bonina et al. (1992) 0.1%, 133 ug/cm’ ko:1.5-2.9x 10° cm/h
J:0.2-1.6 ug/cm*/h
Emulsions (O/W, W/O/W) Human | Doucet et al. (1998) 1%, 2.6 mg/cm? ko:2.4-6.0x 10* cm/h
J: 2.4-6 pg/cm*/h
Emulsions (O/W, W/0O), hydrogel Human | Dreher et al. (2002) 1%,0.1 mg/cm2 Percentage permeation: 15 — 20%
Emulsion (O/W), microemulsion,hydrogel | Porcine | Bolzinger et al. (2007) 0.8%, 3.2 mg/cm2 kp: 2.0-3.6x 10 cm/h

J: 15.6 — 28.8 pug/cm*/h




Emulsion (W/0), Pickering emulsion Porcine | Frelichowska et al. (2009) | 0.8 %, 3 mg/cm’ ko:1.0-3.0x 10% ecm/h
(w/0) J: 10- 25 pg/cm?’/h
Microemulsions (O/W, W/O, Porcine | Naoui et al. (2011) 0.8 %,3 mg/cm” ko: 4.0-12.0 x 10 cm/h
bicontinuous) J: 35 -99 ug/cm*/h
Microemulsions (O/W, W/O, Porcine | Zhang and Michniak-Kohn | 1% J:5.1-11.6 ug/cm?/h
bicontinuous) (2011) Cumulative permeation: 91.8 — 237.8
pg/cm’
Microemulsions (O/W, O/W gel) Porcine | Sintov and Greenberg 1%, 2.8 mg/cm® ko:1.3—-1.5x 10 cm/h
(2014) Cumulative permeation: 264.5 — 322.7
pg/cm’
Nanoparticles (Starch derivatives) Human | Santander-Ortega et al. - Cumulative permeation: <0.2 pg/cm’
(2010)
Nanoparticles (Silica composites) Porcine | Pilloni et al. (2013) 3%, 4.7-9.4 mg/cm’ kp:2.0-2.2x1%* cm/h

J: 6.0 - 6.9 ng/cm*/h
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Abstract

Caffeine is administered topically and transdermally for a variety of pharmaceutical and

cosmetic applications and it is also used as a model hydrophilic compound in dermal risk assessment

studies. This review considers the physicochemical and permeation properties of caffeine with

reference to its delivery to and through the skin. Since it has been used as a model compound the

findings have implications for the delivery of many hydrophilic compounds having similar properties.

Various passive and active formulation strategies to promote enhanced skin permeation of caffeine

are considered. Models to study percutaneous caffeine penetration are also discussed in detail.

Key words: Caffeine, topical, transdermal, formulation, permeation



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
51
52
53

1. Introduction
Caffeine (1,3,7-trimethylpurine-2,6-dione) is a methyl xanthine alkaloid which is consumed
as a beverage, administered as a medicine or applied for cosmetic purposes (Figure 1). Caffeine is

also employed as a model hydrophilic compound in skin toxicology: dermal absorption of such

“marker” compounds is used for risk assessment of exposure to hazardous substances in man

(OECD, 2004). Caffeine is recommended as a test substance by the OECD because it has been studied

extensively in vitro and in vivo. Although coffee and other caffeine containing drinks, such as tea,

have been consumed at least since the fifteenth century the molecule itself was not isolated until

1820 (Anft, 1955). This article focusses on caffeine interactions with the skin with an emphasis on

topical delivery strategies; systemic delivery of caffeine is also possible in certain cases. The major

route for actives to permeate through the skin is via the lipid content of the outermost layer (Menon
et al., 2012), the stratum corneum (SC). However, caffeine does not possess the properties of an
ideal skin penetrant as it is a hydrophilic material with a Log P of -0.07 (Table 1). Caffeine also
exhibits unusual solubility behaviour in non-aqueous solvents (Bustamante et al., 2002) and forms
aggregates in aqueous solutions (Guttmann and Higuchi, 1957; Cesaro et al.,, 1976). The various
formulation approaches which have been employed to date to enhance skin penetration of caffeine
will be reviewed. Only studies on human and porcine skin are considered as other models are not

reliable predictors of skin penetration in man.

Table 1. Physicochemical properties of caffeine

Molecular Weight* 194.2

Log P* -0.07

Solubility* 1in 46 of water, 1 in 1.5 of boiling water
Solubility parameter** 31 MPa”

Melting point* 238°C

pK, * 14 (25°C), 10.4 (40°C)

*Moffat et al. 2004

**Bustamante et al., 2002

2. Pharmacology, pharmacokinetics and metabolism
Caffeine inhibits the phosphodiesterase enzyme and has an antagonistic effect on central
adenosine receptors. It is a stimulant of the Central Nervous System and may produce wakefulness
and heightened mental activity. The molecule also increases rate and depth of respiration but it is a

weaker bronchodilator than theophylline (Parfitt and Martindale, 1999). Caffeine has been
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investigated for its neuroprotective effects in dementia (Ritchie et al., 2007) as well as its potential
as an aid to recognise hypoglycaemic symptoms in diabetic patients (Debrah et al., 1996; Watson et

al., 2000). The major advantages claimed for use of caffeine in topical cosmetic products are that it

(i) prevents excessive fat accumulation in skin, (ii) promotes lymphatic drainage and (iii) protects skin

from photodamage. Scientific evidence for many of these proposed benefits is lacking and most

studies in the literature are based on cell culture or mouse models (Herman and Herman, 2013). The

efficacy of caffeine in the management of gynoid lipodystrophy (cellulite) via proposed adipocyte

lipolysis and increased cyclic adenosine monophosphate (cAMP) is controversial. The applications of

caffeine in the management of this condition have been reviewed by Herman and Herman (2013).

The authors describe in detail potential roles for caffeine in lipolysis including effects on

catecholamine secretion, cAMP levels, lipase activity, PDE inhibition and lymphatic drainage.

Although caffeine has been shown in vitro to promote follicular proliferation evidence for this effect

in vivo has not been reported(Fischer et al., 2007).

When administered orally, the bioavailability of caffeine is ~100% with values for plasma
half-life, volume of distribution and clearance reported respectively as 2 -10 h, 0.5 L/kg and 1 — 2
mL/min/kg (Moffat et al., 2004). The extent to which the molecule binds to plasma proteins is ~¥35%
(Blanchard, 1982). For treatment of neonatal apnoea of prematurity the recommended dose is 5 —
20 mg/kg caffeine (as the citrate) administered orally or intravenously. The recommended oral dose
of caffeine for mild stimulant purposes is 50 — 200 mg daily (Parfitt and Martindale, 1999). Following
oral administration, caffeine may be subject to metabolism by N-demethylation, acetylation and

oxidation; approximately 1% of the molecule is excreted unchanged. There is no evidence, to date,

that caffeine undergoes appreciable metabolism following application to skin. Poisonings and

fatalities have followed ingestion of large oral doses of caffeine but no toxic or skin reactions have

been reported following dermal exposure in healthy patients (Moffat et al., 2004).

3. Skin permeation of caffeine

This section reviews percutaneous penetration of caffeine from simple aqueous solutions and

solvents. The influence of application site, age, occlusion, tissue preparation for in vitro studies

transport _in _hair follicles and lateral diffusion properties on caffeine skin penetration is also

examined. Strategies to promote caffeine permeation based on chemical or physical enhancement

of skin delivery or other means are discussed in Sections 4 and 5.

3.1 Influence of anatomic site
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Feldmann and Maibach (1970) investigated the permeation of caffeine in human subjects. A
dose of 4 ug/cm?” of CAF was applied in acetone to the ventral forearm over a total area of 13 cm®.
Absorption values of ~50% were reported following urinary collection over 5 days. Franz (1975)
investigated caffeine permeation in vitro and reported median percentage absorption of 9% of
caffeine from a finite dose application. In a later report by Franz (1978) the values for caffeine
absorption in vitro and in vivo, respectively were reported as 24.1 + 7.8% and 22.1 + 15.8%. The
differences in the earlier values for in vivo caffeine absorption were attributed to the correction
used for urinary excretion and the duration of sample collection. Rougier and co-workers (1987)
investigated the skin permeation of caffeine as a function of other anatomic sites in human subjects.
A solution of caffeine in ethylene glycol, Triton X-100 and water was applied to the arm, abdomen,
post-auricular region or forehead. After 30 min contact the sites were washed with ethanol/water
followed by a rinse with water and then dried. Total amounts of caffeine penetrated were ranked as
follows: forehead>arm>post auricular region>abdomen. This is consistent with recent data reported
by Machado et al. (2010); these workers calculated effective pathlengths for water diffusion as a

function of anatomic site.

