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Abstract

Background: In  vitro skin  permeation  experiments  are  highly  relevant  for 

pharmaceutical, cosmetic, agricultural developments and regulatory evaluation. A 

key requirement is  the skin  barrier  integrity,  that  is accompanied by an intact  

stratum corneum (SC) which implements high skin quality. A variety of integrity 

tests  are  currently  available,  e.g.,  measurement  of  transepidermal  water  loss, 

monitoring the permeation of tritiated water and the measurement of transdermal 

electrical resistance (TER). 

Objective: We aimed  for  a  non-destructive  examination  of  barrier  integrity  as 

quality control system, based on TER. 

Methods: We compared three human in vitro skin models with focus on their TER 

and permeation properties. The skin integrity was impaired to mimic conditions of 

skin during age, lifestyle (e.g. shaving) or diseases (e.g. obesity, psoriasis and 

atopic dermatitis). The OECD permeation marker caffeine was correlated to the 

corresponding TER value. 
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Results: A correlation between both was obtained by having a Pearson coefficient 

of -0.830. Hereby, a minimum TER value for intact skin samples of 1.77 kΩ*cm² 

was  suggested.  Intact  samples  are  significant  different  (α = ≤  0.05)  to  their 

impaired counterparts in flux and TER values. 

Conclusion:  The  new  SkinTER  instrument  gives  a  quick  and  non-invasive 

feedback on skin quality before a permeation experiment. 
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Abbreviations:
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SCCS: Scientific Committee on Consumer Safety, TTS: Transdermal therapeutic 

system,  TEWL:  Transepidermal  water  loss;  TER:  Transdermal  electrical 
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1. Introduction  

The  European  directive  2010/63/EU  emphasizes  the  importance  of  the 

replacement,  refinement and  reduction of animal testing (3R´s) [1].  Successful 

established  in vitro tests providing safety and efficacy data will  replace animal 

testing  in  future.  Safety  related  issues  address  acute  skin  damage  or 

immunological reactions, such as the in vitro skin sensitization guideline provided 

by the Organization for Economic Cooperation and Development (OECD). This 

guideline  is  based  on  various  human  cell  lines,  which  are  investigated  in 

consecutive  key  events  [2].  Efficacy  related  questions  are  linked  to  skin 

penetration or permeation testing. 

The OECD guideline 428 and the guidance document for the conduct of  skin 

absorption studies describe permeation studies in detail  [3,4].  Alongside these 

documents,  the  Scientific  Committee  on  Consumer  Safety  (SCCS)  and  the 

European Food Safety Authority (EFSA) summarizes the implementation on skin 

absorption  assays  with  focus  on  cosmetic  ingredients  and  plant  protection 

products,  respectively  [5,6].  Drug  permeation  through  skin  depends  on  many 



factors.  One  of  them is  the  constitution  of  the  epidermis,  which  protects  the 

human from environmental influences (outside-in) and regulates the ejection of 

fluids, electrolytes and proteins (inside-out)  [7,8]. Followed by this main barrier, 

keratinocytes  are  the  predominate  epithelial  cells,  which  undergo  a  complex 

differentiation process through the different epidermis layers. These cells finally 

differentiate  in  large,  flattened  and  dead  corneocytes  [7] connected  by 

corneodesmosomes  [8] and  tight  junction  (TJ)  remnants  [9],  that  forms  the 

outmost layer of the epidermis -  stratum corneum (SC). These cell arrangement 

of  the  SC is  often  described as  brick-mortal  model  in  literature.  Between the 

corneocytes  (bricks)  a  densely  packed  lipid  layer  is  localized  (mortal)  [9]. 

Alongside the SC, TJs, localized in the stratum granulosum (SG), play a further 

role in barrier integrity and are mainly responsible for the paracellular pathway of 

molecules [8,9]. 

Preparation steps with a dermatome or subcutaneous fat excision can result in 

mechanical  damage,  which  is  not  visible  by  eye.  Such  an  impaired  stratum 

corneum or even a complete destroyed epidermis can dramatically increase the 

permeability  of  the  tested  compound  [10],  which  subsequently  leads  to  false 

interpreted results.  Consequently,  further  expensive  repetitions  of  experiments 

are necessary which could be avoided by a previously controlled skin quality. 

