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1. SUMMARY 

 

Purpose: 

The two principal objectives were: 

• To investigate the effect of electrotreatment by the tmt system on skin 

permeability as measured by the cumulative delivery of caffeine and sodium 

ascorbyl phosphate.    

• To use laser scanning confocal microscopy to visualise the effect of barrier 

impairment on the penetration of the anionic fluorescent probe, calcein, into the 

epidermis.  

 

Materials and Methods: 

Porcine ear skin was used for the in vitro permeation studies, which involved 

application of either the “Anti-cellulite” (caffeine) or “Anti-aging” (sodium ascorbyl 

phosphate; NAP) program gels using the roll-on supplied with the tmt system.  

Conventional Franz diffusion cells were used for the permeation experiments.  Control 

passive and electrotreatment experiments were typically conducted for 20 minutes to 

mimic the in vivo therapy conditions. This was followed by either immediate skin 

extraction and assay of the permeants or a further 60 or 120 minutes of passive 

permeation before extraction.  Laser scanning confocal microscopy experiments using 

calcein were conducted using a Laser Scan Microscope 510 Meta (Carl Zeiss, 

Germany).  Calcein excitation and emission wavelengths were 488 nm and 543 nm, 

respectively.  The confocal images were obtained by an Achroplan 40x0.8 dry objective 

and analysed using Zeiss LSM Image Browser software. 

 

Results and Discussion: 

The transport studies demonstrated that the tmt system increased the amount of 

caffeine and NAP in the skin.  Enhancement factors (EF) for NAP of 7.2 and 14.9 were 

observed following 20 minutes of electrotreatment and either immediate sampling or a 

further 60 minutes of passive diffusion as compared to passive diffusion for either 20 or 

80 minutes.  The effect on caffeine permeation was less significant (EF = 2.1 for 20 

minutes electrotreatment compared to passive diffusion for 20 minutes).  This was due 

to the different physicochemical properties of the two molecules which determined their 

respective transport mechanisms.  NAP is negatively charged and its transport is 

mainly due to electromigration; caffeine is uncharged and its skin penetration is due to 

electroosmosis and/or facilitated passive diffusion through transiently created pores in 

the skin (due to the electroporating effect of the tmt system).  There was significant 

variability in the amounts recovered from the receiver compartments – most probably 

due to skin damage and these data are not reported here.  Interference in the HPLC 

chromatograms from signals due to skin constituents meant that it was not possible to 

examine the permeation of plant extract components present in the formulations.  The 

confocal microscopy images provided striking visual evidence that electrotreatment 

with the tmt system impaired skin barrier function and facilitated the permeation of 

hydrophilic molecules.  In the control experiments calcein, which is a negatively 

charged hydrophilic fluorophore, was localised at the skin surface, unable to penetrate 
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the lipid stratum corneum.  However, after electrotreatment calcein fluorescence was 

observed deep into the viable epidermis – reaching depths of up to 60-80 microns 

within the membrane. 

  

Conclusions: 

We have demonstrated the ability of the tmt system to increase the cumulative 

delivery of cosmeceuticals into the skin.  The next steps should aim (i) to optimise the 

in vitro experimental conditions to facilitate further quantitative studies (ii) to achieve a 

better understanding of the effect of device settings on skin transport kinetics (iii) to 

extend the methods to demonstrate the enhanced delivery of more complex 

formulation components, e.g., plant extracts.  

 

 

2. INTRODUCTION 

 

2.1 Skin barrier function and transdermal drug delivery     

The outermost layer of the epidermis, the stratum corneum, ranges in thickness from 5 

to 20 microns - it is thinner than the average human hair – and yet it is almost entirely 

responsible for the skin’s barrier function [1].  It maintains a close control over the rate 

of transepidermal water loss and protects the organism against injury, infection and 

attack by harmful agents in the environment.  This remarkable membrane has a 

multilamellar lipidic structure punctuated by corneocytes that reinforce structural 

integrity and increase tortuosity [2]; the composition and architecture ensure that very 

few molecules can be delivered into the body by simple passive diffusion [3].  

 

In recent years many different methods to impair skin barrier function have been 

explored, including the use of chemical penetration enhancers and newer physical 

techniques such as ultrasound, thermal ablation, radio-frequency and local heating [4].  

One of the most promising new technologies is iontophoresis; it involves the application 

of a mild electrical current to enable the controlled delivery of molecules into and 

across the skin [5].  Iontophoresis is unique among other transdermal technologies 

since it acts primarily on the molecule and reduces the risk of irritation that can occur 

with chemical penetration enhancers; the presence of ethanol in certain transdermal 

patches has provoked local erythema in some patients [6].   

 

An iontophoretic device consists of an active electrode compartment (e.g., the anode 

for positively charged molecules) a return electrode and a “controller” which determines 

the current profile and the duration of application (Figure 1).  Since iontophoresis relies 

on the application of an electrical current to facilitate transport, it is ideal for the 

administration of charged molecules, which cannot penetrate the skin by simple 

diffusion (in other words, from conventional transdermal patches or gels or creams).   

 

There are two principal iontophoretic transport mechanisms: (i) electromigration, which 

is particularly important for the delivery of charged molecules and depends on the 

electric mobility of the ion [5, 7], (ii) electroosmosis, an electrically-induced solvent flow 

from the anode to the cathode that can increase cation transport and is responsible for 
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the passage of neutral molecules [8].  It is also possible that current application and the 

ensuing reorganisation of skin lipids may lead to an increase in passive diffusion, 

although this is considered to be a relatively modest contributor to overall transport in 

the case of charged molecules.  