3.2 Influence of age

The influence of aging on skin permeation of caffeine was examined by Roskos et al. (1989). A
finite dose (4 ug/2.5 cm?®) of caffeine in acetone was applied to the forearms of young (22-40 years)
and old (65-86 years) subjects. A protective patch (non-occlusive) was then applied over the
application site for 24 h followed by washing of the skin and collection of urinary samples. The dose
recovered was 32.1 £ 4.2% for the young group while the corresponding value for the old group was
61.8 + 5.4%. This was a relatively small study with 5 volunteers for the young group and 7 for the
older group and data were expressed as mean values with standard error of the mean. As sebaceous
gland activity and lipid content of skin changes with age (Pochi et al., 1979) the authors suggested
that this might explain the diminished amounts of caffeine absorption in the older subjects.
However, changes in corneocyte size and skin hydration with age are also likely to influence caffeine
permeation with age. The barrier function of skin is not fully developed in new-born infants

particularly if they are immature. Amato et al. (1991, 1992) reported transdermal delivery of caffeine

in preterm infants for the management of apnoea. Caffeine (as the citrate salt) was applied twice

daily in a gel formulation; total daily doses were 20 mg for babies with birth weights <1000 g and 15

mg for babies with birth weights > 1000 g. Therapeutic levels were considered to be 25 — 100 umol/L

and were achieved within 48 h of the first application of the gel. Transdermal delivery of caffeine is
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attractive in this case as oral absorption of drugs in low birth weight infants is erratic, unpredictable

and sometimes not possible because of gastrointestinal disease (Evans and Rutter, 1986).

3.3 Influence of occlusion

Treffel et al. (1992) investigated the effects of occlusion on the in vitro skin permeation of
caffeine. The dose of caffeine applied was 2.6 pg/cm” in an acetone solution (160 pg/mL).
Specialised diffusion cells with a completely closed donor compartment were used for the occlusion
study and conventional Franz cells were used for the corresponding unoccluded study. Cumulative
amounts of caffeine permeated after 24 h were of the order of 1 pg/cm” and were not significantly

different for occlusion compared with no occlusion.

3.4 In vitro studies with human skin and porcine tissue

A multi-laboratory study investigated caffeine permeation in vitro under finite dose
conditions (van de Sandt et al., 2004). Caffeine was applied as a 0.4 %w/v solution in ethanol:water
(1:1) and dosed at 25 pl/cm® to human skin samples. Maximum flux values and percentage
permeated for caffeine were 2.24 + 1.43 ug/cmz/h and 24.5 + 11.6% respectively. Cumulative

amounts of caffeine which had permeated by the end of the experiment were not reported.

Schreiber et al. (2005) reported the in vitro permeation of caffeine in human and porcine
skin. Infinite doses of caffeine were applied (285 pl/cm?® of a 1% w/v solution in phosphate buffered
saline) to the donor compartments of Franz cells and permeation experiments were conducted up to
6 h. Cumulative amounts of caffeine permeated were ~150 pg/cm?’ for dermatomed, cryopreserved,
porcine abdominal skin and ~10 pg/cm? for heat separated human epidermis. No differences in
caffeine permeation were observed for full thickness human skin compared with heat separated
human skin. Unfortunately, the authors did not conduct the corresponding finite dose study._Skin
penetration of caffeine in vitro using heat separated or dermatomed human skin was investigated by
Atrux-Tallau et al. (2007). The dose of caffeine applied was 128 ug/cm’ as an aqueous solution.
Values for cumulative amounts of caffeine permeated were ~30 pg/cm?* (~23% of the applied dose)
for heat-separated skin which were not significantly different for dermatomed tissue. This is to be
expected as the hydrophilic nature of caffeine would result in faster permeation through dermal

tissue.

3.5 Caffeine transport through hair follicles

Otberg et al. (2008) investigated the transport of caffeine through hair follicles. A solution of

caffeine in ethanol and propylene glycol (PG) was applied to the chest of male volunteers; caffeine
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was dosed at 10 pg/cm? over 25 cm’. Blood samples were taken up to 72 h following application of
the formulation. Following a 7-day interval hair follicles on the same sites were blocked using a
varnish/wax mixture. The caffeine formulation was then applied and blood samples collected as for
the first study. Serum caffeine values for open follicles were reported as 3.75 ng/mL, 5 min after
application of the formulation, but caffeine could not be detected following application to the closed
follicle sites until 20 min after application. Caffeine values were generally lower for the sites with

closed follicles compared with the site with unblocked follicles. In a later study Trauer et al. (2009)

investigated the effects of blocking hair follicles on caffeine permeation in vitro using Franz cells.
Excised female breast skin was used and the same formulation used in the earlier in vivo study was
applied but the dose of caffeine was five-fold higher because of limitations with the analytical
method used. Permeation studies were conducted for 24 h with caffeine detection in the receptor
compartment after 2 h. Significantly higher amounts of caffeine (p<0.05) were observed for skin with
unblocked follicles (0.39 %) compared with the closed follicular skin (0.09 %). At 24 h the amount of
caffeine recovered from the control skin was ~17% and for the skin with blocked follicles the
recovery was ~7%. These data point to an important role for the follicular pathway in caffeine skin

permeation but further studies are required to confirm this.

3.6 Influence of skin washing

Nielsen (2010) investigated the effects of skin washing on caffeine permeation in vitro.
Solutions of caffeine (4 mg/mL) were applied at a dose of 50 uL/cm” to human skin mounted in
diffusion cells. At 6 h the skin surface and donor compartment were gently cleaned using soap of
neutral pH and a cotton swab followed by two rinses with isotonic water. Following drying,
permeation continued and samples were taken for all cells up to 42 h. At the end of the experiment
the amounts of caffeine permeated were 24 % for the control group and 8 % for the cells which had
been washed. This would suggest that a significant amount of caffeine resided on the skin and was

washed from the surface.

3.7 Lateral skin diffusion

Gee et al. (2012) used a novel tape stripping technique to investigate the lateral diffusion of
caffeine both in vitro and in vivo. Dermatomed human abdominal skin was employed for in vitro
studies with 1.8 ul of caffeine (0.8 % w/v) being applied to the donor compartment of Franz cells.
Permeation studies were conducted up to 6 h. For in vivo studies a solution of caffeine in ethanol
(1.8 ul, 0.8 % w/v) was applied to an area of 0.5 cm? on the volar forearm of 8 volunteers (4 males, 4

females). After 3 min, 3 h and 6 h, tape perforated into concentric circles was used to strip the area
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of application as well as adjacent areas. A total of 10 tape strips was taken for each site from which
drug and protein content were determined. Lateral diffusion and limited skin penetration was
observed for caffeine at 3 min compared with other drugs studied (ibuprofen and hydrocortisone).
The authors suggested that the comparatively wider lateral diffusion observed for caffeine might
reflect the presence of a moisture film at the skin surface which would aid dissolution and spreading

of the molecule.

4. Formulation strategies for delivery of caffeine to the skin
4.1 Ointments and gels

One of the earliest investigations to compare the influence of vehicle on caffeine delivery
was reported by Zesch et al. (1979). Four ointment bases containing 0.1% w/w caffeine were
evaluated namely Vaseline™, aqueous wool wax alcohol ointment (water-in-oil emulsion), aqueous
hydrophilic ointment (oil-in-water emulsion) and a polyethylene glycol ointment. For in vitro studies
30 mg of ointment was applied to human skin over a 7 cm? area. One preparation (aqueous wool
wax alcohol ointment) was evaluated further in vivo with 100 mg of ointment being applied to a 28
cm? site. Following application ointments were rubbed in for 90 s to ensure uniform distribution and
the time allowed for penetration was 10, 30, 100, 300 and 1000 min. At the end of the permeation
period skin biopsies and tape stripping were conducted for both sets of experiments. The best

penetration (2.18 ug/cm?) into the SC in vitro was observed for the aqueous woolwax alcohol

ointment with the poorest uptake observed for the polyethylene glycol ointment (0.63 ug/cm?).

Similar permeation into the SC in vitro was observed for Vaseline™ and the agueous hydrophilic

ointment despite the differences in their composition. However for the epidermis in vitro data at

100 min indicated that the aqueous hydrophilic ointment (oil-in-water emulsion) delivered the
greatest amount of caffeine with the poorest delivery from the aqueous woolwax alcohol ointment.
Much lower caffeine values for SC and epidermis (0.31 and 0.05 pug/cm? respectively) were observed
in vivo compared with the in vitro results which were attributed to clearance of caffeine by the skin
vasculature.