In this context, barrier integrity is a central element for  in vitro studies and also 

required by the OECD through execution of skin integrity tests [3]. In addition, the 

EMA  (European  Medicines  Agency)  published  the  guideline  on  quality  of 

transdermal  patches  (EMA/CHMP/QWP/608924/2014)  which  requires  a 

demonstration of barrier integrity testing for pivotal studies [11]. Various standard 

procedures for integrity testing are suggested in the guidance document - TEWL 

(transepidermal  water  loss),  TER (transdermal  electrical  resistance)  and  TWF 

(tritiated water flux) [4]. The selection of the best method is challenging, as each 

of  it  bears  advantages  and  disadvantages.  TWF  is  a  well-established  and 

documented method  [12]. Due to the radioactive materials, a license to handle 

these  substances  and  well-trained  personnel  is  required.  Furthermore,  the 

method is time consuming and could lead to an artificial hydration effect of the 

skin [13]. Nonetheless, TWL show a linear relationship to TER values, which was 

demonstrate by Lawrence et al.  [14]. TEWL offers an alternative to TWF and is 

comparatively rapid, non-invasive and is also used for in vivo studies. It measures 



the  permeation  of  water  through the  skin  (inside-out)  [9].  In  terms of  in  vitro 

experiments many working groups investigated TEWL with varied skin models 

and attempt to find a correlation between TEWL and TWF. However, there is a 

disagreement about  the suitability  of  the method. For  instance, Chilcott  et al., 

reported in 2002 that no correlation between TWF and TEWL could be observed. 

Moreover, no interrelationship between TEWL and physical damage was found 

[15]. In contrast, a Scottish working group found a good linear correlation between 

TWF  and  TEWL  (R²=0.80,  n=62)  [16].  They  mentioned,  that  TEWL 

measurements are influenced by varied factors e.g. the used device (open and 

closed  chamber),  the  method  to  couple  the  device  to  the  diffusion  cells  and 

different receptor solutions [16]. Netzlaff et al. reported that TEWL is limited in the 

prediction  of  several  damaged  skin  samples.  In  addition,  reproducible  TEWL 

measurements depend on critical  factors which need to be considered as well 

(e.g. equilibration time, correct sensor distance) [17]. 

As  an  alternative  to  TEWL,  electrical  resistance (TER)  is  a  quick  and  robust 

method  for  measurements  of  barrier  integrity.  Davies  et  al.  found  a  high 

correlation between TER and TWF, which was confirmed by Fasano et al. [18,19]. 

Furthermore, a linear reduction of TER values after skin incubation with various 

concentrations of SDS was found in 2018 (R²=0.81) [20]. Guth et al. investigated 

and compared pre- (TER, TEWL and TWF), concurrent (ISTD: H3-labeled internal 

standard added to C14-labeled test compound) and post- (BLUE: methylene blue) 

barrier study tests. In contrast to the standard methods, which were applied as 

pre-study, ISTD offers a feedback during the whole experiment, which brings an 

advantage to the standard procedures [12]. However, to be able to use ISTD as 

quality  control,  the  internal  standard  should  not  influence  the  thermodynamic 

effect of the test compound itself. Furthermore, the logP (octanol-water partition 

coefficient)  values of  the test  and reference compound should be in a  similar 

range [4].

In summary, there is still a need for an easy-to-use and reliable instrument which 

is able to provide data on skin integrity on a non-destructive basis. In this study,  

we investigated and established a device that measures transdermal electrical 

resistance in a fast and accurate way. Overall, we examined three different skin 

models (DMS: dermatomed skin,  FTS: full  thickness skin,  HHSE: human heat 

separated  skin,  n=3  donors)  with  varied  impairment  intensities.  Finally,  a 



correlation between flux, skin impairment and TER was performed for identifying 

a threshold recommended for skin quality control. 