 

Figure 1: A typical iontophoretic patch system comprises a controller (consisting of a 

microprocessor and power source) and an anodal and cathodal compartment.  Cationic 

and anionic drugs (or cosmeceuticals) are placed in the anodal and cathodal electrode 

compartments, respectively.  Once the current is applied, the ions migrate out from the 

device and into the skin under the influence of the electric field.  The electrical circuit is 

completed by the movement of counter-ions, primarily endogenous chloride and 

sodium ions, moving out from the skin and into the anodal and cathodal chambers, 

respectively.     

 

    
 

The amount of drug (or cosmeceutical) transported into and across the skin depends 

on the current intensity, the duration of iontophoresis and the area of application.  Of 

course, the physicochemical properties of the molecule also play a key role [9, 10].  Not 

only does iontophoresis increase the range of molecules that can be considered for 

transdermal delivery it also improves their delivery kinetics; that is, greater amounts 

can be delivered into the skin in shorter times as compared to conventional passive 

administration.  In a recent clinical study it was shown that an iontophoretic system for 

the delivery of lidocaine was able to provide local anaesthesia within 10 minutes that 

was comparable to that obtained with a 30-60 minute topical application of 

conventional anaesthetic formulations [5, 11].   

 

Iontophoresis is particularly well-suited to the treatment of dermatological conditions 

since it enables targeted delivery to the desired site.  Dermatological applications are 

also favoured since topical iontophoresis for local effect requires the administration of 

only small amounts of substance since the objective is to build high local 

concentrations in the skin.  

 

2.2 Electrically enhanced topical delivery using the tmt system 

The tmt system uses electrical enhancement to increase the skin permeation of 

locally applied substances that can improve skin health.  It combines the use of a low 

voltage (< 10 V) to generate a constant direct iontophoretic current across the skin with 
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the application of high frequency electroporating voltage pulses of 35-45 V.  These are 

complementary techniques since iontophoresis acts on charged and neutral molecules 

increasing their mobility by electromigration and electroosmosis whereas 

electroporation creates microchannels or pores in the skin that enhance passive 

diffusion through the impaired barrier.  These permeation channels can persist and 

facilitate passive permeation even after terminating the application of the 

electroporating voltage.  

 

2.3 Challenges 

In the majority of published electrotransport studies employing either iontophoresis or 

electroporation (or a combination of both techniques), the objective is to deliver a single 

active agent.  The physicochemical properties of the molecule determine the polarity of 

the potential that is applied.  However, there are a number of different components 

present in the Mesoestetic gel formulations, with opposing charges and polarities.  

Furthermore, the presence of plant extracts comprising several (sometimes unknown) 

components further complicates the choice of electrode polarity.  This means that the 

polarity (i.e., positive or negative voltage) may need to be reversed in order to ensure 

that the differently charged components electromigrate into the skin.  However, polarity 

reversal will decrease transport of the oppositely charged ions, which will move 

towards the active electrode, and it will also restrict the electroosmotic delivery of 

neutral molecules which functions in the anode-to-cathode direction.  However, it 

should not affect the creation of micropores by electroporation.   

 

In summary, the principal transport mechanisms for cationic, anionic and neutral 

molecules across the skin using the tmt system can be described as follows 

(Equation 1): 

 

EP

PORE

EO

IONTO

NEU

TOT

EP

PORE

EM

IONTO

ANION

TOT

EP

PORE

EO

IONTO

EM

IONTO

CATION

TOT

JJJ

JJJ

JJJJ

'

'

'

+=

+=

++=

        Eq. 1 

 

Where EM, EO and EP represent electromigration, electroosmosis and enhanced 

passive diffusion respectively; IONTO and E’POR represent iontophoresis and 

electroporation.  It should be noted that cathodal electromigration of the anion will be 

opposed by electroosmosis under normal conditions. 

 

 

3. OBJECTIVES   

 

The general aim was to demonstrate the increased permeability of skin towards 

topically applied formulations following treatment with the tmt system. 

 

The specific objectives of this study were: 

• To provide quantitative evidence that the tmt system enhanced skin 

permeation of specific components in the Mesoestetic formulations.  The 
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experimental procedures involved use of conventional Franz diffusion cells and 

skin extraction coupled with analysis by HPLC.   

• To provide qualitative visual evidence using laser scanning confocal microscopy 

that electrotreatment with the tmt system increased skin permeability using 

model fluorescent marker compounds.      

 

 

4. MATERIALS AND METHODS 

 

4.1 Chemicals 

Caffeine, sodium ascorbyl phosphate (NAP), ascorbic acid (AA), potassium dihydrogen 

phosphate, dipotassium hydrogen phosphate, disodium hydrogen phosphate, tetra-n-

butylammonium sulphate and perchloric acid (HClO4) were purchased from Fluka 

(Saint Quentin Fallavier, France).  Sodium chloride, silver wire and silver chloride, used 

for the fabrication of electrodes, DABCO (1,4-Diazabyciclo-[2,2,2]-octane), glycerol, 

acetonitrile (Acetonitrile Chromasolv® for HPLC, gradient grade) and methanol were 

obtained from Sigma-Aldrich (Saint Quentin Fallavier, France).  All solutions were 

prepared using deionised water (resistivity > 18 MΩ.cm). 

 

4.2 Skin 

Porcine ears were obtained from a local abattoir (Société d’Exploitation d’Abbatage 

STAC, Chambery, France) within a few hours of sacrifice.  Skin samples were 

harvested from the external surface of the pig ear, only using skins free of visible 

lesions.  The excised skin was then dermatomed (~ 750 µm) the same day and stored 

at -20 °C for a maximum period of 2 months. 