Bronaugh and Franz (1986) evaluated caffeine permeation from petrolatum, gels containing
ethylene glycol and simple aqueous gels in human skin, in vitro and in vivo. Doses applied in vitro
were 25 mg/cm? or greater with caffeine amounts varying from 0.5 — 60 pg/cm” depending on the
vehicle studied. Maximum permeation was observed for the petrolatum vehicles followed by the
ethylene glycol gels with lowest permeation from the aqueous gel. This trend was consistent with
the degree of saturation of caffeine in the respective vehicles. Results for in vivo absorption were in

general agreement with the in vitro studies.
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4.2 Penetration enhancers

Penetration enhancers are chemicals which are proposed to modify transiently the solubility
of an active in the skin and/or promote enhanced diffusion of the active (Lane, 2013). Hadgraft et al.
(1986) investigated the effects of an ethoxylated amine on caffeine penetration in vitro. Pre-
treatment of human skin with either 10 or 100 mM of bis-(2-hydroxyethyl)oleylamine in ethanol
increased the permeability coefficient of caffeine by a factor of 40 compared with ethanol alone.
However these studies were conducted under infinite dose conditions therefore permeation
enhancement is likely over-estimated compared with the amounts of caffeine that are typically
applied in vivo. Green et al. (1988) assessed the effects of oleic acid (OA) and lauric acid (LA) on the
skin penetration of caffeine. Human skin mounted in Franz cells was pre-treated with a solution of
the fatty acid in ethanol for a period of 2 h. Permeation of caffeine was increased for both fatty acids
but as for the previous studies experiments were conducted under infinite dose conditions. The
authors also noted that caffeine did not form ion pairs with the fatty acids.

Suspensions of caffeine in a range of solvent enhancers have been evaluated by Bonina et al.

(1993). Permeations experiments were conducted with human skin over 24 h; flux values reported

are shown in Table 2.

Table 2. Solubility and skin flux of caffeine from a range of vehicles (Adapted from Bonina et al.,

1993)

Vehicle Solubility* Flux

(mg/mL) (ug cm™®h?)
Water 27.9+1.7 0.72+0.04
Propylene glycol dipelargonate 1.9+0.1 2.28 £0.35
Labrafil M 1944 3.3t 04 1.16 £ 0.09
Labrasol 12.0+£0.8 0.28 +0.06
Propylene glycol 13.9+1.2 0.70+0.1
Transcutol 14.1+0.9 0.64+0.2
Propylene glycol / Propylene glycol | 13.9+0.9 2.19+0.17
dipelargonate

*Measured at 30°C for48—-72 h

Compared with the flux values for the aqueous suspension, no enhancement of caffeine

permeation was observed for Labrasol®, Transcutol® or PG. Improved transport was observed for
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propylene glycol dipelargonate (PGDP), Labrafil® M 1944 and a mixture of PGDP and PG. Labrasol® is
a mixture of ethoxylated Cg and Cy, glycerides, glycerides and free polyethylene glycol (PEG),
Transcutol® is a monomethyl ether and Labrafil® M 1944 consists of ethoxylated glycerides and

glycerides. The superior effects of the PG / PGDP vehicle were attributed to the ability of PGDP to

interact with intercellular skin lipids combined with the ability of PG to promote uptake of PGDP into

the skin.

Four terpenes as well as oleic acid and Azone® were evaluated by Thakur et al (2007) for
their ability to enhance delivery of caffeine to the skin. Enhancers were incorporated (5 % v/v) in
saturated solutions of caffeine in PG; the control consisted of a saturated solution of caffeine in PG.
OA was also evaluated in three other vehicles, namely PG:ethanol (33:67), PG:water (50:50) and
water:ethanol (30:70). Formulations (100 uL) were applied to dermatomed human skin samples
mounted in Franz cells with an effective diffusion area of 0.64 cm®. Permeation experiments were

conducted under occlusion for 24 h and results are summarised in Table 3. Maximal permeation was

observed for the hydro-alcoholic vehicle containing OA consistent with synergistic effects on

permeation. However, since infinite dose conditions were employed the data have limited

applicability for finite dose conditions.

Table 3. Solubility and flux values of caffeine for a range of vehicles (Adapted from Thakur et al.,

2007)
Vehicle Enhancer Solubility Flux
(mg/mL) (ng/cm’/h)
PG - 8.410.4 0.7 +0.1
PG OA 5% 15.2 +0.6 40.3 5.1
PG:Ethanol OA 5% 13.8£0.8 75.0 £14.0
PG:Water OA 5% 19.4+ 0.1 47.6 16.2
Water:Ethanol OA 2% - 50.5+4.6
Water:Ethanol OA 5% 28.2+0.1 162.7 +38.7
Water:Ethanol OA 10% - 585+ 44
PG Azone 5% 15.7 +0.0 27.3%6.2
PG Cineole 5% 17.3+1.1 7.0+4.8
PG Limonene 5% 17.6 +0.6 0
PG Menthone 5% 17.2+0.4 25+1.4
PG Terpineol 5% 18.9+1.0 2.4+1.0

10
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Duracher and co-workers (2009) investigated 1,2-pentanediol, ethanol and PG as
penetration enhancers for caffeine using full thickness porcine skin. Formulations containing 2%
caffeine were prepared as outlined in Table 4. For permeation studies 10 uL of each vehicle was
applied to porcine ear skin with a surface area of 0.95 cm?. Experiments were conducted for 24 h
with occlusion of the donor compartment. Mass balance studies were also conducted by washing
the surface of the skin, tape stripping to remove the SC as well as extraction of caffeine from the
epidermis and dermis. The incorporation of small amounts of 1,2-pentanediol clearly promoted

caffeine penetration compared with the aqueous vehicle. Approximately 32% and 65% of caffeine

penetrated the skin for the vehicles containing respectively 2.5% and 5% of 1,2-pentanediol however

the highest cumulative permeation was observed for a ternary ethanol:PG:water system. This

probably reflects the synergistic effects of the enhancers in this formulation. A ternary system

containing 1,2-pentanediol and ethanol would have been a useful comparator study and would

allow investigation of any potential synergy betwen these enhancers.

Table 4. Caffeine skin permeation for vehicles studied by Duracher et al. (2009)

Vehicle Cumulative permeation at 24 h
(ng)

Water 39.8 £16.7

PG:Ethanol:Water (25:25:48) 170.7 £38.3

1,2-pentanediol:Water (2.5:95.5) 68.7 +17.1

1,2-pentanediol:Water (5:93) 153.5+31.4

PG:Water (5:93) 93.0+18.9

Ethanol:Water (5:93) 30.8 3.7

*Determined at 25 +1°C over 24 h

A series of cationic ‘gemini’ surfactants were evaluated by Silva et al. (2013) for their effects
on caffeine penetration. These molecules differ from conventional surfactants as they contain two
hydrophilic tails and at least two hydrophobic tails linked covalently by a spacer group. The
surfactants  studied were dimethylene-1,2-  bis(dodecyldimethylammonium  bromide),
hexamethylene-1,2-bis(dodecyldimethylammonium bromide) and decamethylene-1,2-
bis(dodecyldimethylammonium bromide). Solutions of surfactants were prepared in PG at a
concentration of 0.16 M with the single chain surfactant dodecyltrimethylammonium bromide,
Azone® and PG alone used for comparison. Dermatomed porcine tissue mounted in Franz cells was

pre-treated with the various preparations for 1 h prior to application of 0.3 mL of a caffeine gel (1.5
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% w/w) to the donor compartments (diffusional area 0.64 cm?). After 24 h two of the gemini
surfactants as well as the single chain surfactant demonstrated a two-fold enhancement of caffeine
permeation (8.2 — 10.9 ug/cm’/h compared with no pre-treatment (4.5 pg/cm?/h). As the studies
were conducted under infinite dose conditions finite dose experiments may elucidate more clearly if
these surfactants have real potential for topical delivery. A further issue is that such molecules
typically have much lower critical micelle concentrations than conventional surfactants which may
have implications for thermodynamic activity of the active.

Spilanthol, an N-alkylamide obtained from the Acmella plant species has recently been
evaluated for its skin penetration enhancement properties with reference to caffeine (De Spiegeleer
et al,, 2013). A range of concentrations of the enhancer were incorporated in ethanol:water (50:50)
solutions with caffeine (4.3 % w/v). Permeation experiments were conducted with dermatomed
human skin in Franz cells and formulations were dosed at 500 ul over 0.64 cm’. The maximum
cumulative caffeine permeation (~650 ng) was observed for solutions containing spilanthol 1% w/v
which was significantly greater than that observed for the control solution (~150 ug). For all
concentrations of the enhancer studied most of the caffeine was deposited on the surface of the
skin or in the epidermis. The very high permeation values reported are consistent with the large
doses of caffeine applied (35 mg/cm?).