2. Material and Methods  

Chemicals & Materials

Acetonitrile (Sigma Aldrich, CAS: 75-05-8), Caffeine (Sigma Aldrich, CAS: 58-08-

2),  Formic  acid  (Carl  Roth,  CAS:  64-18-6),  Potassium  chloride  (Carl  Roth, 

CAS:7447-40-7),   Potassium dihydrogen phosphate anhydrous (Carl Roth, CAS: 

7778-77-0), Na2HPO4 (Sigma Aldrich, CAS: 7558-79-4),  Sodium chloride (Carl 

Roth, CAS 7647-14-5), 1x Dulbecco´s phosphate-buffered saline (DPBS) (gibco), 

Water  (aqua  valde  purificata,  Ph.  Eur.  01/2009:1927)  was  prepared  with  a 

qualified Puranity TU 12 UV/UF system, tesa® strips crystal clear (Beiersdorf), 

Medicell® dialysis membrane (Size 12, cut off 12-14 kDa), Sterican® cannula 0.9 

X 40 mm, Braun® Aesculap dermtome blades GB228R.

Skin preparations

Human  abdominal  skin  excised  from  plastic  surgery  was  used  (approved  by 

ethical committee of the “Ärztekammer des Saarlandes” – 84/18). Subcutaneous 

fat was removed and skin was stored at -20 to -25°C (maximum storage duration 

up to 24 months). In total, six donors were used with different storage duration, 

age and gender (Table 1).

Full  thickness skin samples were prepared by punching out frozen degreased 

skin.  Split  skin/dermatomized  skin  was  prepared  with  an  Aesculap  GA  630 

dermatome. Skin stripes in a thickness of 500 µm ± 100 µm were prepared and 

punched with  a  diameter  of  25  mm. Complete  removal  of  the  epidermis  was 

achieved  by  heat  separation  at  60°C for  90  seconds.  All  skin  samples  were 

thawed before impairment procedure and permeation experiment.

Impairment procedure

To achieve various stages of impairments, DMS and FTS samples were injured 

by tape stripping method with different numbers of stripes. HHSE was fixed on a 



styrofoam plate and punctured using sterican® cannula (diameter 0.9 mm) with 

varied numbers of holes. We achieved different impairment intensities, which are 

subsequently declared as  level 1 (moderate impairment, means: 5-10 strips for 

DMS and FTS and 3-4 holes for HHSE), level 2 (severe impairment, means: 10-

15 strips for DMS and FTS and 6 holes for HHSE) and intact skin samples.

In vitro permeation study

The transport study was performed with an automatic Hanson Vision Microette 

system (qualified device). Technical parameters of the Vertical Diffusion cells are 

in accordance as described in USP TDS Chapter 725  [21]. The Hanson Vision 

Microette includes vertical diffusion cells, whose acceptor and donor compartment 

are separated by skin samples or synthetic membranes. The exact volume of 

each VDC was determined in advance (approximate 7 mL). The diameter of the 

orifice  is  15  mm,  which  leads  to  a  diffusion  area  of  1.77  cm².  Degassed 

phosphate-buffered  saline  (PBS)  was  used  as  acceptor  medium,  which  was 

continuously stirred at 300 rpm during the whole study. The temperature of the 

VDC was 32°C ± 1°C, maintained by circulating water. Samples of 1 mL were 

collected after 0, 1, 2, 3, 6, 8, 12, 18, 24, 36 and 48 h. An infinite dose of 500 µL  

caffeine (1 mg/mL) in  1xDPBS buffer  was applied to  the donor  compartment. 

Each skin disc was supported by a medicell membrane (Size 12, cut off 12-14 

kDa) with a diameter of 35 mm. 

HPLC analysis

20 µL of each sample was analyzed using a HPLC System (Accela PDA Detector, 

Autosampler, 1250 Pump). Caffeine was injected to a Nucleodur RP Column C18 

end  capped  with  a  size  of  150  x  4.6  mm.  The  isocratic  mobile  phase  was 

acetonitrile-water (+0.1% FA) (10:90) at a flow rate of 1 mL/min. Caffeine was 

detected  at  270  nm.  A  standard  concentration  curve  was  prepared  for  each 

experiment, in a concentration range from 0.1 – 100 µg/mL (R² = 0.99). 

Integrity test via transdermal electrical resistance (TER)

The  prototype  of  the  “SkinTER”  consists  of  a  specially  developed  pair  of 

electrodes, a mechanical axis for simplified handling and the electronics in the 



base,  which provide the data for  direct  quality  display  and archiving  via  USB 

computer interface (

Figure  1).  Skin  samples  are  embedded  between  two  soft  silicone  rings,  that 

protects the skin of mechanical damage. 