 

4.3 Experimental protocol 

4.3.1 Preliminary penetration experiments 

Initial in vitro penetration experiments were performed trying to simulate the in vivo 

application of the tmt system.  That is, the steel roll-on active electrode was gently 

massaged over the skin sample surface.  Pig ear skin was employed, placed on paper 

soaked with a saline solution (NaCl 0.9 %) able to conduct electrical current.  The roll-

on was filled with 300 µl of “Anti-cellulite” gel, which was applied on the skin by a gentle 

massage with the roll-on and the circuit was completed by placing a reference 

electrode in contact with the soaked paper.  The “Anti-cellulite” tmt system program 

was used at 30% power for 20 minutes.  As a control experiment, the steel roll-on was 

used to massage the formulation into the skin for 20 minutes but without current 

application.  At the end of each experiment, the excess gel was removed, the skin 

washed and gently dried with paper.  A skin disc of ~0.6 cm2 area was cut, placed in a 

pre-weighed plastic tube, weighed again to quantify the tissue, and extracted according 

to the validated caffeine extraction method (see below).  The amount of caffeine 

extracted was determined by HPLC. 
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4.3.2 Permeation experiments 

In vitro permeation studies employed glass vertical diffusion cells (Disa, Milan, Italy) 

specially adapted for experiments performed using the tmt system.  Samples of 

porcine ear skin were thawed at room temperature and then cut into discs of 2 cm 

diameter.  The skin was mounted on the (lower) receptor chamber and kept in place 

using Parafilm (to ensure a good leak-proof seal), taking care to leave the permeation 

area (0.6 cm2) unhindered (where the formulations were applied).  Receptor chambers 

were filled with 4 ml of phosphate-buffered saline solution pH 7.4 (PBS), prepared with 

16.8 mM Na2HPO4, 1.4 mM KH2PO4 and 136.9 mM NaCl. 

 

100 µl of each Mesoestetic gel were applied to the skin: 

 

• Gel 1, “Anti-cellulite” program, containing caffeine 

• Gel 2, “Anti-aging” program, containing NAP 

 

The permeation experiments were performed using the steel roll-on as the active 

electrode.  It was connected to the tmt system control unit and was kept in contact 

with the gel for 20 minutes.  A silver/silver chloride electrode was inserted into the 

receptor chamber and used as a reference electrode to complete the electrical circuit; 

hence, allowing the passage of electrical current through the formulation and the skin.  

The current was monitored throughout the experiments by a digital multimeter 

connected in series. 

 

The applied gel was removed after the electrical treatment, or kept in contact with the 

skin for 60 or 120 minutes, allowing post-treatment passive diffusion of the permeant.  

Table 1 summarises the treatment protocols employed. 

 

Table 1: Experimental conditions adopted for the permeation experiments using 

the tmt system 

 

Formulation Program Polarity Power 

tmt system 

treatment 

(min.) 

Post-treatment 

passive perm.  

(min.) 

Control 

passive 

perm.   

(min.) 

 

Caffeine 

Gel 1 

 

Anti-

cellulite 
+ 

12% 

20% 

 

20 

20 

0 

60 

 

20 

80 

NAP 

Gel 2 

Free  

(level 5) 
- 30% 

20 

20 

20 

0 

60 

120 

20 

80 

140 

 

Passive diffusion experiments using the same experimental set-up but in the absence 

of an electric potential were performed as controls. 
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A sample of the receiver solution was withdrawn at the beginning and at the end of the 

experiments in order to evaluate the total amount of caffeine or NAP permeated in the 

receptor chamber.  At the end of the experiment, the gel was removed, the cell was 

dismantled and the skin was carefully washed to remove any residual of formulation 

and thoroughly dried with paper.  Skin discs corresponding to the area of formulation 

application (0.6 cm2) were cut from each sample and placed in pre-weighed plastic 

tubes, which were then weighed again to determine the amount of tissue. Then, they 

were extracted with the appropriate validated method to quantify the amount of the 

active agent retained within the membrane. 

 

Experiments were carried out with 4 ≤ n ≤ 8 replicates.  

 

4.3.3 Laser scanning confocal microscopy (LSCM) experiments 

The effect of tmt system electrotreatment on skin permeability was visualised using 

LSCM and calcein as a hydrophilic fluorescent probe.  A 10 mM calcein solution was 

diluted 1:10 in the “Anti-flaccidity” Mesoestetic gel.  The resulting fluorescent gel with a 

final calcein concentration of 1 mM (100 µl) was applied on the epidermal surface of 

skin samples mounted in Franz diffusion cells as previously described.  The steel roll-

on active electrode was kept in contact with the gel and a reference silver electrode 

inserted in the receptor chamber.  A negative current with a level 5 of penetration and 

30% power was applied for 20 minutes.  A negative polarity was used because calcein 

is a polyanionic molecule (-4).  Passive diffusion experiments, lasting 20 minutes, were 

performed as controls. 

 

At the end of the experiments the cell was dismantled, the skin was carefully washed 

with a 20% ethanol solution and gently dried with paper. The skin was placed on a 

glass-slide, covered by a mixture of 2.4 mg/ml DABCO (1,4-diazabicyclo[2,2,2]octane) 

in PBS (pH 7.5) and glycerol 50:50.  A cover-slide was applied. The permeation of the 

fluorescent probe as a function of depth within the skin was visualised using a Laser 

Scan Microscope 510 Meta (Carl Zeiss, Germany).  The system was equipped with an 

argon lamp laser (with excitation lines at 488, 568, 647 nm).  Calcein excitation and 

emission wavelengths were 488 nm and 543 nm, respectively.  The confocal images 

were obtained by an Achroplan 40x0.8 dry objective and analysed using Zeiss LSM 

Image Browser software.  The images represent the average of 8 repeated scans of a 

small portion of skin optically sectioned in an x-z plane. 