A new class of lipids containing hydrophobic oleyl chains and heterocyclic head groups was
synthesised by Singh et al. (2013). The skin penetration enhancement properties with respect to
caffeine were examined in vitro using human skin. All lipid formulations also contained Transcutol®.
Although the authors claimed that permeation enhancement was observed for each of the lipids the
influence of Transcutol® was not considered. Information on the control formulations lacked
sufficient detail and no permeation profiles were provided for any of the formulations.

Most recently Veryser et al (2015) have evaluated phytoceramides as potential skin
penetration enhancers of caffeine. Ceramides consist of a sphingosine molecule linked to a fatty acid
via an amide linkage; phytoceramides contain no unsaturated C,-Cs linkage and contain an additional
hydroxyl group at C,. Formulations were prepared as reported in an earlier study (De Spiegeleer et
al., 2013) with caffeine incorporated at 80% of its saturation solubility in ethanol:water (50:50)
vehicles. Phytoceramides were incorporated at a concentration of 1% w/v and Azone® was used as a
positive control. All formulations were evaluated in Franz cell studies with human skin; the dose
applied was 500 pl/0.64 cm?. After 24 h, cumulative permeation for a solution of caffeine alone was
~150 pg and maximum values for the phytoceramide formulations did not exceed ~400 pg.
Statistical analysis was not conducted to determine the significance of the permeation differences.

In contrast the corresponding permeation value for Azone® was 1,609 ug. Percentages of caffeine
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permeated were 5.98 + 97 % for the Azone® formulation and did not exceed 1.6 % for the

phytoceramide preparations.

4.3 Emulsions, microemulsions, Pickering emulsions

The effects of emulsion vehicles on caffeine skin penetration were investigated by Bonina
and co-workers (1992). Formulations were prepared using an emulsion base consisting of glycerine,
PEG-24 glyceryl stearate, glyceryl stearate, cetostearyl alcohol, octyl stearate, methyl isothiazolin-
one, methyl-chloro-isothiazolin-one and imidazolidinylurea and water. Caffeine was incorporated at
0.001 % or 0.1 % in the emulsions and 100 mg of formulation was applied to human skin in Franz
cells with an effective area of 0.75 cm®. Perfluoropolymethylisopropylether (1, 3 or 5 % w/w) was
also incorporated in a number of formulations. Steady state flux values of caffeine did not exceed
~1.6 ug/cmz/h for the 0.1% caffeine preparations and were ~0.2 ug/cmz/ h for the 0.01 % caffeine
emulsions. The inclusion of the perfluorinated ether had no influence on caffeine penetration.

Delivery of caffeine from an emulsion compared with an acetone solution was examined by
Chambin-Remoussenard et al. (1993). The O/W emulsion consisted of water, polyoxyethylene glycol
stearate, stearyl alcohol, petroleum and ethanol. Vehicles were applied to the volar forearm of
healthy volunteers with average doses being 2.22 + 0.14 and 2.37 +0.10 pg/cm’ for the acetone
solution and emulsion respectively. Recovery was measured for up to 6 h post treatment by washing
treated sites and swabbing; following the washing procedure the area was tape stripped to
determine the amounts of caffeine deposited in the skin. Significant differences in amounts
recovered by washing and swabbing were evident for the emulsion (1443 + 251 ng/cm?) compared
with the acetone solution (995 + 172 ng/cm?). Results for the tape stripping procedure also
confirmed a five-fold difference in amount of caffeine deposited in skin following application of the
emulsion (212 ng/cm?) versus acetone (37 ng/cm?). Significant lateral spread of caffeine in the SC
away from the treatment site was observed for the acetone solution (~40%) but not for the
emulsion. The results are probably affected by the low surface tension of acetone which will spread
over the skin whilst it evaporates.

Delivery of caffeine from an O/W and a water-in-oil-in water (W/O/W) emulsion prepared

with similar components and containing caffeine 1% (w/w) was reported by Doucet et al. (1998). The

primary emulsion consisted of Vaseline™ oil, cetearyl octanoate, magnesium sulphate, distilled
water and caffeine with cetyl dimethicone copolyol as the lipophilic emulsifier. For the multiple
(W/0/W/) emulsion the O/W preparation was further mixed with an external aqueous phase
consisting of an ethylene oxide/propylene oxide block copolymer and water. Formulations were

applied to human skin mounted in Franz cells at a dose of 260 11 mg/cm?® and permeation was
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measured over 24 h. Cumulative percentages absorbed were 3.21 + 0.18% for the O/W emulsion
and 1.25 + 0.17% for the W/O/W emulsions. Actual flux values were ~6 ug/cmz/h for the primary
emulsion and 2.4 pg/cm?/h for the multiple emulsion. This may reflect the higher water content in
the double emulsion which will lower the thermodynamic activity of caffeine compared with the

single emulsion. The authors did not comment on the rationale for evaluation of a large excess of

the formulation in the in vitro study.

Dreher et al. (2002) evaluated in vitro skin permeation of caffeine from O/W and W/O
emulsions as well as from a hydrogel under finite dose conditions. All preparations contained
caffeine 1% w/w. The oil phases for the emulsions were similar and contained silicone oil and
almond oil. For the O/W emulsion sorbitan tristearate and PEG-40 stearate were used as emulgents;
cetyl dimethicone dipolyol and methyl glucose dioleate were used to emulsify the W/O formulation.
The hydrogel consisted of water, ethanol, Carbomer®, triethanolamine, imidazolidinyl urea and
methylparaben. Preparations were applied at a dose of 10 pg/cm” to human skin mounted in Franz
cells and permeation was monitored for 24 h. At the end of the experiment skin was washed and
tape stripped to remove the SC. Epidermis was then separated from the dermis by a heat treatment
and tissues were digested and treated to extract caffeine. The cumulative percentage of caffeine
which permeated was 15-20%. No significant differences were observed between the various
formulations. About 80% of caffeine was recovered from the surface of the skin with 1% extracted
from the epidermis.

Caffeine delivery from microemulsions, emulsions and hydrogel formulations was studied by
Bolzinger et al. (2007). Microemulsions are composed of water, oils and and surfactants and form
single phase thermodynamically stable systems (Santos et al.,, 2008). The emulsion and
microemulsion formulations contained the same lipophilic components namely isostearyl
isostearate, cyclomethicone and diisopropyl adipate and the microemulsion also contained PG.
Carbomer® was used to prepare the hydrogel which also contained the same amount of PG as the
microemulsion (2%). For permeation studies 1 g (equivalent to 8 mg of caffeine) of each formulation
was applied to full thickness porcine skin in Franz cells with an effective diffusion area of 2.54 cm?.

Interestingly, skin samples with and without hypodermis were prepared as the authors noted that to

exert lipolytic effects caffeine would need to reach the deeper adipose tissue. Cumulative amounts

of caffeine which permeated were highest for the microemulsion formulation for skin samples
containing hypodermis (~400 pg/cm?) and for tissue with no hypodermis (600 pg/cm?). Mass balance
studies indicated that the highest amount of caffeine was also delivered to the hypodermis from the
microemulsion formulations. Despite the higher surfactant content in the microemulsion

formulations Trans epidermal water loss (TEWL) measurements indicated that the barrier function of
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skin samples was not compromised following exposure to these formulations. This is the only in vitro

study which actually examines whether caffeine permeates to the proposed target site for cosmetic

effects.

Solid particles are typically used to stabilise the oil and water interface in Pickering
emulsions and such systems are reported to have more favourable stability characteristics than
emulsions stabilised with emulgents. Frelichowska et al. (2009) investigated Pickering W/O
emulsions for caffeine delivery compared with conventional W/O emulsions. The Pickering
emulsions under investigation were prepared with silica and contained the same lipophilic phase (a
blend of cylomethicones) as the conventional emulsion; caffeine content was 0.8% (w/w) for both
emulsions. Formulations were loaded onto full thickness porcine skin in Franz cells (0.5 g/2.54 cm?).
Cumulative amounts of caffeine which permeated after 24 h were ~500 pg/cm?” for the Pickering

emulsion and ~220 ug/cm2 for the conventional emulsion. The more favourable penetration from

the Pickering emulsion was suggested to reflect specific interactions of formulation components

and/or particles with the skin. Tape stripping studies indicated the presence of silica particles in the

SC and the authors also demonstrated greater adhesion energy of Pickering systems compared with

the conventional emulsion. The latter was proposed to contribute to the surprisingly higher levels of

permeation observed for these systems which effectively encapsulate the drug.

