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liposomes containing oleic acid.  Conclusions:  We conclude 
that targeted delivery of the hydrophilic drug caffeine into 
the skin compartments can be modified using optimized ve-
sicular formulations.  © 2015 S. Karger AG, Basel 

 Introduction 

 Topical drug delivery offers specific benefits over oth-
er administration routes for local action, but the barrier 
nature of the skin presents a major obstacle for many 
drugs delivered into and through it  [1–3] . Chemical strat-
egies to reduce the effect of the barrier include the use of 
penetration enhancers, such as oleic acid or octyl salicy-
late, and the use of more advanced colloidal systems such 
as microemulsions, solid lipid nanoparticles and nano-
structured lipid carriers. Liposomes are hollow spheres 
comprised of phospholipid and an aqueous phase. Hy-
drophilic drugs may be inserted in the aqueous compart-
ment, while lipophilic drugs can be sequestered in the 
phospholipid. Many excipients including lipids, surfac-
tants and solvents have been added to improve the stabil-
ity or other structural features of liposomes  [4] . Choles-
terol tends to make the liposome membrane less perme-
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 Abstract 

  Background/Aims:  A range of vesicles is now widely used to 
carry various solutes into and through the epidermis. These 
usually have the active solute encapsulated within and may 
be modified to confer flexibility and skin penetration en-
hancement. Here, we compared the ability of five different 
vesicle systems to deliver a model hydrophilic drug, caffeine, 
into and through excised human skin.  Methods:  In addition 
to lipids, the vesicle excipients included eucalyptol or oleic 
acid as penetration enhancers, and decyl polyglucoside as a 
non-ionic surfactant. Vesicle particle sizes ranged between 
135 and 158 nm, and caffeine encapsulation efficiencies 
were between 46 and 66%. Caffeine penetration and perme-
ation were measured using high-performance liquid chro-
matography.  Results:  We found that niosomes, which are 
liposomes containing a non-ionic surfactant, and transfero-
somes (ultraflexible vesicles) showed significantly greater 
penetration into the skin and permeation across the stratum 
corneum. Significant enhancement of caffeine penetration 
into hair follicles was found for transferosomes and those 
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able by filling up holes or disruptions  [4] . Jacobs et al.  [5]  
speculated that liposomes may either form a thin lipid 
film on the surface of the skin, so that water loss is re-
tarded, or combine with intercellular skin lipids to form 
liquid-crystalline matrices in the uppermost skin layers. 
Strategies for lipid-based vesicle delivery systems have 
been reviewed by Lademann et al.  [6]  and by Williams  [7] , 
in his summary of the contribution by Brian Barry.

  Various forms of liposomes exist. Transferosomes are 
defined as vesicular particles composed of phospholipids 
and surfactants such that the inner aqueous compart-
ments are surrounded by a highly elastic and adaptable 
lipid bilayer  [8] . They present a more flexible transport 
system with improved vesicular stability and the potential 
to be used with diverse active components  [9] . Transfero-
somes are metastable, with an outer membrane that is 
ultraflexible and highly deformable  [8] , making them able 
to enter pores smaller than their size  [10] . The flexibility 
is in part contributed to by their relatively high mem-
brane hydrophilicity, which gives the membrane the abil-
ity to swell more than, for example, conventional lipo-
somes. Like liposomes, transferosomes are unilamellar or 
multilamellar structures  [11]  and contain a surfactant as 
an edge activator  [12, 13] . Niosomes are unilamellar or 
multilamellar spheroidal structures containing a mixture 
of cholesterol and non-ionic surfactants such as alkyl 
ethers, esters or amides  [14, 15] . They have been assessed 
as an alternative drug delivery system compared to con-
ventional liposomes.

  Niosomes offer higher physical and chemical stability 
 [16]  and a great variety of surfactant choice  [17] . It is 
claimed that for topical applications, niosomes can in-
crease the time of drug residence in the stratum corneum 
and epidermis whilst decreasing drug systemic absorp-
tion  [17] . After exposure of the skin to niosomes, another 
study observed structural changes in the lipid interstitial 
spaces of the stratum corneum and suggested that these 
changes may be responsible for the resultant enhanced 
penetration  [18] .