 

4.4 Analytical methods 

4.4.1 Skin extraction protocol - validation 

The extraction methods for caffeine and NAP were validated in blank experiments and 

by spiking the skin samples with a known amount of drug.  In addition to determining 

whether the molecules could be extracted quantitatively from the skin sample, the 

presence (and effect) of any interfering peaks derived from the skin and detected 

during HPLC analysis of the samples was also evaluated.  Samples were analysed by 

reversed-phase high-pressure liquid chromatography (HPLC).  The HPLC system 

consisted of a 600E Controller pump, a 717-plus Autosampler Injector and an In-line 

Degasser, a UV 2487 dual λ Detector (Waters, Saint-Quentin Yvelines, France). 
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4.4.2 Caffeine 

Extraction of caffeine contained in the porcine ear skin discs was performed using 1 ml 

of a mixture comprising 85% HClO4 1 N solution and 15% acetonitrile for 1 hour at a 

temperature of 50°C.  A SupelcosilTM LC-18 HPLC column (5 µm particle size; 300 x 

4.0 mm) (Supelco) was used for caffeine separation and an 85:15 mixture of water / 

acetonitrile as mobile phase; the flow rate was 1 ml/min. The UV-Detector was 

employed with a detection wavelength of 276 nm (loop 100 µl). 

 

4.4.3 Sodium ascorbyl phosphate (NAP) 

NAP extraction from the treated skin was carried out using 1 ml of a 94% distilled water 

and 6% methanol mixture, extracting at room temperature, to avoid NAP hydrolysis, for 

90 minutes. The  SupelcosilTM LC-18 HPLC column (5 µm particle size; 300 x 4.0 mm) 

(Supelco) was employed for NAP analysis. The mobile phase was a 95:5 mixture of a 

buffer, consisting of 2.72 g/l KH2PO4, 3.48 g/l K2HPO4, 1.70 g/l tetra-n-butylammonium 

hydrogen sulphate, pH 7, and acetonitrile, at a flow rate of 1 ml/min. The detection was 

performed at a wavelength of 245 nm (loop 100 µl). 

 

4.4.4 Plant extracts 

In addition to simple low molecular weight molecules some of the formulations also 

contained complex plant extracts (e.g., “Located Anti-cellulite” program).  Therefore, 

another objective was to quantify the effect of the electric field on the transport of these 

complex formulation components.  In order to do this, we attempted to develop a HPLC 

method that was able to detect simultaneously the main plant extracts present in the 

gels used in the different treatment programs of the tmt system.   

 

4.4.4.1 100% aqueous/100% organic mobile phases 

The above mentioned SupelcosilTM LC-18 HPLC column and the Waters HPLC system 

were used for the initial experiments with a mobile phase consisting of either 100% 

acetonitrile or 100% water; UV-detection was used to quantify the components using 

the absorbance at 210 nm.  The Mesoestetic gels were diluted (injection loop 50 µl) 

and the chromatogram was investigated to determine whether it was possible to 

separate the main peaks. 

 

4.4.4.2 Step gradient approach 

In a second series of experiments a step gradient of water (A) and acetonitrile (B) was 

also used, according to the following profile: 0-10 min, 100-65% A, 0-35% B; 10-15 

min, 65-20% A, 35-80% B; 15-25 min, 20-0% A, 80-100% B. The flow rate was 1.0 ml 

/min and the UV-detector was again set at 210 nm. 

 

4.4.4.3 Optimisation of a method for Ruscus saponins 

In a subsequent experiment, an HPLC method was adapted from a published protocol 

(see below, 5.3.3) for the identification of Ruscus steroidal saponins, a plant extract 

contained in the “Located Anti-cellulite” program.  The Waters HPLC system previously 

described was used with a Zorbax Eclipse XDB-C8 column (5 µm particle size; 250 x 

4.6 mm) (Agilent Technologies).  For these experiments, the mobile phase was an 
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80:20 water/acetonitrile mixture, applied at a flow rate of 1 ml/min. The detection was 

performed by monitoring the absorbance at 200 nm. 

 

Gel 1 (“Anti-cellulite” program) was injected (using the 50 µl loop) following dilution in 

an 85:15 mixture of HClO4 1 N solution and acetonitrile.  The resulting chromatogram 

was compared to that obtained by extracting a disc of skin with the same solution for 1 

hour at room temperature, in order to identify any peaks due to substances released 

from the skin which could interfere with those from the plant extract. 

  

4.5 Statistics 

Data were expressed as mean ± S.D.  Outliers, determined using the Grubbs test, 

were discarded.  The results were evaluated statistically using analysis of variance 

(ANOVA); Student’s t-test was used to compare two data sets.  The level of 

significance was fixed at p < 0.05.  

 

 

5 RESULTS AND DISCUSSION 

 

5.1 Use of porcine skin as a model for human skin 

Porcine skin is a well-accepted and readily available model for human skin that has 

been extensively used for in vitro permeation studies.  The validity of the model has 

been established by comparing the permeation of simple marker molecules, with the 

corresponding transport for delivery across human skin.  Both passive and “active” 

permeation (iontophoresis) of drugs are comparable across porcine and human 

barriers [12, 13].  In addition, the biophysical properties and behaviour of the lipids of 

porcine stratum corneum are strikingly parallel to those of the human counterpart [14]. 

 

5.2 Selection of candidates for transport studies 

The different formulations that constitute the Mesoestetic treatment programs contain 

both simple inorganic and organic molecules in addition to complex plant extracts.  