The electrodes have an active area of 110 mm² max. (diameter ~13 mm). The 

hole in the electrode supports the escape of air of the vertical electrode space 

when filled with buffer. The periodic rectangular excitation at 1000Hz and Û = 5V 

is  applied  for  measurement.  The  measuring  system  calculates  the  effective 

resistance based on the measured voltage and the flowing current. The current 

profile  is  determined  in  series  with  the  measurement  sample  using  a  shunt 

resistor.  TER  was  measured  in  1xDPBS  buffer  to  ensure  a  constant  ion 

concentration. All experiments were performed at room temperature. In order to 

proof  the  functionality  and  reproducibility  of  the  electrodes,  five  standard 

resistances were developed, which cover a large range from approx. 1 – 7 kΩ per 

diffusion  area  (110  mm²).  Before  each  permeation  experiment,  the  standards 

were measured to ensure the functionality of the instrument. Each skin disc was 

measured three times after damaging and before the permeation experiment. 

Data handling and statistical analysis

Cumulative masses of caffeine were calculated and plotted against time [h]. At 

least 5 data points were chosen to perform linear regression for determining the 

flux value. Statistical evaluation was done with Welch´s t-Test (α=0.05).

3. Results  

Comparison of Flux and TER values within skin models 

Cumulative  mass was calculated  by  using  the  linear  equation  of  the  caffeine 

standard curve (R2= 0.99). Caffeine mass [µg/cm²] was plotted against time [h]. 

The slope of the curve, which corresponds to the flux [µg/cm²/h] value was used 

for statistical analysis. Permeation study was performed with six vertical diffusion 

cells  per experiment.  Each  experiment  included  one  donor,  n=2  damaging 

intensities (level 1 and 2) and n=2 intact samples were used. In summary three 

skin models were compared. HHSE was damaged via puncturing method, DMS 



and FTS were damaged via tape stripping method. We observed less TER values 

of damaged samples when compared to intact skin samples (Table 2).

The mean TER [Ω*cm²] value, which was measured before the permeation study 

is shown in Figure 2 (a). Each column represents the mean value out of three 

different donors. Statistical analysis was performed with the Software Origin Pro 

2019  by  Welch´s  test  (t-test).  HHSE  samples  show  a  significant  difference 

between intact and damaged skin. Between level 1 and 2 damage no significant 

difference  was  found.  DMS  and  FTS  are  significant  different  in  all  damage 

groups. We observed that intact HHSE is significantly different to level 1 and 2 

damaged intensities. Flux values of FTS are significant different in level 2 and 

intact skin samples. The flux of DMS is significantly different in all  tested skin 

models (Figure 2 (b)). All data are summarized in Table 3. TER and Flux of intact 

and impaired skin have a counterwise behaviour which is ideal for estimating skin 

quality (Figure 4).

Correlation of TER and flux values

Measured  flux  rates  were  correlated  to  the  mean  TER  value  (n  =  3 

measurements).  TER  values  were  plotted  against  flux  values  (Figure  3 (a)). 

For a correlation assessment a regression analysis was performed by using the 

software  Origin Pro  2019.  A  Pearson  coefficient  of  -0.830  was  found  with  a 

corresponding  R²  of  0.682  (Figure  3  (b)).  Individual  skin  model  comparison 

emphasized  the  most  promising  Pearson  coefficient  for  DMS (Pearson´s  r:  -

0.924, R²: 0.844), compared to FTS (Pearson´s r: - 0.877, R²: 0.752) and HHSE 

(Pearson´s  r:  -0.892,  R²:  0.782).  We suggest  a  cut-off  value  of  approx.  1.77 

kΩ*cm² as shown in Figure 3 for skin quality control. TER values smaller than the 

cut  off  will  lead to  an uncontrolled increase of  the Flux,  leading to  significant 

problems when performing a transport study.