  Skin appendages provide an alternative route for drug 
penetration through the skin. Pertinent to drug penetra-
tion via hair follicles, the follicular infundibulum pro-
vides an increase in the surface area, acting as a reservoir, 
and represents, at the lower end, an interruption of the 
stratum corneum barrier  [19] . Some studies have focused 
on direct targeting of hair follicles such as with com-
pounds for acne and alopecia therapies. Many attempts 
have been made to measure substances retained in the 
hair follicles after the topical administration of model 
compounds such as dyes  [20]  and nanoparticles  [21] . 

However, little has been done with therapeutic agents and 
this subject requires further investigation  [22] .

  This study aimed to investigate the feasibility of vesicle 
(liposome, transferosome and niosome) structure to im-
prove the delivery of the hydrophilic drug caffeine into 
appendages, the stratum corneum and through human 
skin. Differential stripping  [23]  is a useful technique that 
allows measurement of the amount of solute retained in 
the stratum corneum by tape stripping and of the amount 
of follicular retention by follicular casting. In order to tar-
get a particular skin site after topical application, the for-
mulation of caffeine was manipulated. Liposome, trans-
ferosome and niosome formulations were prepared by 
the thin-film hydration method using DLPC (dilauroyl-
 L -α-phosphatidylcholine) and cholesterol (as lipid) and 
oleic acid, eucalyptol or decyl polyglucoside (DPGluc) as 
edge activators.

  Materials and Methods 

 Materials 
 Caffeine (PubChem CID: 2519), oleic acid (PubChem CID: 

445639), eucalyptol (PubChem CID: 2758), ethanol, cholesterol 
and DLPC (CAS No. 18194-25-7) were obtained from Sigma-Al-
drich Pty. Ltd. (Sydney, N.S.W., Australia). DPGluc (sold as Ora-
mix NS 10) was obtained from SEPPIC SA (France). All chemicals 
and solvents were of analytical grade.

  Vesicle Preparation 
 Five different vesicles were prepared, with excipient mixtures 

as shown in  table 1 . For all vesicles, the excipients were mixed in a 
rotary flask in the ratios shown, followed by glass beads (4 g) and 
chloroform (3 ml). Once the lipids were dissolved, the solvent was 
gradually evaporated on a rotary evaporator at 30   °   C until a lipid 
film formed on the wall of the flask. The flask was set aside for 2 h 
to eliminate residual chloroform, after which the lipid film was 
stirred with 2 ml of caffeine solution (2% in water) for 2 h at 30   °   C. 
The liposome suspensions were extruded through a polycarbonate 
membrane with a pore size of 100 nm using the LiposoFast ex-
truder (AVESTIN, Inc., Ottawa, Ont., Canada). Thirty-one cycles 
of extrusion were performed for each vesicle type.

  Vesicle Characterization 
 The average particle diameter, polydispersity index and zeta 

potential of the vesicles were measured with a Zetasizer Nano ZS 
(Malvern, UK). Each sample was measured 3 times and the mean 
value was calculated.

  Caffeine Encapsulation Efficiency 
 To separate the non-encapsulated drug, the vesicle suspensions 

were centrifuged at 14,000 rpm for 30 min at room temperature. The 
amounts of caffeine in the supernatant and also in the clear solution 
were analysed by high-performance liquid chromatography (HPLC). 
Drug encapsulation efficiency (EE%) was calculated as: EE% =
100 × mass of incorporated drug/total mass in vesicle preparation.
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  Caffeine Skin Permeation Studies 
 Permeation studies   using abdominal full-thickness human skin 