Caffeine and sodium ascorbyl phosphate (NAP), a phosphoryl ester precursor of 

ascorbic acid (AA) were used as model compounds to test the effect of skin pre-

treatment using the tmt system (Figure 2) . In addition to their presence in many 

cosmeceutical products, caffeine and NAP can be readily quantified by HPLC assay 

and furthermore, the analytical methods are straightforward, selective, and avoid any 

interference from peaks due to skin components. 

 

Caffeine is a component of the “Anti-cellulite” program; at physiological pH (7.4), it is 

uncharged but nevertheless is a small hydrophilic molecule with good skin diffusivity.  

The principal electrotransport mechanism for caffeine is electroosmosis.  In addition to 

being readily quantifiable (using UV-detection) caffeine can be easily extracted from 

the skin after treatment – enabling quantification of the amount retained within the 

membrane. 
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Figure 2:   Molecular structures of caffeine (neutral hydrophilic molecule) and sodium 

ascorbyl phosphate (NAP; anion). 
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Cosmeceutical formulations frequently include ascorbic acid or a derivative; this 

powerful antioxidant is commonly found in treatments for reversing the signs of aging 

or for combating the appearance of wrinkles; it has also found an application in the 

treatment of skin blemishes [15].  Ascorbic acid is present in the “Anti-stretch”, “Anti-

flaccidity” and “Anti-aging” programs.  The “Anti-aging” formulation was used for the 

permeation experiments described below.  NAP was recently introduced into the 

cosmetics market since, as an AA prodrug, although it retains the beneficial effects of 

AA on skin health in particular with respect to aging and skin-darkening, it avoid the 

stability problems associated with AA, e.g., rapid oxidative degradation.  Both the 

parent molecule and its derivatives are negatively charged under physiological 

conditions, have relatively modest molecular weights and are good candidates for 

electromigration across the skin under the influence of an electric field iontophoretic 

delivery.  Although NAP is a more chemically stable moiety than the parent molecule, it 

undergoes chemical and enzyme-catalysed hydrolysis to yield AA in the skin.  

 

Since caffeine was transported by electroosmosis, it was placed in the “anodal 

compartment”, that is, it was delivered using a positive polarity.  In contrast, NAP was 

transported by electromigration from the “cathodal compartment”, that is, with a 

negative polarity. 

  

The quantification of some of the main components from the plant extracts included in 

the formulation was also investigated.  However, the very complex composition of the 

formulations – a single plant extract can contain several constituent molecules - made 

it difficult to identify individual molecules and to separate the different peaks.  Analytical 

constraints (see below) meant that the effect of tmt system on skin permeability was 

restricted to an investigation of the electrotransport of caffeine and NAP and their 

cumulative permeation and retention within the membrane. 

 

5.3 Analytical procedures 

5.3.1 Caffeine 

The linearity between the response of the UV detector (as quantified by the area under 

the chromatographic peak) and the caffeine concentration in solution was investigated 

in the following concentration range: 0.20-61.20 µg/ml. Six consecutive injections for 

each concentration were made in order to calculate the relative standard deviation 
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(RSD), expressed as a percentage, which indicates the reproducibility of the analytical 

method. Figure 3 shows the AUC plotted against the caffeine concentration.  Linear 

regression (y = 136523x + 8616.3 and regression coefficient R2 =1) indicated the linear 

relationship between UV detector response and caffeine concentration. The %RSD 

varied between 0.05% and 0.67% depending on the concentration, again showing the 

good precision and reproducibility of the method. 

 

Figure 3: Caffeine calibration plot. 
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The extraction conditions adopted for caffeine gave a satisfactory recovery from the 

skin of 105.1% ± 8.2%.  When blank skin samples were extracted and analysed no 

peaks with the same retention time as caffeine were detected, indicating the specificity 

of the extraction and analytical procedures. 

 

5.3.2 NAP 

A HPLC method was developed in order to detect simultaneously NAP and AA. 

However, AA is a very unstable molecule, easily oxidised in solution and only NAP was 

detected during the subsequent permeation experiments.  

 

The linearity between the response of the UV detector (as measured by the area under 

the chromatographic peak) and the NAP concentration was investigated in the range 

0.21-56.1 µg/ml; 6 consecutive injections for each concentration were made in order to 

calculate the relative standard deviation (RSD; expressed as a percentage), that 

indicated the reproducibility and precision of the analytical method.  The AUC plotted 

against the NAP concentration is represented in Figure 4.  Linear regression (y = 

156730x + 60996 and regression coefficient R2 = 0.9996) indicated good linearity 

between UV detector response and NAP concentration. The %RSD varied between 

0.08% and 0.71%, depending on the concentration, showing the precision and 

reproducibility of the method.  The extraction conditions adopted for NAP gave a 

satisfactory recovery from the skin of 93.7% ± 6.5%.  Extraction of AA was less 

successful (~30%) due to its oxidation in the skin and in the extraction medium.  When 

blank skin samples were extracted and analysed no peaks with the same retention time 
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as NAP were detected, indicating the specificity of the extraction and analytical 

procedures. 

 

Figure 4: NAP calibration plot. 
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5.3.3 Plant extracts 

One approach to monitor the passage of complex formulation components, e.g., plant 

extracts, qualitatively was to elute them using “limiting”, i.e., purely aqueous or organic 

mobile phases.  The chromatograms of (a) the “Anti-cellulite” program gel and (b) the 

“Anti-aging” program gel, after dilution, and elution using either 100% acetonitrile or 

100% water as the mobile phase are illustrated in Figure 5 and 6, respectively. 

 

Figure 5: Examples of chromatograms obtained elution of a) “Anti-cellulite” and b) 

“Anti-aging” program gels with 100% acetonitrile. 