2. Discussion  

Drug permeation through skin takes place in different ways and depends on the 

substance  properties  e.g.  octanol-water  partition  coefficient.  The  paracellular 

route  offers  drug  permeation  through  a  high  lipophilic  compartment,  whereas 

transcellular routes are mainly characterized by protein enriched cells and lipid 

regions [22,23]. The principle of TER measurements is based on the transport of 

dissolved ions through skin in an electric field  [23]. The greatest barrier for ions 

builds  the  SC,  that  is  mainly  induced  through  the  lipophilic  and  high  dense 

structure  [24].  TER  measurements  are  performed  at  one  frequency,  which 
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measures  the  overall  barrier  to  ions,  whereby  no  difference  between  both 

mechanisms  [7] and the main barriers SC and TJs  [9] as mentioned before is 

detectable.  In  contrast  to  this,  impedance  spectroscopy  offers  an  alternative, 

which  measures  at  varied  frequencies  and  allows  more  detailed  information. 

Impedance  measurement  enables  the  assessment  of  mild  irritants  on 

reconstructed  human  epidermis  models  in  a  non-destructive  pattern  [25].  In 

addition, Lotz et al. demonstrate a more sensitive in vitro test system on cornea 

epithelium, that allows identification of small  barrier changes, by employing an 

impedance  spectroscopy  [26].  Usually  high  TER  values  emphasized  intact 

barriers and devolve into reduced flux values. Nonetheless, large molecules and 

ions  are  likely  diffuse  in  different  ways  [7],  which  can  lead  to  inconsistent 

statements. In our study we used low permeable (integrity marker) caffeine (MW 

194.8 g/mol, logP -0.08) as tracer substance and found a good correlation to TER 

values  (-0.830  Pearson  coefficient).  However,  it  is  questionable  if  the 

transferability  to  more  lipophilic  molecules  is  guaranteed.  The  relationship 

between  resistance  data  and  permeability  coefficient  data  of  three 

physicochemical  different  permeants  show  good  linear  correlations  for  the 

hydrophilic compounds urea (R²: 0.9388) and mannitol (R²: 0.745), respectively 

[27].  In  contrast,  the  lipophilic  model  permeant  corticosterone  exhibits  no 

correlation (R²: 0.0015) [27], which is mainly based of the hydrophilic transport of 

ions. In addition to this, a large permeation study using fentanyl TTS with more 

than 200 skin samples emphasized a moderate correlation between flux and the 

previous applied integrity tests TEWL and skin conductance (R²: 0.15 – 0.17) [28]. 

This is likely induced by the lipophilicity of fentanyl (logP 4.05, MW 336.5 Da) and 

the cationic structure in physiological pH, which enables diffusion opportunities 

via  polar  and  lipoidal  pathways  [28].  The  OECD TG 430  utilize  in  vitro TER 

method to identify corrosive substances tested on rat skin [29]. Data interpretation 

is ascertained by TER drop in relation to the negative (distilled water) and positive 

(10  M  HCl)  controls  [29].  In  addition,  Wei  et  al.  use  TEER  measurements 

alongside  to  viability  testing  and  cytokine  (IL-1α,  IL-18)  release,  to  identify 

potential  irritants  of  advanced  cellular  models  [30].  This  readout  combination 

offers  an  in  vitro tool  to  give  a  comprehensive  evidence  of  potential  hazard 

substances  [30].  In  our  study  we  used  TER  measurements  to  give  a  quick 



evidence on skin quality. Varied influences by mechanical damage, UV radiation 

or skin diseases, could affect the skin barrier as well.

Tape stripping and puncturing was implemented to address skin damage. Tape 

stripping  is  a  well-established  and  low-cost  method.  Certainly,  it  is  time 

consuming, which offers especially for high sample quantities a less attractive 

method  [31].  The  usage  of  aluminum  coated  sponge  enables  a  promising 

alternative,  which  was  shown in  a  comparative  study  in  2014.  No  significant 

difference  of  substance  uptake  between  tape  stripping  and  aluminum coated 

sponge  was  found  for  porcine  skin  (ear)  [31].  Musazzi  et  al. found  a  good 

correlation  of  TER values  and  incubation  with  varied  SDS concentrations  on 

human epidermis.  They reported  a linear  association  between TER and SDS 

concentrations (R² = 0.81), which offers a further alternative. These results and 

the assumed cut-off value of 20-25 kΩ*cm² were confirmed with permeation data 

where caffeine as hydrophilic model drug and benzoic acid as lipophilic model 

drug were used [20]. However, tape stripping is a suitable method to achieve a 

controlled reduction in barrier integrity. We found a significant decrease in TER 

and an increase of flux values in each group for dermatomed skin samples, that 

could allow a distinguish of severe and moderate impairment detected via TER. 