were performed in Franz diffusion cells with an effective diffusion 
area of 1.33 cm 2  and a 3.4-ml receptor chamber volume. The skin 
was provided by a female donor following elective surgery, with 
ethical approval granted by the University of Queensland Human 
Research Ethics Committee (Approval No. 2008001342). The skin 
was cut into discs and mounted in the Franz diffusion cells with 
the stratum corneum side facing upwards. The receptor contained 
PBS buffer (pH 7.4) at 35   °   C. A volume of 160 μl of the vesicle for-
mulations and the control solution was applied to the surface of 
the skin and the donor chamber was covered in parafilm for the 
duration of the experiment to inhibit water evaporation. At vari-
ous times over a 24-hour period, 200 μl of the receptor was with-
drawn and replaced with the same amount of fresh PBS buffer. 
After the 24-hour sample was taken, the cells were dismantled and 
the skin in each cell was wiped with cotton buds to remove any 
remaining formulation. Up to 20 tape strips were then taken from 
each skin (D-Squame tapes; CuDerm Corp., Dallas, Tex., USA). 
The tapes were placed into separate vials and mixed overnight with 
2 ml of methanol to extract the caffeine removed from the stratum 
corneum by the tapes. Follicular casting was performed after tape 
stripping. One drop of superglue (LOCTITE ® ; Henkel Australia) 
was placed on a microscope slide and pressed onto the surface of 
the stripped skin with light pressure for 15 min. The slide was 
peeled carefully from the skin and the superglue containing caf-
feine sampled from the follicles was dissolved by rubbing 4 times 
with acetone-soaked cotton buds. The cotton buds were mixed 
overnight with 2 ml of methanol. After follicular casting, the skin 
was chopped into small pieces, homogenized and mixed overnight 
with 2 ml of methanol. Receptor fluid and extracts from tapes, casts 
and skin were analysed by HPLC.

  Sample Analysis 
 Caffeine was analysed by a sensitive and rapid HPLC method. 

The HPLC system consisted of a Shimadzu SIL-20A HT, a CBM-
20A system controller, an SPD-20A detector, an LC-20AD pump 
and an auto injector. Isocratic separation was performed on a Phe-
nomenex Luna C18 5-μm column (150 × 4.6 mm), using 95% wa-
ter, 2% acetonitrile, 2% tetrahydrofuran and 0.5% acetic acid as the 
mobile phase, at a flow rate of 1 ml/min. Caffeine was detected at 
273 nm.

  Data Analysis and Statistics 
 The cumulative amount (micrograms/centimetre squared) 

penetrating per skin surface area was plotted against time (hours). 
The steady-state flux (J SS ; micrograms/centimetre squared/hour) 
was derived from the slope of the linear portion of the cumulative 
amount versus the time plot.

  All data were analysed by one-way analysis of variance (ANO-
VA) with post hoc comparisons (Tukey) using GraphPad Prism 6 
(GraphPad Software Inc., La Jolla, Calif., USA). p < 0.05 was con-
sidered to be significant.

  Results 

 Vesicle Characterization 
 Particle size, polydispersity indices, zeta potentials and 

caffeine encapsulation efficiencies of all vesicles are pre-
sented in  table 2 . As shown by the low polydispersity in-
dex values, all vesicles had a narrow size distribution. The 
high negative zeta potential values for both niosomes and 

Name Description Composition

C Aqueous control solution 100% water
L Conventional liposome DLPC:cholesterol 35:7
LEU Conventional liposome + eucalyptol DLPC:eucalyptol:cholesterol 35:7:7
LOA Conventional liposome + oleic acid DLPC:oleic acid:cholesterol 35:7:7
T Modified liposome → ‘transferosome’ DLPC:DPGluc:cholesterol 35:7:7
N Modified liposome → ‘niosome’ DPGluc:cholesterol 35:735:7

 All formulations contained caffeine, 2% w/v.

 Table 1.  Liposome formulations showing 
excipient ratios and aqueous control 
composition

Formulation Vesicle size, nm Polydispersity
index

Zeta potential Encapsulation
efficiency, %

L 137.1 ± 1.3 0.06 ± 0.03 2.3 ± 0.7 48
LEU 142.3 ± 2.3 0.10 ± 0.01 –9.5 ± 0.5 66
LOA 128.4 ± 1.9 0.08 ± 0.02 –51.0 ± 2.7 50
T 158.3 ± 4.0 0.14 ± 0.04 –18.3 ± 0.2 47
N 135.2 ± 2.3 0.15 ± 0.02 –42.6 ± 2.4 46

See table 1 for description of formulations.

 Table 2.  Vesicle system characterization 
and encapsulation efficiency (means ± 
SEM)
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the liposomes containing oleic acid indicate that these 
materials, in particular, would be stable in suspension. 
The encapsulation efficiencies were relatively similar 
across the five vesicle types.