 

a)

b)

a)

b)
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Figure 6: Examples of chromatograms obtained after elution of a) “Anti-cellulite” and b) 

“Anti-aging” program gels with 100% water. 

 

b)

a)

b)

a)

 

 

The chromatograms obtained using 100% acetonitrile show the presence of several 

(unidentified) peaks in the first few minutes (t < 5 min; major peaks at t = 4.33 and 4.4 

min for the “Anti-cellulite” and “Anti-aging” gels, respectively).  The chromatograms 

obtained using the 100% water mobile phase shows peaks with a greater range of 

retention times; although again there are several with t ≤ 5 min (major peaks at t = 2.53 

and 2.16 min for the “Anti-cellulite” and “Anti-aging” gels, respectively).  An extremely 

broad peak showing significant “tailing” was observed at t = 14.36 min for the “Anti-

aging” eluted using 100% water. It is clear that these unidentified peaks might be 

subject to interference from peaks due to endogenous substances released from the 

skin into the receptor phase (see below). 

 

Since it was not possible to quantify these substances and it would have been difficult 

to identify them following extraction from the skin due to the interference from “skin” 

peaks (see below), it was decided not to pursue these any further and we decided not 

to use either of the “unspecific “100%” HPLC methods for further studies.  Moreover, 

the application of an electrical potential by the tmt system could further increase the 

release of endogenous substances from the skin.   

 

The chromatograms of the “Anti-cellulite” program and “Anti-aging” program gels, 

analysed by the step gradient method, are illustrated in Figure 7. 
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Figure 7: Examples of chromatograms obtained after elution of a) “Anti-cellulite” and b) 

“Anti-aging” program gels with the step gradient elution method. 

 

a)

b)

a)

b)

 

 

As above, there are a large number of peaks that have retention times on the order of 5 

min.  The gradient approach indicated the presence of several “smaller” component 

peaks in the “Anti-cellulite” with retention times in the 18-22 minute range. 

 

In addition, we also adapted a HPLC method that had been developed to identify and 

quantify Ruscus steroidal saponins [16].  Ruscus aculeatus extracts are contained in 

the “Located Anti-cellulite” program, together with Hamamelis extracts; however, it was 

not possible to determine the amount and the quality/purity of the extract content.  The 

HPLC profiles obtained using UV detection following dilution of the “Located Anti-

cellulite” program samples are shown in Figure 8a; for comparison, we show a 

chromatogram obtained using the mobile phase as extraction medium placed in 

contact with porcine ear skin for 1 hour (as previously described; Figure 8b). 

 

These chromatograms clearly show that there were peaks due to the extraction of non-

treated skin that could interfere with the Ruscus steroidal saponins and which would 

prevent quantification (for identifiable components) in the skin after “Located Anti-

cellulite” gel application.  Moreover, it is difficult to identify and quantify plant extracts, 

because they contain several components, very similar in molecular structure and for 

this reason, not easily separable with a HPLC method. 
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Figure 8: Chromatograms obtained after elution of a) “Located Anti-cellulite” program 

gel and b) extraction solution after 1 h in contact with a disc of pig ear skin, using the 

analytical method to detect Ruscus (adapted from the literature, [16]). 

 

a)

b)

a)

b)

 

 

Multiple peaks were observed in the chromatogram obtained with the skin sample with 

retention times overlapping with those of the gel.  The skin contains a significant 

number of lipids, including free fatty acids and cholesterol but also more complex 

components such as ceramides, which may possess similar physicochemical 

properties to the plant extract components present in the formulation. 

 

In light of this, in this preliminary study, we decided to focus our attention on caffeine 

and NAP as markers to measure the effect of tmt system application since it is 

possible to identify and to quantify them fairly rapidly using commercially available 

products as reference standards. 

 

5.4 Permeation studies 

5.4.1 Practical issues – application differences for in vitro/in vivo conditions 

Under in vivo conditions, the roll-on that is employed as the active electrode in the tmt 

system is gently massaged onto the skin surface to disperse the gel over the 

application area and simultaneously apply the electrical current.  Since the roll-on is 

continuously moved over the skin surface, it also means that the applied current is not 

localised at any given point on the skin for an extended period of time; thus avoiding 

the risk of localised burns that might occur if too high a current density is achieved in a 

small area.  The electrical circuit is completed by the individual holding the “return” 

electrode.  This configuration was modified to suit the in vitro conditions (Figure 9).  
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Figure 9: Experimental set-up for in vitro permeation studies.  The formulation was 

applied directly to the skin surface using the roll-on with the device set at the 

appropriate polarity; the electrical circuit was completed by placing a return electrode in 

the sampling arm of the Franz cell which was in contact with the receiver phase. 

  

 
 

The roll-on was applied to the epidermal skin surface and the return electrode was 

placed in contact with the receiver phase solution through the sampling arm of the 

Franz cell.  It was initially intended to simulate in vivo application under in vitro 

condition with the skin mounted on a Franz cell, and the massage action duplicated by 

gently moving the roll-on in a circular manner over the application area.  However, the 

preliminary experiments showed that the movement of the roll-on damaged the pig ear 

skin – in particular, tearing it at the edges in contact with the glass surface of the 

diffusion cell perimeter; thus leading to leaks and hence invalidating the experiments. 

 

Although massaging allows the gel to be spread on the skin, there is no evidence that 

mechanical movement enhances penetration of the formulation components into the 

stratum corneum.  Therefore, it was decided to simply place the roll-on in contact with 

the skin without any movement across the skin surface, in order to focus our attention 

on the enhancing effect of the current application.  As a consequence it was necessary 

to adjust the electrical parameter setting of the tmt system so as to avoid skin 

burning due to any possible localised high voltage or current density applied on a small 

skin area. 