The influence of microemulsion structure on the skin permeation of caffeine was evaluated

by Naoui and co-workers (2011). Three types of microemulsions containing caffeine were studied:

0O/W, W/0O and bicontinuous; an aqueous solution of caffeine was included as a control (Table 5).

Formulations (1 g/2.54 cm?) containing 0.8% (w/w) caffeine were applied to full thickness porcine
skin and permeation was monitored for 24 h. The cumulative permeation at 24 h for the
formulations and the steady state flux values could be ranked as follows: O/W microemulsion >

bicontinuous microemulsion> W/O microemulsion = caffeine solution. Permeation data were

comparable or better than observed for the earlier study which employed the same experimental

conditions (Bolzinger et al., 2007). Importantly, the authors also noted the possible penetration

enhancement effects associated with solubilisation of skin lipids by surfactant components.
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Table 5. Composition of microemulsions and aqueous solution for caffeine skin delivery studied by

Naoui et al, (2010)

Component o/w Bicontinuous w/0 Aqueous Solution
Tween® 21 30 27 24 -

Span® 20 - 3 6 -

Isononyl isononanoate | 35 35 35 -

Water 35 35 35 100

A range of microemulsions (bicontinuous, O/W and W/Q) containing caffeine (1% w/w) were
also evaluated by Zhang and Michniak-Kohn (2011). Labrasol®, Cremophor® EL and isopropyl
myristate were used as the oil, surfactant and co-surfactant components of the various systems;
Azone® or bromo-iminosulfurane were also incorporated in some formulations as permeation
enhancers. Microemulsions were applied to dermatomed porcine skin; the volume applied was 150
pL but the diffusional area of the Franz cells was not documented. Maximum cumulative amounts
permeated were 240 ug/cm’ for the O/W microemulsion; incorporation of penetration enhancers
did not promote any further enhancement from this formulation.

Sintov and Greenberg (2014) prepared caffeine microemulsions (1% w/w) using isopropyl
palmitate as the oil phase, Labrasol® and glyceryl oleate as surfactants, propylene carbonate and
varying proportions of water. A microemulsion gel containing caffeine was also prepared by

incorporation of amorphous silica into the formulation containing 20 % water. Formulations (0.5 g)

were applied to full thickness porcine skin (diffusional area 1.767 cm?) which had been freshly

prepared or frozen (-20°C) and an aqueous solution of caffeine was used as the control. The

maximum amount of caffeine permeation at 24 h from the aqueous solution was ~80 ug/cm?’ for the

freshly prepared tissue. For the W/O liquid emulsion and for the microemulsion gel containing 20%

water the corresponding amounts permeated were 320 pg/cm? and 270 ug/cm’. Permeation data

for the frozen tissue was much higher which the authors attributed to storage however this problem

has not been reported previously.

4.4 Nanoparticles

Nanoparticles prepared with starch derivatives and loaded with caffeine were prepared by

Santander-Ortega et al. (2010). Permeation experiments conducted with human skin indicated <0.2
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ug/cm? of caffeine permeated after 12 h in Franz cells. Surprisingly the authors stated that the data
suggested the potential of these carriers for transdermal delivery. Silica-caffeine nano-composites
were prepared using a ball-milling process by Pilloni and co-workers (2013). Subsequently a gel
formulation containing the nano-composites as well as a control gel formulation were evaluated in
vitro using new-born pig skin. Caffeine loading in both formulations was 3 % (w/w) and formulations
were dosed to skin samples at either 100 or 200 mg to an effective diffusional area of 0.6 cm?. After
8 h permeation the amounts of caffeine permeated were markedly lower for the nano-composite
formulation ( ~100 pg and ~180 pg) compared with the control formulation (~500 pg and 600 ug).
Washing and mass balance studies suggested that most of the drug in the nano-composite
formulation had remained on the surface of the skin.

Puglia et al. (2014) prepared solid lipid nanoparticles (SLN) loaded with caffeine(SLN-CAF) by
solvent emulsification and dispersion. The SLN-CAF dispersion was then loaded into a xanthan gel
formulation and evaluated alongside a reference gel containing the same amount of caffeine. Franz
cell studies were carried out with heat-separated human epidermis for 24 h. Approximately 8 ng of
caffeine had permeated from the SLN-CAF gel at the end of the permeation study compared with ~3
ng from the reference gel. As the precise loading of each formulation in the cells was not provided, it
is difficult to determine whether the SLN-CAF formulation is advantageous compared with other
approaches.

The results for all chemical enhancement approaches assessed in vitro are summarised in

Table 6 along with values for permeation parameters, where reported. As different concentrations

are reported by different research groups caution should be exercised when comparing results for

different studies. Typically, high amounts of caffeine permeation are associated with infinite dose

conditions; only a limited humber of studies have been conducted with finite dose application.

5. Physical enhancement methods

5.1 Mechanical pressure

Treffel and co-workers (1993) investigated the effects of pressure on caffeine permeation in
vitro. Caffeine solutions were applied (50 ul of an acetone solution, 320 ug/ml or 15 mg/ml) to
human skin samples mounted in Franz cells with an effective diffusion area of 3.14 cm?. Following
evaporation of the acetone pressure was applied using an air pump for 30 min to achieve an
increase of 0.25 bar in atmospheric pressure. At the end of the 24 h permeation experiment tissue
integrity was evaluated by application of methylene blue to the skin samples. No significant increase
in caffeine permeation with increased pressure was observed for the lower dose however a 1.8 fold

increase (p<0.05) in caffeine cumulative absorption was achieved for the higher dose. Actual
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cumulative amounts of caffeine permeated were 9.4 + 2.2 pg/cm?’ for the control and 17.0 + 3.4
ug/cm2 for the experiments conducted with application of increased pressure. The authors
suggested that the higher permeation might reflect increased filling of the SC under pressure and/or

a greater role for trans-appendageal transport.

5.2 Ultrasound

The application of ultrasound or sonophoresis to enhance skin permeation of caffeine was
reported by Mitragotri et al. (1994). Heat separated human skin was mounted in diffusion cells
which were modified to accommodate an ultrasound transducer. Experiments were conducted at
room temperature and a thermocouple was used to monitor any variation in temperature over the
course of the experiment. Radiolabelled caffeine was applied in the donor compartment (total
volume 8.0 mL) at a concentration of 1 puCi/mL in PBS to an effective diffusion area of 3.14 cm?. An
ultrasound generator was used to apply continuous ultrasound at frequencies of 1 or 3 MHz with
intensities up to 2 W/cm?. Tissue resistance was monitored at regular intervals before, during and
after ultrasound treatment. Only modest improvements in caffeine permeation (1.2 fold
enhancement) were reported compared with the control. This may reflect the temperature rise
which was observed after the initial application of ultrasound. Continuous and pulsed ultrasound
was used to promote caffeine delivery in human skin in vitro by Boucaud et al. (2001). A solution of
radiolabelled caffeine (5 puCi/mL) was applied to the donor compartment at a dose of 3 mL/3.14 cm’.
Ultrasound was applied at a frequency of 20 Hz and an intensity of 2.5 W/m?. Although the amount
of caffeine which permeated after 8 h increased for both continuous (~35 ng/cm?) and pulsed (~25
ng/cm?) treatments compared with the control (10 ng/cm?), a temperature increase was also
associated with the ultrasound application.

An in vivo study using pigs was conducted to investigate the influence of ultrasound on
caffeine permeation and skin morphology by Pires-de-Campos et al. (2008). Five treatment sites
were delineated on shaved dorsal areas of the animals. Treatments were as follows: placebo gel, gel
containing caffeine (5 % w/w), gel and ulstrasound, gel containing caffeine and ultrasound.
Continuous ultrasound was used for 1 min/cm” at a frequency of 3 MHz and an intensity of 0.2
W/cm?. Histological processing confirmed that sites treated with ultrasound and caffeine were
thinner than other treatment sites; a reduction in the number of adipocytes was also claimed

however caffeine content of the tissue was not determined.

5.3 lontophoresis
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lontophoresis as an approach to enhance skin penetration of caffeine has been studied by
Marra and colleagues (2008). A device which combined a low voltage to generate a constant current
along with pulses of high-frequency electro-porating voltage was employed. A simple gel was
prepared containing water, PG and a gelling agent; a second gel containing caffeine and a number of
other components was then added to this base gel. This was then applied to porcine ear skin
mounted in vertical diffusion cells. A set of silver/silver chloride electrodes in the receptor chamber
completed the electrical circuit and the current was monitored throughout the experiment. The
intensity setting applied was 6 V and frequency and duration of voltage pulses was 1724 Hz and 160
usec respectively. The total electro-treatment time was 20 min and passive permeation was also
investigated as a control. Significantly greater (p<0.05) amounts of caffeine were determined in
tissue for electro-treatment compared with passive diffusion for 20 min. No significant differences in
tissue levels of caffeine were observed for electro-treatment for 20 min followed by 60 min passive

diffusion compared with 80 min passive diffusion.