Nonetheless, HHSE showed a moderate difference, which might be improved by 

a more standardized skin damaging. When intact skin samples and both impairing 

intensities are compared, a significant dependency was found for flux and TER 

values (flux p=3.18E-8, TER p=1.33E-6) (Figure 4).

Excised  human  skin  is  regarded  as  gold  standard  for  absorption  testing.  

Nevertheless, we observed high standard deviations with CV values of 31 – 55% 

for TER and 50 – 100% for flux values, when all skin models are summarized. 

Guth et al. have shown a CV of 43% in electrical resistance values [12], which is 

in  line with  the currently  reported data.  A large multicenter  comparison study 

investigated the absorption of three compounds in ten independent laboratories. 

They found CV´s of 12 – 94 % for caffeine [32]. Donor properties like age, race, 

gender and the anatomical site influences the absorption of drugs [33,34]. In our 

study we used six different donors of various constitutions, which could explain a 

broader data distribution. Furthermore, skin thickness is another decisive factor. 

A comparative study has shown, that the absorption profile can differ from DMS 



to FTS significantly by considering substance properties. However, the absorption 

of caffeine as a high hydrophilic substance is not significantly different (p > 0.05) 

[35]. When focusing on the used skin models, we found that DMS has the lowest 

scattering in values and the best correlation (R² = 0.844), in contrast to HHSE 

and  FTS.  The  usage  of  HHSE always  offers  the  possibility  that  small  holes 

caused by existing hair follicles influence the permeation, which could lead to the 

observed variations. 

TER values are influenced by a variety of factors and most importantly the system 

used. For instance, Oh et al. reported a high buffer dependency, because a high 

ion concentration leads to decreased TER values and vice versa. In addition, high 

temperatures resulting  in  reduced TER values [36]. In  the  current  study both 

influencing  factors  were  minimized  by  using  purchased  1xDPBS  buffer  and 

carrying  out  the  experiments  at  room  temperature.  System  functionality  was 

ensured by using five reference resistances in a range of 1 – 7 kΩ (R²= 0.9537). 

Simultaneity, a monitoring of the electrode durability is possible. In summary, this 

proof  of  concept  study  shows  that  TER  can  be  measured  easily  with  an 

instrument such as the SkinTER and serves as a fast and reliable parameter for  

skin quality control. 
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Tables 

Table 1 Donor information.

Donor No. Gender Age Storage duration
735 male *1997 15 months
739 female *1989 11 months
740 female *1982 10 months
15 female *1972 6 months
21 female *1991 4 months
23 male *1967 3 months

Table 2 Summary of caffeine flux calculation in comparison to TER of the different skin models FTS, 
DMS and HHSE on intact, level 1 and level 2 (mean ± SD and Coefficient of Variation (CV) %).

intact level 1 level 2

TER 
[Ω*cm²]

Flux 
[µg/cm²/h]

TER 
[Ω*cm²]

Flux 
[µg/cm²/h]

TER 
[Ω*cm²]

Flux 
[µg/cm²/h]

n (all) 19 19 18 18 16 16
mean ± 

SD
5985.95 ± 
3087.55

0.34 ± 0.31 1108.97± 
387.67

3.05
± 3.00

560.87
± 173.69

4.92 ±
2.44

CV 51.58% 89.95% 34.96% 98.07% 30.97% 49.67%
n FTS 6 6 6 6 5 5

mean ± 
SD 

6664.74 ± 
3956.78 

0.25 ± 0.21 1217.66 ± 
284.62 

1.56 ± 1.18 537.49 ± 
204.61

4.91 ± 2.92

CV 59.37% 86.81% 23.37% 75.62% 38.07% 59.47%
n DMS 6 6 6 6 6 6
mean ± 

SD
4733.67 ± 
1610.12

0.28 ± 0.09 1144.11 ± 
497.88

0.99 ± 0.48 484.78 ± 
156.25

3.75 ± 1.82

CV 34.01% 33.44% 43.52% 48.75% 32.23% 48.60%
n HHSE 7 7 6 6 5 5
mean ± 

SD
6477.53 ± 
2872.77

0.47 ± 0.42 965.14 ± 
297.01

6.62 ± 2.47 675.55 ± 
68.73

6.34 ± 1.72

CV 44.35% 89.69% 30.77% 37.35% 10.17% 27.13%

Table 3 TER and Flux values of the skin samples (TER values of the prepared skin discs measured n=3,  
which allows mean, SD and CV calculation). * labeled values indicate technical problems, no flux  
calculation was attainable