 

In preliminary experiments the roll-on electrode was applied on the skin, according to 

the experimental set-up above described, using the “Anti-cellulite” program at 50% 

channel intensity for 20 minutes.  The current and the voltage, continuously monitored 

by a digital multimeter, indicated maximum values of 12 V and 3.3 mA/cm2, 

respectively.  At the end of the experiments, the skin samples were examined and were 

found to be burned, probably due to the very high local current intensity.  

Comentario [fm1]: Moved  
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Thus, the experimental conditions were modified; using the same set-up but a much 

lower (12%) channel intensity.  Under these conditions, the maximum voltage was 1.2 

V and the maximum current density was 1.3 mA/cm2.  The density of current was still 

considered too high.  It should be noted that reports in the literature suggest that the 

maximum tolerable current density for continuous in vivo iontophoresis is ~0.50 

mA/cm2 [17].  However, the current generated by tmt system is not continuous, but 

pulsatile, with very short-duration pulses (150-1280 microseconds) separated by a few 

milliseconds. This specially designed equipment is able generate electrical impulses, 

that return to a baseline reference current, as confirmed by monitoring of the electrical 

impulses during the permeation experiments.  Thus, there is a skin relaxation period 

before the next peak in voltage/current.  The presence of skin relaxation and the use of 

the “pulsed” signal may allow higher voltage and current intensities to be tolerated in 

vivo than would be the case for a continuous constant current. 

  

5.4.2 Caffeine 

The first skin transport experiments into the enhancement of caffeine delivery were 

conducted using the experimental set-up shown in Figure 10. 

 

Figure 10:  Experimental set-up for the skin penetration experiments. 
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The return electrode was placed in contact with the dermis which was hydrated with 

buffer solution.  These experiments measured caffeine penetration into the skin.  The 

results are shown in Figure 11. 
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Figure 11:  Caffeine accumulation in the skin following skin penetration experiments; 

treatment duration 20 min. 

 
 

Under these conditions, there was no statistically significant difference between 

passive caffeine penetration and that observed with skin treatment with the tmt 

system.   From, a practical standpoint, it was difficult to ensure that the electrical 

circuit was completed throughout the experiment, thus in subsequent experiments we 

reverted to the Franz cell set-up shown in Figure 9. 

 

Caffeine is a low molecular weight hydrophilic neutral molecule (MW 194.14; log P -

0.07).  Its small size facilitates its passive diffusion in the membrane. Since it is 

uncharged, any enhancement of its transport due to the action of the tmt system can 

be attributed to electroosmosis and increased passive diffusion through micropores 

created by electroporation.   

 

In the next experiment we determined caffeine accumulation in the skin using two 

experimental conditions:  (i) passive and electrically assisted delivery for 20 minutes 

and (ii) 80 minutes of passive diffusion was compared to 20 minutes electrotransport 

followed by 60 minutes passive diffusion (Figure 12).  Under these conditions, there 

was a statistically significant difference (2.1-fold increase; p<0.05) in caffeine 

accumulation after 20 minutes passive diffusion and electrically-assisted delivery with 

the tmt system (12% intensity).  However, there was no statistical difference 

observed between 80 minutes passive diffusion and 20 minutes electrotreatment 

followed by 60 minutes passive diffusion.  Under these conditions, the longer duration 

of the passive diffusion means that any initial differences due to improved kinetics with 

electrotreatment are masked and together with the intrinsic variability of skin 

permeation experiments make it impossible to demonstrate any advantage of the tmt 

system .       

 

Thus, it may be advisable to use shorter permeation times in order to demonstrate the 

enhancing effect of electrotreatment with the tmt system for the permeation of 

uncharged molecules since longer duration “passive” permeation steps will prevent 

discrimination between the passive and electrically enhanced transport.   
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Figure 12: Skin accumulation of caffeine following 20 minutes of either passive 

diffusion or iontophoretic current application; a statistically significant difference was 

observed between the two treatments for the 20 minute application time (EF = 2.1).  

However, there was no difference when 80 minute passive permeation was compared 

to 20 minutes electrotreatment followed by 60 minutes passive permeation. 

 

 
 

In order to investigate the effect of the power setting on caffeine accumulation in the 

skin, the power was raised from 12% to 20%; however, the caffeine transport at the 

20% setting was much lower than at 12% - statistically equivalent to passive 

permeation.  This unexpected result was attributed to problems with the skin samples 

but a systematic investigation of the effect of intensity on transport should be 

conducted.  In theory, increasing the intensity should increase skin permeation, 

although the effect may be less significant for neutral molecules.  

 

The data presented above refer to the amounts determined within the skin samples 

where it was certain that the skin was undamaged – in these cases, no caffeine was 

detected in the receiver compartment, a reasonable assumption given these relatively 

short permeation times.  In other experiments, high levels of caffeine were measured in 

the receiver but these were assumed to be the result of permeation through damaged 

skins (e.g., torn by roll-on application) and the data were not retained. 

 

5.4.3 NAP 

The effect of tmt system treatment on NAP accumulation was investigated in a 

second series of experiments (as described above).  NAP is a low molecular weight 

anion and will be primarily transported by electromigration from the cathode. 

 

 Figure 13 shows the results from in vitro studies that compared the amount of NAP 

recovered from the skin following tmt system treatment with “Anti-aging” formulation 
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with that found after simple, passive treatment.  The formulation was applied using two 

different conditions: (i) passive and electrically assisted delivery for 20 minutes and (ii) 

80 minutes of passive diffusion was compared to 20 minutes electrotransport followed 

by 60 minutes passive diffusion.  Electrically-assisted delivery is clearly superior as 

evidenced by the 7.2-fold and 14.9-fold increases in the amount of NAP recovered from 

the skin after the respective treatments. 