5.4 Microneedles

Donnelly and co-workers have pioneered the development and application of drug loaded
dissolving microneedles (MNs) for topical and transdermal drug delivery (Donnelly et al., 2008;
Migalska et al., 2011). MNs prepared from blends of poly (methyl vinyl ether co maleic acid) were
loaded with caffeine (3.1 mg) and evaluated following application to dermatomed (300 -350 pm)
and full thickness (700 -750 um) neonatal porcine skin in Franz cells (2012). Control patches loaded
with caffeine but without MNs were also investigated for comparison. After 24 h the cumulative
amounts of caffeine which permeated from the control and MN patches were respectively 136.4 +
23.2 ug and 1833.8 + 302.3 pg for dermatomed skin and 81.4 + 15.2 ug and 1408.6 + 133.7 pug for
full thickness skin. Optical coherence tomography indicated that MN penetrated into the skin to a

depth of 430 um creating a conduit or pore of ~220 um.

6. Summary and conclusions

Considerable efforts have been made in recent decades and are still ongoing to promote dermal

delivery of caffeine. The literature evaluated reports studies conducted with relatively simple

vehicles as well as more complex preparations. Of the various passive formulation strategies to

promote percutaneous penetration of caffeine which have been reviewed, the greatest effort has

centred on either conventional emulsions or microemulsions. A problem with many of these studies

is the use of infinite dose conditions which over-estimate the penetration enhancement which will
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be achieved for more realistic finite dose application conditions. Although some commercial

cosmetic patch formulations are available which likely do contain infinite does of caffeine, data on

their efficacy and delivery characteristics are lacking. Overall, the results for the various permeation

studies suggest that a large percentage of the applied caffeine resides on the skin surface. In order

to optimise formulations in the future it will be necessary to identify strategies which address this
problem. The caffeine needs to remain in solution in order to permeate, the caffeine needs to be at
a high thermodynamic activity and also not crystallise in the SC once it has partitioned into the skin
lipids. Until recently transdermal delivery of caffeine has only been feasible for premature infants
because of their compromised skin barrier. The advent of MNs has expanded the possibilities for

systemic delivery of caffeine. Caffeine has a long history as a model hydrophilic compound thus the

data collated here should have relevance for other molecules with similar physicochemical

properties.

20



570

571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

References

Amato, M., Hippi, P., Isenschmid, M., Schneider, H. 1992. Developmental aspects of percutaneous

caffeine absorption in premature infants. Am. J. Perinatol. 9, 431-4.

Amato, M., Isenschmid, M., Hippi, P. 1991. Percutaneous caffeine application in the treatment of

neonatal apnoea. Eur. J. Pediatr. 150, 592-4.

Anft, B. 1955. Friedlieb Ferdinand Runge: A forgotten chemist of the nineteenth century. J. Chem.
Educ. 32, 566-574.

Atrux-Tallau, N.. Pirot, F., Falson, F., Roberts, M.S., Maibach, H.l. 2007. Qualitative and quantitative
comparison of heat separated epidermis and dermatomed skin in percutaneous absorption studies.

Arch. Dermatol. Res. 299, 507-11.

Blanchard, J.1982 Protein binding of caffeine in young and elderly males. J. Pharm. Sci. 71, 1415-8.

Bolzinger, M. A., Briangon, S., Pelletier, J., Fessi, H., Chevalier, Y. 2008. Percutaneous release of

caffeine from microemulsion, emulsion and gel dosage forms. Eur J Pharm Biopharm. 68, 446-51.

Bonina, F.P., Carelli, V., Di Colo, G., Montenegro, L., Nannipieri, E. 1993. Vehicle effects on in vitro
skin permeation of and stratum corneum affinity for model drugs caffeine and testosterone. Int. J.

Pharm. 100, 41-47.

Bonina, F., Bader, S., Montenegro, L., Scrofani, C., Visca, M. 1992. Three phase emulsions for

controlled delivery in the cosmetic field. Int. J. Cosmet. Sci. 14, 65-74.
Boucaud, A., Machet, L., Arbeille, B., Machet, M.C., Sournac, M., Mavon, A., Patat, F., Vaillant, L.
2001. In vitro study of low-frequency ultrasound-enhanced transdermal transport of fentanyl

andcaffeine across human and hairless rat skin. Int. J. Pharm. 228, 69-77.

Bronaugh, R. L., Franz, T.J. 1986. Vehicle effects on percutaneous absorption: in vivo and in vitro

comparisons with human skin. Br. J. Dermatol. 115, 1-11.

21


http://www.ncbi.nlm.nih.gov/pubmed/1418150
http://www.ncbi.nlm.nih.gov/pubmed/1418150
http://www.ncbi.nlm.nih.gov/pubmed/1954966
http://www.ncbi.nlm.nih.gov/pubmed/1954966
http://www.ncbi.nlm.nih.gov/pubmed/17901965
http://www.ncbi.nlm.nih.gov/pubmed/17901965
http://www.ncbi.nlm.nih.gov/pubmed/?term=Blanchard%20J%5BAuthor%5D&cauthor=true&cauthor_uid=7153897
http://www.ncbi.nlm.nih.gov/pubmed/7153897
http://www.ncbi.nlm.nih.gov/pubmed/18191759
http://www.ncbi.nlm.nih.gov/pubmed/18191759
http://www.ncbi.nlm.nih.gov/pubmed/19272099
http://www.ncbi.nlm.nih.gov/pubmed/19272099
http://www.ncbi.nlm.nih.gov/pubmed/11576769
http://www.ncbi.nlm.nih.gov/pubmed/11576769
http://www.ncbi.nlm.nih.gov/pubmed/3730275
http://www.ncbi.nlm.nih.gov/pubmed/3730275

603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636

Bustamante, P., Navarro, J., Romero, S., Escalera, B. 2002. Thermodynamic origin of the solubility
profile of drugs showing one or two maxima against the polarity of agueous and nonaqueous

mixtures: niflumic acid and caffeine. J. Pharm. Sci. 91, 874-83.

Cesaro, A., Russo, E., Crescenzi, V. 1976. Thermodynamics of caffeine aqueous solutions. J. Phys.

Chem. 80:335-339.

Chambin-Remoussenard, O., Treffel, P., Bechtel, Y., Agache, P. 1993. Surface recovery and stripping

methods to quantify percutaneous absorption of caffeine in humans. J. Pharm. Sci. 82, 1099-101.

De Spiegeleer, B., Boonen, J., Malysheva, S.V., Mavungu, J.D., De Saeger, S., Roche, N., Blondeel, P.,
Taevernier, L., Veryser, L. 2013. Skin penetration enhancing properties of the plant N-alkylamide

spilanthol. J. Ethnopharmacol. 148, 117-25.

Debrah, K., Sherwin, R.S., Murphy, J., Kerr, D. 1996. Effect of caffeine on recognition of and

physiological responses to hypoglycaemia in insulin-dependent diabetes. Lancet. 347, 19-24.

Donnelly, R.F., Morrow, D.l.,, McCarron, P.A., Woolfson, A.D., Morrissey, A., Juzenas, P., Juzeniene,
A., lani, V., McCarthy, H.O., Moan, J. 2008. Microneedle-mediated intradermal delivery of 5-
aminolevulinic acid: potential for enhanced topical photodynamic therapy. J. Control. Release. 129,

154-62.

Doucet, O., Ferrero, L., Garcia, N., Zastrow, L. 1998. O/W emulsion and W/O/W multiple emulsion:
physical characterization and skin pharmacokinetic comparison in the delivery process of caffeine.

Int. J. Cosmet. Sci. 20, 283-95.

Dreher, F., Fouchard, F., Patouillet, C.,, Andrian, M., Simonnet, J.T., Benech-Kieffer, F. 2002.
Comparison of cutaneous bioavailability of cosmetic preparations containing caffeine or alpha-
tocopherol applied on human skin models or human skin ex vivo at finite doses. Skin Pharmacol.

Appl. Skin Physiol.15 Suppl 1:40-58.

Duracher, L., Blasco, L., Hubaud, J.C., Vian, L., Marti-Mestres, G. 2009. The influence of alcohol,

propylene glycol and 1,2-pentanediol on the permeability of hydrophilic model drug through excised
pig skin. Int. J. Pharm.374, 39-45.