  Permeation of Caffeine from Vesicles and Control 
 The cumulative amounts of caffeine penetrating hu-

man full-thickness skin from each of the test formulations 
over 24 h are shown in  figure 1 , and overall steady-state 
fluxes calculated from these plots are shown in  table 3 . 

Niosomes and transferosomes had significantly greater 
fluxes than other formulations, as indicated.

  Other skin permeation parameters for caffeine from 
the six applications are illustrated in  table 3  and  figure 2 . 
Penetration of caffeine into the receptor was significantly 
enhanced from the niosomes compared to the aqueous 
control solution and the liposomes (liposomes, liposomes 
with eucalyptol and liposomes with oleic acid) and from 
the transferosomes compared to control and the basic li-
posomes. In addition, total skin penetration (stratum cor-
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  Fig. 1.  Permeation profiles of caffeine through excised human 
skin from various vesicle systems and a control (means ± SEM,
n = 4). N = Niosomes; T = transferosomes; LEU = liposomes + 
eucalyptol; LOA = liposomes + oleic acid; L = liposomes; C = con-
trol solution. 
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 Table 3.  Permeation parameters following 24-hour application of caffeine from vesicle formulations and controls to full-thickness hu-
man skin (means ± SEM, n = 4) 

Formulation JSS, μg/cm2/h SC retention,
μg/cm2

Hair follicles,
μg/cm2

Skin retention,
μg/cm2

Receptor at
24 h, μg/cm2

Total, μg/cm2

C 0.7 ± 0.2 17.3 ± 4.2 0.8 ± 0.2 48.4 ± 7.8 14.2 ± 4.1 80.7 ± 12.4
L 1.4 ± 0.4 24.7 ± 4.1 1.7 ± 0.4 51.7 ± 12.7 28.7 ± 4.3 106.7 ± 20.5
LEU 1.8 ± 0.7 32.8 ± 5.1 1.6 ± 0.4 95.7 ± 11.0 35.8 ± 15.8 166.0 ± 26.8
LOA 1.7 ± 0.2 39.4 ± 6.4 3.5 ± 0.7 93.5 ± 7.8 34.9 ± 3.3 147.9 ± 30.7
T 4.1 ± 0.8a 66.4 ± 25.9 5.3 ± 3.3 85.7 ± 28.5 85.5 ± 20.3a 242.9 ± 77.6
N 6.6 ± 0.6b 70.7 ± 28.9 2.2 ± 0.5 103.4 ± 7.8 135.0 ± 13.3b 285.3 ± 50.8a

 See table 1 for description of formulations. SC = Stratum corneum. The total shown is the sum of retention in the stratum corneum, 
hair follicles, residual skin and receptor penetration. Significant differences (one-way ANOVA/Tukey): a versus control solution and 
liposomes; b versus control solution, liposomes, liposomes + eucalyptol and liposomes + oleic acid.
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  Fig. 2.  Caffeine recovery from the skin surface, the stratum cor-
neum, hair follicles, residual skin and receptor solution after ap-
plication of vesicles and control for 24 h (mean ± SEM, n = 4). For 
abbreviations, see legend to fig. 1.  a  Amount in receptor at 24 h; 
transfersomes > control solution and liposomes.  b  Amount in re-
ceptor and total penetration at 24 h; niosomes > control solution, 
liposomes, liposomes + eucalyptol and liposomes + oleic acid 
(one-way ANOVA/Tukey). 
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neum, hair follicles, residual skin and receptor solution) 
was significantly enhanced from niosomes compared to 
control and the basic liposomes. Caffeine recovered from 
hair follicles after transferosome application was 50% 
more abundant than with liposomes with oleic acid and 
more than twice that seen with all other formulations, al-
though the differences did not reach statistical signifi-
cance (p = 0.10, transferosomes vs. control). Similarly, the 
stratum corneum and skin retention were enhanced with 
the advanced formulations (niosomes, transferosomes 
and to a lesser extent, the liposomes containing penetra-
tion enhancers eucalyptol and oleic acid), but the differ-
ences did not reach statistical significance.