 

Figure 13: Iontophoretic current application significantly increased the cumulative 

delivery of sodium ascorbyl phosphate (a precursor of ascorbic acid).            

 

As for caffeine, these data represent the amount of NAP recovered from the skin 

samples.  The amount of NAP recovered from the receiver compartments showed 

significant variability and this was probably due to permeation through damaged skins 

and these data were not analysed any further.    

 

Subsequent experiments compared 20 minutes electrotreatment followed by 120 

minutes passive permeation with 140 minutes of passive permeation.  However, for 

these experiments, the EF was only 1.31 and there was no statistically significant 

difference found between the two treatments.  This may have been due to problems 

with the skin but the result is difficult to explain. 

 

Although the assay method was capable of distinguishing between NAP and AA, only 

the former was detected in the skin samples. 

 

5.5 Laser scanning confocal microscopy experiments 

 

Confocal microscopy is an extremely powerful method to visualise the permeation of 

fluorescent molecules through the skin (Figure 14).  Since this technique captures light 

from different horizontal (or “xy”) focal planes, it can be used to monitor the 

fluorescence of a suitable probe molecule from different layers within the skin – ranging 

from the rough skin surface and the upper layers of the stratum corneum deep into the 
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viable epidermis.  Using the appropriate software it is then possible to treat the images 

“digitally” to extract information from each “horizontal” plane to build a vertical “xz” 

cross-section, the so-called “optical slice”.   

 

Figure 14:  Schematic representation of a confocal microscope and the main light 

pathways in the device (www.microscopyu.com). 

 

 
 

In these experiments a bright green fluorescent dye, calcein, which is negatively 

charged (-4) in aqueous solution, was applied to the skin surface in the absence or 

presence of an electric potential provided by the tmt system  (Figure 15).  The same 

experimental set-up was used as for the skin permeation experiments.   

 

Figure 15: Experimental set-up for the confocal microscopy experiments.  (a) The roll-

on was used to apply the gel containing the calcein.  The circuit was completed by 

inserting an Ag/AgCl electrode into the sampling arm of the receiver compartment.  (b) 

The control experiments were performed using the same set-up but in the absence of 

an electric field.   
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Figure 16: Representative confocal microscopy images (from different skin samples) 

showing the effect of 20 minute current application on the permeation of calcein into 

the skin.  Electrotreatment (E-treatment) clearly enabled the anionic fluorescent marker 

to reach much deeper into the skin (Series II), penetrating into the lower epidermis.  

The “XZ-plane” signifies that the image represents a vertical cross-section through the 

skin sample.  

 

   (Series I)    (Series II) 

 

 

Due to its physicochemical properties calcein is unable to diffuse passively across the 

stratum corneum.  Thus, in the control experiment, calcein was localised at the skin 

surface, unable to penetrate into the lipophilic stratum corneum.  In contrast, 

electrotreatment increased skin permeability and enabled calcein to penetrate much 

further, reaching deep into the viable epidermis – as evidenced by the uniform degree 

of fluorescence observed.  Permeabilisation of the stratum corneum by the tmt 

system might facilitate the entry of hydrophilic substances by increasing the 

membrane’s water content helping to solubilise polar and charged permeants.  

 

 

6. CONCLUSIONS AND FUTURE STUDIES 

 

The results have demonstrated that skin treatment with the tmt system is an effective 

means to increase the delivery of both neutral (caffeine) and charged (NAP) 

cosmeceuticals into the skin.  However, it is more efficient for the transport of charged 

molecules, such as NAP, since electromigration is a more efficient driving force than 

either electroosmosis or enhanced passive diffusion through micropores.  It was not 

possible in these experiments to establish the relationship between power intensity and 

cumulative delivery.  This merits investigation and may be better tested with other 

model compounds, e.g., lidocaine.      
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The mechanical massage and the application over a large surface area by the roll-on, 

which is the suggested procedure for clinical use of the tmt system, could not be 

replicated in vitro using the Franz diffusion cell set-up due to the damage and tearing 

caused by the weight of the roll-on on the dermatomed skin samples.  Furthermore, 

since the application area in vitro was reduced as compared to in vivo, the power 

intensity had to be decreased accordingly in order to prevent skin burning due to 

excessive current densities.  Therefore, we can envisage tentatively that delivery of 

these molecules should be higher in vivo where it is possible to use the increased 

power settings as the application area is much greater and the probe is continuously 

moved across the skin surface without remaining in contact with a specific site for an 

extended period of time. 

  

The laser scanning confocal microscopy images clearly show the permeabilising effect 

of the tmt system on barrier function – as evidenced by the dramatic increase in 

calcein fluorescence, which can be detected at much deeper levels within the viable 

epidermis.  As is the case with NAP, calcein is an anion under physiological conditions 

and benefits from electromigration to drive it across the skin.   

 

However, to-date we have been unable to identify the effect of electrotreatment on the 

permeation of more complex formulation components such as plant extracts due to 

limitations with the analytical methods.  In future studies, it will be interesting to 

determine how the transport of these higher molecular weight species is affected by 

tmt system treatment.  The experimental set-up should also be optimised – perhaps 

including the use of full-thickness skins, which may be more mechanically resistant to 

the application of the roll-on and hence enable transdermal permeation to be 

determined in conjunction with the amount of substance recovered from within the 

membrane.  Furthermore, other studies could be used to investigate the effect of the 

applied waveform and whether its modification can be used to improve the transport 

kinetics of specific molecules.  
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