22


http://www.ncbi.nlm.nih.gov/pubmed/11920772
http://www.ncbi.nlm.nih.gov/pubmed/11920772
http://www.ncbi.nlm.nih.gov/pubmed/11920772
http://www.ncbi.nlm.nih.gov/pubmed/8289121
http://www.ncbi.nlm.nih.gov/pubmed/8289121
http://www.ncbi.nlm.nih.gov/pubmed/23583736
http://www.ncbi.nlm.nih.gov/pubmed/23583736
http://www.ncbi.nlm.nih.gov/pubmed/8531542
http://www.ncbi.nlm.nih.gov/pubmed/8531542
http://www.ncbi.nlm.nih.gov/pubmed/18556084
http://www.ncbi.nlm.nih.gov/pubmed/18556084
http://www.ncbi.nlm.nih.gov/pubmed/18505513
http://www.ncbi.nlm.nih.gov/pubmed/18505513
http://www.ncbi.nlm.nih.gov/pubmed/12476008
http://www.ncbi.nlm.nih.gov/pubmed/12476008
http://www.ncbi.nlm.nih.gov/pubmed/19446757
http://www.ncbi.nlm.nih.gov/pubmed/19446757
http://www.ncbi.nlm.nih.gov/pubmed/19446757

637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670

Evans, N.J., Rutter, N. 1986. Percutaneous respiration in the newborn infant. J. Pediatr. 108, 282-6.

Feldmann, R.J., Maibach, H.I.M. 1970. Absorption of some organic compounds through the skin in

man. J. Invest. Dermatol. 54, 399-404.

Fischer, T.W., Hipler, U.C,, Elsner, P. 2007. Effect of caffeine and testosterone on the proliferation of

human hair follicles in vitro. Int J Dermatol 46, 27-35.

Franz, T.J. 1975. Percutaneous absorption on the relevance of in vitro data. J. Invest. Dermatol. 64,

190-5.

Franz, T.J. 1978. The finite dose technique as a valid in vitro model for the study of percutaneous

absorption in man. Curr. Probl. Dermatol. 7, 58—68,

Frelichowska, J.,Bolzinger, M.A., Valour, J.P., Mouaziz, H., Pelletier, J., Chevalier, Y. 2009. Pickering

w/o emulsions: drug release and topical delivery. Int. J. Pharm. 368, 7-15

Garland, M.J., Migalska, K., Tuan-Mahmood, T.-M., Singh, T. R. R., Majithija, R., Caffarel-
Salvador, E., McCrudden C.M., McCarthy H.O., Woolfson A.D., Donnelly R.F. Influence of skin
model on in vitro performance of drug-loaded soluble microneedle arrays. Int.J. Pharm. 2012,

434, 80-89.
Gee, C.M., Nicolazzo, J.A., Watkinson, A.C., Finnin, B.C. 2012. Assessment of the lateral diffusion and
penetration of topically applied drugs in humans using a novel concentric tape stripping design.

Pharm. Res. 29, 2035-46.

Green, P.G., Guy, R.H., Hadgraft, J. 1988. In vitro and in vivo enhancement of skin permeation with

oleic and lauric acids. Int. J. Pharm. 48, 103-111.

Guttmann, D., Higuchi, T. 1957. Reversible association of caffeine and of some caffeine homologs in

aqueous solution. J. Am. Pharm. Assoc. 46:4-10.

Hadgraft, J., Walters, K.A., Wotton, P.K. 1986. Facilitated percutaneous absorption: a comparison

and evaluation of two in vitro models. Int. J. Pharm. 32, 257-263.

23


http://www.ncbi.nlm.nih.gov/pubmed/123263
http://www.ncbi.nlm.nih.gov/pubmed/18992799
http://www.ncbi.nlm.nih.gov/pubmed/18992799
http://www.sciencedirect.com/science/article/pii/S0378517312005893
http://www.sciencedirect.com/science/article/pii/S0378517312005893
http://www.ncbi.nlm.nih.gov/pubmed/22422320
http://www.ncbi.nlm.nih.gov/pubmed/22422320

671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

Herman, A, Herman, A.P. 2013. Caffeine's mechanisms of action and its cosmetic use. Skin

Pharmacol. Physiol. 26, 8-14.

Lane, M. E. 2013. Skin penetration enhancers. Int. J. Pharm. 448, 360-5.

Machado, M., Salgado, T.M., Hadgraft, J., Lane, M.E. 2010. The relationship between

transepidermal water loss and skin permeability. Int. J. Pharm. 384, 73-77.

Marepally, S., Boakye, C.H., Shah, P.P., Etukala, J.R., Vemuri, A,, Singh, M. Design, synthesis of novel
lipids as chemical permeation enhancers and development of nanoparticle system for transdermal

drug delivery. PLoS One. 8, €82581.

Marra,F, Levy J.L.,Santi, P.,Kalia,Y.N. 2008.In vitro evaluation of the effect of electrotreatment on

skin permeability. J. Cosmet. Dermatol. 7, 105-11.

Menon, G.K., Cleary, G.W., Lane, M.E.2012. The structure and function of the stratum corneum. IntJ

Pharm. 435(1):3-9.

Migalska, K., Morrow, D.l.,, Garland, M.J., Thakur, R., Woolfson, A.D., Donnelly, R.F. 2011. Laser-
engineered dissolving microneedle arrays for transdermal macromolecular drug delivery. Pharm.

Res. 28, 1919-30

Mitragotri, S,Edwards, D.A, Blankschtein, D.,Langer, R. 1995. A mechanistic study of ultrasonically-
enhanced transdermal drug delivery. J. Pharm. Sci. 84, 697-706.

Moffat, A.C., Osselton, D. M., Widdop, B., Watts, J. 2004. Clarke’s Analysis of Drugs and Poisons.

Volume 2. Fourth Edition. Pharmaceutical Press. London, U.K. pp. 736-8.

Naoui, W.,Bolzinger, M.A., Fenet, B., Pelletier, J., Valour, J.P., Kalfat, R., Chevalier, Y. 2011.

Microemulsion microstructure influences the skin delivery of an hydrophilic drug. Pharm. Res. 28,

1683-95

24


http://www.ncbi.nlm.nih.gov/pubmed/?term=Herman%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23075568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Herman%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=23075568
http://www.ncbi.nlm.nih.gov/pubmed/23075568
http://www.ncbi.nlm.nih.gov/pubmed/23075568
http://www.sciencedirect.com/science/article/pii/S0378517309007066
http://www.sciencedirect.com/science/article/pii/S0378517309007066
http://www.ncbi.nlm.nih.gov/pubmed/24349315
http://www.ncbi.nlm.nih.gov/pubmed/24349315
http://www.ncbi.nlm.nih.gov/pubmed/24349315
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marra%20F%5BAuthor%5D&cauthor=true&cauthor_uid=18482013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levy%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=18482013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Santi%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18482013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kalia%20YN%5BAuthor%5D&cauthor=true&cauthor_uid=18482013
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marra+Kalia
http://www.ncbi.nlm.nih.gov/pubmed/22705878
http://www.ncbi.nlm.nih.gov/pubmed/21437789
http://www.ncbi.nlm.nih.gov/pubmed/21437789
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mitragotri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=7562407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Edwards%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=7562407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Blankschtein%20D%5BAuthor%5D&cauthor=true&cauthor_uid=7562407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Langer%20R%5BAuthor%5D&cauthor=true&cauthor_uid=7562407
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mitragotri+caffeine
http://www.ncbi.nlm.nih.gov/pubmed/21437791

704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

Nielsen, J.B. 2010. Efficacy of skin wash on dermal absorption: an in vitro study on four model

compounds of varying solubility. Int. Arch. Occup. Environ. Health. 83, 683-90.

OECD, 2004. OECD guideline for the testing of chemicals. Skin absorption: in vitro method No. 428,

pp. 1-8.

Otberg, N., Patzelt, A., Rasulev, U., Hagemeister, T., Linscheid, M., Sinkgraven, R., Sterry, W.,
Lademann, J. 2008. The role of hair follicles in the percutaneous absorption of caffeine. Br. J. Clin.

Pharmacol. 65, 488-92.

Parfitt, K., Martindale, W. 1999.Martindale: the complete drug reference. London, UK:

Pharmaceutical Press.

Pilloni, M., Ennas, G., Casu, M., Fadda, A.M., Frongia, F., Marongiu, F., Sanna, R., Scano, A., Valenti,
D., Sinico, C. 2013. Drug silica nanocomposite: preparation, characterization and skin permeation

studies. Pharm. Dev. Technol. 18, 626-33

Pires-de-Campos, M.S., Leonardi, G.R., Chorilli, M., Spadari-Bratfisch, R.C., Polacow, M.L., Grassi-
Kassisse, D.M. 2008. The effect of topical caffeine on the morphology of swine hypodermis as

measured by ultrasound. J. Cosmet. Dermatol.7, 232-7.