Donor 
information

Stage of damage
TER [Ω*cm²]

Mean
[Ω*cm²] SD

CV 
[%]

Flux 
[µg/

cm²/h]n=1 n=2 n=3

Donor: 735
Skin model: 

DMS
 

Intact 4016.13 4359.51 4463.94 4279.86 191.30 4.47 0.36
Intact 3214.32 3228.48 3001.92 3148.24 103.63 3.29 0.34

Level 1 (10 strips) 1235.46 1161.12 1162.89 1186.4 34.63 2.92 1.06

Level 1 (10 strips) 784.11 784.11 752.25 773.49 15.02 1.94 1.91

Level 2 (15 strips) 414.18 417.72 419.49 417.13 2.21 0.53 3.75

Level 2 (15 strips) 410.64 410.64 414.1 411.82 1.67 0.41 4.4

Donor 739 Intact 3563.01 3724.08 3561.24 3616.11 76.35 2.11 0.22



Donor 
information

Stage of damage
TER [Ω*cm²]

Mean
[Ω*cm²] SD

CV 
[%]

Flux 
[µg/

cm²/h]n=1 n=2 n=3

Skin model: 
DMS

Intact 3501.0 3483.36 3469.2 3484.54 13.03 0.37 0.18

Level 1 (10 strips) 1509.81 1557.6 1557.6 1541.67 22.53 1.46 0.63

Level 1 (10 strips) 1807.17 1925.76 1828.4 1853.78 51.63 2.79 0.34

Level 2 (15 strips) 513.3 516.84 525.69 518.61 5.21 1.00 2.27

Level 2 (15 strips) 913.32 833.67 702.69 816.56 86.84 10.63 0.65

Donor 740
Skin model: 

DMS 

intact 6237.48 6782.64 6589.71 6536.61 225.71 3.45 0.41

intact 7368.51 7235.76 7405.68 7336.65 72.94 0.99 0.17

Level 1 (7 strips) 851.37 849.6 869.07 856.68 8.79 1.03 5.74

Level 1 (7 strips) 1412.46 1424.85 1428.39 1421.90 6.83 0.48 5.68

Level 2 (10 strips) 378.78 373.47 380.55 377.60 3.01 0.80 0.92

Level 2 (10 strips) 354.00 369.93 377.01 366.98 9.62 2.62 1.10

Donor: 735
Skin model: 

HHSE

intact 2155.86 3548.85 3508.14 3070.95 647.28 21.08 1.34

intact 3764.79 3407.25 3766.56 3646.20 168.96 4.63 0.22

intact 7233.99 6138.36 6244.56 6538.97 493.36 7.54 0.31

Level 1 (3 holes) 743.4 885 886.77 838.39 67.17 8.01 8.65

Level 1 (3 holes) 1497.42 1541.67 1456.71 1498.60 34.69 2.32 10.07

Level 2 (6 holes) 674.37 815.97 729.24 739.86 58.29 7.88 8.99

Donor 739
Skin model: 

HHSE

intact 11705.01 11457.21 11655.45 11605.89 107.06 0.92 0.16

Intact 4658.64 4320.57 4207.29 4395.50 191.73 4.36 0.19

Level 1 (3 holes) 913.32 1035.45 1035.4 994.7 57.57 5.7 6.23

Level 1 (3 holes) 1146.9 1154.04 1148.73 1149.91 3.01 0.26 4.84

Level 2 (6 holes) 837.21 746.94 739.86 774.67 44.32 5.72 7.66

Level 2 (6 holes) 555.78 656.67 649.59 620.68 45.98 5.09 5.09

Donor 740
Skin model: 