  Discussion 

 The nanosize range of the vesicles used in this study 
(128–158 nm) makes them suitable for topical delivery. 
We  [24]  and others  [25]  have shown that by decreasing 
the vesicle size, the penetration of encapsulated drug into 
deeper skin layers can be enhanced. Further reductions in 
vesicle size could be achieved by extrusion through small-
er membranes, particularly with ultraflexible materials 
such as transferosomes and SECosomes  [24] . In addition 
to the narrow range of nanosizes in our series of vesicles, 
the individual vesicles were shown to be homogeneous, 
as indicated by the low polydispersity index values (0.05–
0.15). However, given this homogeneity in particle size 
seen across the range of vesicle formulations, it is likely 
that factors other than particle size contributed to the ob-
served differences in caffeine flux and retention in skin 
compartments ( table 3 ;  fig. 1 ,  2 ). Regarding the zeta po-
tential, liposomes with oleic acid and niosomes possessed 
a negative surface charge ( table 2 ), while the dispersion of 
liposomes with eucalyptol, transferosomes and liposomes 
possessed a neutral charge, indicating that the incorpora-
tion of edge activators into liposomes had an important 
influence on their surface charge.

  The encapsulation efficiencies seen here (46–66%) 
compare well with 30% found by Budai et al.  [26]  for solid 
lipid nanocarriers based on soy or egg lecithin. Caffeine is 
soluble in water (21.3 mg/ml at room temperature) and in 
organic solvents has a low octanol/water partition coeffi-
cient (P; log P = –0.07). Therefore, the caffeine must be 
able to enter the lipophilic and hydrophilic core of the ve-
sicular structure  [27] . The caffeine encapsulation efficien-
cy was highest in the liposomes containing eucalyptol. 
This may be due to the relatively hydrophilic nature of 
eucalyptol, which results in low permeability of vesicles.

  Before application to the skin, our caffeine liposome 
formulations were freshly prepared, characterized and 
stored briefly overnight at 4   °   C. Several publications have 
explored the ‘leakage’ of similarly small hydrophilic mol-
ecules from vesicles upon storage. Fang et al.  [11]  (2001) 
found that the addition of cholesterol to the phospho-
lipid DMPC (1,2-dimyristoyl-sn-glycero-3-phospho-
choline) significantly reduced the leakage of enoxacin (log
P = –0.2, see caffeine, –0.07) from their vesicles over 48 h 
at 25   °   C. All the vesicle formulations used in our study con-
tained cholesterol. The authors also found that the pres-
ence of a non-ionic surfactant in the formulation tended to 
stabilize the vesicle. Balakrishnan et al.  [14]  (2009) showed 
that the loss of the small, relatively hydrophilic minoxidil 
(log P = 1.24) from niosomes containing a non-ionic sur-
factant and cholesterol was less than 5% after 14 days of 
storage at 4   °   C – the same temperature used in this study. 
Ntimenou et al.  [28]  (2012) found a reduction in calcein 
encapsulation from conventional liposomes and transfero-
somes containing cholesterol and a surfactant, as well as 
‘invasomes’, containing terpenes, of no more than 15% af-
ter 24 h at the relatively extreme temperature of 37   °   C. The 
terpene mixtures performed slightly better than the other 
formulations. Taken together, these examples, covering a 
range of vesicles used in this study, indicate that 12 h of 
storage at 4   °   C would be unlikely to result in a significant 
loss of caffeine from the vesicles.

  Optimized vesicular systems can exert different func-
tions upon topical delivery  [29] . They can improve drug 
deposition in the skin at the site of action, with the addi-
tional goal of decreasing systemic absorption and thus 
minimizing adverse effects  [30] . They may also provide 
targeted delivery to skin appendages. In an attempt to 
find a vesicular formulation for topical delivery of caf-
feine, vesicular systems were formulated using oleic acid, 
eucalyptol and DPGluc as edge activators. Oleic acid and 
eucalyptol are well-known penetration enhancers  [31] . 
DPGluc is a low-irritant, non-ionic surfactant that is 
commonly used in pharmaceutical and cosmetic formu-
lations and can form vesicles including niosomes in com-
bination with appropriate amounts of cholesterol  [17] .