Pochi, P.E., Strauss, J.S., Downing,D.T. 1979. Age-related changes in sebaceous gland activity. J.
Invest. Dermatol. 73, 108-11.

Puglia, C., Offerta, A., Tirendi, G.G., Tarico, M.S., Curreri, S., Bonina, F., Perrotta, R.E. 2015. Design of
solid lipid nanoparticles for caffeine topical administration. Drug Deliv. In Press.

doi:10.3109/10717544.2014.903011)
Ritchie, K., Carriere, ., de Mendonca, A., Portet, F., Dartigues, J.F., Rouaud, O., Barberger-Gateau, P.,
Ancelin, M,L.2007. The neuroprotective effects of caffeine: a prospective population study (the

Three City Study). Neurology 69, 536-45.

Roskos,K.V., Maibach, H.l., Guy, R. H. 1989. The effect of aging on percutaneous absorption in man.
J. Pharmacokinet. Biopharm. 17, 617-30.

25


http://www.ncbi.nlm.nih.gov/pubmed/20502910
http://www.ncbi.nlm.nih.gov/pubmed/20502910
http://www.ncbi.nlm.nih.gov/pubmed/18070215
http://www.ncbi.nlm.nih.gov/pubmed/22324371
http://www.ncbi.nlm.nih.gov/pubmed/22324371
http://www.ncbi.nlm.nih.gov/pubmed/18789063
http://www.ncbi.nlm.nih.gov/pubmed/18789063
http://www.ncbi.nlm.nih.gov/pubmed/448169
http://www.ncbi.nlm.nih.gov/pubmed/24735249
http://www.ncbi.nlm.nih.gov/pubmed/24735249
http://www.ncbi.nlm.nih.gov/pubmed/17679672
http://www.ncbi.nlm.nih.gov/pubmed/17679672
http://www.ncbi.nlm.nih.gov/pubmed/2635737

738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

Rougier, A., Lotte, C., Maibach, H.l. 1987. In vivo percutaneous penetration of some organic
compounds related to anatomic site in humans: predictive assessment by the stripping method. J

Pharm Sci. 76, 451-4.

Santander-Ortega, M.J., Stauner T., Loretz, B., Ortega-Vinuesa, J.L., Bastos-Gonzalez, D., Wenz, G.,
Schaefer, U.F., Lehr, C.M. 2010. Nanoparticles made from novel starch derivatives for transdermal

drug delivery. J Control. Release. 141, 85-92.

Santos, P., Watkinson, A.C., Hadgraft, J., Lane, M.E. 2008. Application of microemulsions in dermal

and transdermal drug delivery. Skin Pharmacol. Physiol. 21, 246-59.

Schreiber, S., Mahmoud, A., Vuia, A., Ribbelke, M.K., Schmidt, E., Schaller, M., Kandarov4, H.,
Haberland, A., Schafer, U.F., Bock, U., Korting, H.C., Liebsch, M., Schéafer-Korting, M. 2005.
Reconstructed epidermis versus human and animal skin in skin absorption studies. Toxicol. In Vitro.

19, 813-22.

Silva, S.M., Sousa, J.J., Marques, E.F., Pais, A.A., Michniak-Kohn, B.B. 2013. Structure activity
relationships in alkylammonium C12-gemini surfactants used as dermal permeation enhancers. AAPS

J. 15, 1119-27.

Sintov, A.C., Greenberg, I. 2014. Comparative percutaneous permeation study using caffeine-
loaded microemulsion showing low reliability of the frozen/thawed skin models. Int. J. Pharm. 471,

516-24.

Thakur, R.A., Michniak, B.B., Meidan, V.M. 2007. Transdermal and buccal delivery of

methylxanthines through human tissue in vitro. Drug Dev. Ind. Pharm. 33, 513-21.

Trauer, S., Patzelt, A., Otberg, N., Knorr, F., Rozycki, C., Balizs, G., Blittemeyer, R., Linscheid, M.,

Liebsch, M., Lademann, J. 2009. Permeation of topically applied caffeine through human skin--a

comparison of in vivo and in vitro data. Br. J. Clin. Pharmacol. 68, 181-6.

26


http://www.ncbi.nlm.nih.gov/pubmed/3625489
http://www.ncbi.nlm.nih.gov/pubmed/3625489
http://www.ncbi.nlm.nih.gov/pubmed/19699771
http://www.ncbi.nlm.nih.gov/pubmed/19699771
http://www.ncbi.nlm.nih.gov/pubmed/15913948
http://www.ncbi.nlm.nih.gov/pubmed/23959685
http://www.ncbi.nlm.nih.gov/pubmed/23959685
http://www.ncbi.nlm.nih.gov/pubmed/24866271
http://www.ncbi.nlm.nih.gov/pubmed/24866271
http://www.ncbi.nlm.nih.gov/pubmed/17520442
http://www.ncbi.nlm.nih.gov/pubmed/17520442
http://www.ncbi.nlm.nih.gov/pubmed/19694736
http://www.ncbi.nlm.nih.gov/pubmed/19694736

770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796

Treffel, P., Muret, P., Muret-D'Aniello, P., Coumes-Marquet, S., Agache, P. 1992. Effect of occlusion
on in vitro percutaneous absorption of two compounds with different physicochemical properties.

Skin Pharmacol. 5, 108-13.

Treffel, P., Panisset, F., Humbert, P., Remoussenard, O., Bechtel, Y., Agache, P. 1993. Effect of

pressure on in vitro percutaneous absorption of caffeine. Acta Derm. Venereol. 73, 200-2.

van de Sandt, J.J., van Burgsteden, J.A., Cage, S., Carmichael, P.L., Dick, I., Kenyon, S., Korinth, G.,
Larese, F., Limasset, J.C., Maas, W.J., Montomoli, L,. Nielsen, J.B., Payan, J.P., Robinson, E., Sartorelli,
P., Schaller, K.H., Wilkinson, S.C., Williams, F.M. 2004. In vitro predictions of skin absorption of
caffeine, testosterone, and benzoic acid: a multi-centre comparison study. Regul. Toxicol.

Pharmacol. 39, 271-81.

Veryser, L., Boonen, J., Taevernier, L., Guillaume, J., Risseeuw, M., Shah., S.N., Roche, N., Van
Calenbergh, S., De Spiegeleer, B. 2014. The Influence of the Acyl Chain on the Transdermal
Penetration-Enhancing Effect of SyntheticPhytoceramides. Skin Pharmacol. Physiol. 16, 124-136.

Watson, J.M., Jenkins, E.J., Hamilton, P., Lunt, M.J., Kerr, D. 2000. Influence of caffeine on the
frequency and perception of hypoglycemia in free-living patients with type 1 diabetes. Diabetes

Care. 23, 455-9.

Zesch, A., Schaefer, H., Stittgen, G. 1979. The quantitative distribution of percutaneously applied
caffeine in the human skin. Arch Dermatol Res.266, 277-283.

Zhang, J., Michniak-Kohn, B. 2011. Investigation of microemulsion microstructures and their

relationship to transdermal permeation of model drugs: ketoprofen, lidocaine, and caffeine. Int J

Pharm. 421, 34-44.

27


http://www.ncbi.nlm.nih.gov/pubmed/1637558
http://www.ncbi.nlm.nih.gov/pubmed/1637558
http://www.ncbi.nlm.nih.gov/pubmed/8105619
http://www.ncbi.nlm.nih.gov/pubmed/8105619
http://www.ncbi.nlm.nih.gov/pubmed/15135208
http://www.ncbi.nlm.nih.gov/pubmed/15135208
http://www.ncbi.nlm.nih.gov/pubmed/25531080
http://www.ncbi.nlm.nih.gov/pubmed/25531080
http://www.ncbi.nlm.nih.gov/pubmed/10857934
http://www.ncbi.nlm.nih.gov/pubmed/10857934
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zesch%20A%5BAuthor%5D&cauthor=true&cauthor_uid=526050
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schaefer%20H%5BAuthor%5D&cauthor=true&cauthor_uid=526050
http://www.ncbi.nlm.nih.gov/pubmed/?term=St%C3%BCttgen%20G%5BAuthor%5D&cauthor=true&cauthor_uid=526050
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schaefer+Zesch+caffeine
http://www.ncbi.nlm.nih.gov/pubmed/21959104
http://www.ncbi.nlm.nih.gov/pubmed/21959104