HHSE

intact 11697.93 8265.9 7591.53 9185.12 1798.03 19.58 0.21

intact 6807.42 6991.5 6901.23 6900.05 75.15 1.09 0.88

Level 1 (3 holes) 601.8 651.36 651.36 634.84 23.36 3.68 2.53

Level 1 (3 holes) 661.98 681.45 679.68 674.37 8.79 1.30 7.38

Level 2 (6 holes) 711.54 592.95 617.73 640.74 51.08 7.97 4.38

Level 2 (6 holes) 582.33 603.57 619.5 601.80 15.23 2.53 5.57

Donor 15
Skin model: 

FTS

intact 13834.32 14715.78 15413.16 14654.4 646.02 4.40 0

intact 9526.14 8308.38 8391.57 8742.03 555.49 6.35 0

Level 1 (10 strips) 1564.68 1761.15 1780.62 1702.15 97.53 5.73 1.72

Level 1 (10 strips) 923.94 961.11 971.73 952.26 20.49 2.1 4.04

Level 2 (15 strips) 961.11 890.31 900.93 917.45 31.18 3.40 4.05

Level 2 (15 strips) 307.98 311.52 325.68 315.06 7.65 2.43 10.71

Donor 23
Skin model: 

FTS

Intact 4187.82 4617.93 4580.76 4462.17 194.59 4.36 0.26

Intact 4278.09 4513.5 4568.37 4453.32 125.91 2.83 0.22

Level 1 (7 strips) 1134.57 1518.66 1552.29 1401.84 189.49 13.52 1.09

Level 1 (7 strips) 1293.87 1341.66 1254.93 1296.82 35.47 2.74 0.39

Level 2 (10 strips) 417.72 538.08 543.39 499.73 58.03 11.61 3.08

Level 2 (10 strips) 481.44 384.09 391.17 418.90 44.32 10.58 3.38

Donor 21
Skin model: 

FTS

Intact 3932.94 4014.36 4117.02 4021.44 75.32 1.87 0.39

intact 3403.71 3778.95 3782.49 3655.05 177.73 4.86 0.61

Level 1 (10 strips) 961.11 1139.88 1159.35 1086.78 89.22 8.21 1.07

Level 1 (10 strips) 674.37 969.96 954.03 866.12 135.74 15.68 1.02

Level 2 (15 strips) 555.78 557.55 495.6 536.31 28.80 5.37 3.32

Level 2 (15 strips) * 288.51 286.74 290.28 288.51 1.45 0.50 -



Figures

Figure 1

Figure 1 (a): Schematic illustration of the SkinTER. (b): Upper and lower electrode with covered by a 
soft silicone ring. (c): Prototype SkinTER, the first name was “Skin Resistor Measurement (SRM)” as 
mentioned in the label. 



Figure 2

Figure 2 (a) TER [Ω*cm²] value with the corresponding error bar for each skin model and the different damage intensity [dark grey: intact skin, mid grey: level 1,  
light grey: level 2; intact HHSE: n=7, level 1 HHSE: n=6, level 2 HHSE: n=5, intact DMS: n=6, level 1 DMS: n=6, level 2 DMS: n=6, intact FTS n=6, level 1 FTS: n=6, 
level 2 FTS: n=5). (b) Mean flux [µg/cm²/h] and corresponding error bar for each skin model and damage intensity [dark grey: intact skin, mid grey: level 1, light 
grey: level 2; intact HHSE: n=7, level 1 HHSE: n=6, level 2 HHSE: n=5, intact DMS: n=6, level 1 DMS: n=6, level 2 DMS: n=6, intact FTS n=6, level 1 FTS: n=6, level 2  
FTS: n=5). Statistical analysis was performed with Welch´s t-test.

 



Figure 3

Figure 3 Flux/TER correlation of all donors, in vitro skin models and impairment levels. No caffeine was transported by intact skin samples (FTS) of Donor 

15, which leads to flux value of 0 [µg/cm²/h]. Linear regression was performed with the Software Origin Pro 2019. The values for the regression analysis  

are: Slope: -1,132 ± 0.109, Pearson R: -0.830; coefficient of determination (COD, R²): 0.689, correlation R²: 0.682.



Figure 4

Figure 4 (a) Plot represents the mean TER values of intact skin samples (n=19, dark grey) and damaged skin samples (n=34, level 1 and 2 summarized, mid  

grey). (b) Plot represents the mean flux values of intact skin samples (n=19, dark grey) and damaged skin samples (n=34, level 1 and 2 summarized, mid  

grey). 