  In this work, all formulations were able to achieve sus-
tained delivery of caffeine into and through the skin over 
24 h, with no depletion of the donor material. As a per-
centage of the total applied drug dose, total caffeine deliv-
ery ranged from 6.6 and 7.4% for the aqueous solution 
and the conventional liposomes up to 14.9 and 16.0%
for the transferosomes and niosomes, respectively. The 
greatest flux was seen for transferosomes and niosomes, 
with apparent flux increases between 12 and 24 h for these 
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formulations. Interestingly, these were the vesicles con-
taining DPGluc as edge activators. This hydrophilic sur-
factant has also been shown to act as a penetration en-
hancer for dermal delivery of tretinoin when incorporat-
ed into liposomes  [32] , while other non-ionic surfactants 
caused similarly enhanced permeation fluxes, for exam-
ple, with lidocaine  [33] . A relatively constant flux after 
about 8 h was seen with the other formulations, including 
the liposomes containing eucalyptol and oleic acid. Given 
the relatively moderate enhancement of caffeine penetra-
tion seen with these latter vesicles, it seems likely that 
their actions as penetration enhancers in those formula-
tions were not important factors. The combined func-
tions of the surfactant edge activator and penetration en-
hancer would appear to explain the relative enhancement 
seen with DPGluc. While their work relates to the more 
lipophilic oestradiol, it is interesting to compare the find-
ing of El Maghraby et al.  [34] , where greater penetration 
was seen with surfactant-containing liposomes than with 
oleic acid as a penetration enhancer alone. The authors 
suggested that liposomes increased oestradiol perme-
ation by mechanisms that are additional to penetration-
enhancing effects.

  The niosomes and transferosomes also showed greater 
skin retention than other formulations. In particular, 
penetration into hair follicles from transferosomes ap-
peared to be enhanced. The ultradeformable nature of 
these vesicles may allow them to gain access to these ap-
pendages more readily. Motwani and Rhein  [35]  suggest-
ed that polar drugs delivered from vehicles which are 
poorly miscible with sebum will have little chance to 
reach deeper parts of the hair follicles. On the other hand, 
lipophilic vehicles may assist the transport of drugs dis-
solved in the oil phase and into the pilosebaceous units 
 [15] . Therefore, the enhancement of follicular penetra-
tion would rely on the solubility of the drug in the formu-
lation and the compatibility of the formulation with the 
lipid environment of the sebum  [35] .

  One way in which the non-ionic surfactant could en-
hance solute transfer from vesicles into the skin could be 
to assist in the absorption and fusion of the vesicle to the 
skin surface. This could maximize the ability of the vesicle 
to structurally modify the barrier properties of the skin, 
allowing the solute to pass more readily from its encapsu-
lated environment into the intercellular regions of the 
stratum corneum. Studies  [36–38]  conclude the follow-
ing: (1) the absorption and fusion of niosomes and trans-
ferosomes into the surface of skin enhance drug perme-
ation, (2) the vesicles act as penetration enhancers to re-
duce the barrier properties of the stratum corneum and 

(3) the lipid bilayers of niosomes act as a rate-limiting 
membrane barrier of solutes  [39] . The possible mecha-
nism for liposome and niosome formulations is the struc-
tural modification of the stratum corneum. For transfer-
osomes, both phospholipid (DLPC) and non-ionic sur-
factant (DPGluc) can act as penetration enhancers, which 
are valuable for increasing the penetration of many drugs. 
These results suggest that the mechanism of drug trans-
port across skin depends on the composition of the vesi-
cle formulation and the solute used.

  Conclusion 

 The in vitro permeation of caffeine from vesicles with 
different compositions of penetration enhancers and non-
ionic surfactant have been studied and evaluated. Incor-
porating the non-ionic surfactant DPGluc into liposomes 
enhanced the skin penetration of caffeine more than the 
penetration enhancers oleic acid and eucalyptol. The re-
sults suggest that the fusion of the vesicles with the lipid 
of the stratum corneum and the direct transfer of solute 
from the vesicle formulations to the skin may contribute 
to the mechanism of drug permeation enhancement by 
transferosomes and niosomes. The overall results indicate 
that the presence of penetration enhancers in the vesicle 
components is not the important operating factor.
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