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Abstract

Introduction: Skin provides critical barrier properties that enable terrestrial life. Myr-

iad research has focused on the “water barrier” to transepidermal water loss (TEWL)

despite there being a multitude of skin barrier properties. We asked what other bar-

rier properties may have been overlooked and compiled data demonstrating the “elec-

trolyte barrier” to be of potential clinical relevance.

Methods: A literature search was conducted through PubMed, Embase, Google

Scholar, and Web of Science databases for the following keywords: “transepidermal”

or “epidermal” or “cutaneous” or “skin” or “percutaneous” and “ion” or “sodium” or

“chloride” or “potassium” or “electrolyte” and “flux” or “egression.” Textbooks at the

University of California, San Francisco were also hand reviewed. Experimental studies

quantifying in vivo or ex vivo percutaneous egression of ions in response to human

skin barrier perturbation were included.

Results: Experimental damage to skin, mostly by tape-stripping, frequently induced

increased ion flux rates through the epidermis, in addition to increases in TEWL val-

ues. Interestingly, barrier perturbation did not always result in a concomitant rise in

TEWL and transepidermal ion flux rates, such as in delipidization, indicating a distinc-

tion between the two barriers.

Conclusion:Quantifying the percutaneous egression of ions in response to physical or

chemical alterations may offer additional data that are not to be captured with TEWL

studies exclusively. Continued efforts should bemade to: (1) advance this technique as

a method of assessing skin status and (2) enhance our understanding of other barriers

andmechanisms.

KEYWORDS

electrolyte efflux, percutaneous egression, skin electrolytes, transepidermal ion flux

1 INTRODUCTION

Mammalian skin maintains certain barrier properties that are neces-

sary to sustain human life, including those which impede water loss

outwardly through skin, resist percutaneous penetration of harmful

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. Skin Research and Technology published by JohnWiley & Sons Ltd.

substances inwardly, and maintain antimicrobial properties to inhibit

skin colonization by pathogenic microorganisms. To date, the vast

majority of skin barrier research has largely focused on external water

loss through the skin, referred to as transepidermal water loss (TEWL),

while newer research focusing on the complex relationship between
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the cutaneous microbiome, the skin, and the skin’s immune cells,

termed the “immune barrier,” has burgeoned. In light of the extensive

work already conducted to examine water loss through the skin, and

that is currently being conducted to examine the skin microbiome, we

propose that other cutaneous barriers of clinical relevance warrant

further thought and investigation. Specifically, the barrier to the

percutaneous egression, or the inside-to-outside movement of various

substances through the skin,1 of ions deserves further exploration

given their physiological importance within the context of bodily

functioning. Whereas percutaneous penetration of ions in human skin

is low,2 the percutaneous egression of ions can reach levels of clinical

significance. Indeed, severe consequences secondary to electrolyte

loss through the skin can occur in diseases that denude the cutaneous

barrier, including Staphylococcal scalded skin syndrome, pemphigus

vulgaris, and toxic epidermal necrolysis. Herein is a summary of the

literature examining the percutaneous egression of ions as a potential

marker of barrier integrity. However, another overlooked barrier to

consider is that which influences cutaneous respiration, or CO2 and

O2 gas exchange occurring through skin.
3

2 MATERIALS AND METHODS

A literature search was conducted within PubMed, Embase, Google

Scholar, and Web of Science databases. Keywords included “transepi-

dermal” or “epidermal” or “cutaneous” or “skin” or “percutaneous” and

“ion” or “sodium” or “chloride” or “potassium” or “electrolyte” and “flux”

or “egression.” Textbooks at the University of California, San Francisco

were hand reviewed. Only experimental articles quantifying the flux of

ions across the epidermis in vivo or ex vivo on human skin/human skin

samples were included. Note that the term “transepidermal ion flux”

will be used interchangeably with “percutaneous egression of ions” to

convey the samemeaning.

3 RESULTS

Anjo and Maibach4 utilized a combination chloride electrode to quan-

titativelymeasure the outward rate of transepidermal chloride ion flux

in vivo, with the chloride ion source likely originating from epidermal

interstitial fluid. A plexiglass block with a cavity was attached to the

various anatomical sites and received the electrode. The cavity was

filled with sodium nitrate solution, and chloride transport measure-

ments were made on the volar forearm, palm, dorsal hand, back, calf,

and dorsal forearm of undisturbed skin. TEWL was measured by using

ultrahigh purity nitrogen to direct a stream of gas through a sam-

pling cup covering skin into a MEECO electrolytic moisture analyzer,

where aphosphorus pentoxide filmwasused to absorb thewater vapor

before itwas then quantified electrolytically. Additional chloride trans-

port and TEWL measurements were taken after skin was disrupted

by topical agents known to alter the stratum corneum, including

dimethylsulfoxide (DMSO), acetone, 10% sodium dodecyl sulfate

(sodium lauryl sulfate), ethyl acetate, and distilled water control, as

well as cellophane tape-stripping until the surface glistened. Mea-

surements were also made on an individual with extensive anhidrotic

burn scars and compared to a control to determine the contribution of

eccrine sweat duct activity to TEWL and chloride transport.

Of the topical agents tested, DMSO was the only compound to

significantly enhance chloride transport rates through the epidermis.

Notably, Anjo and Maibach4 reported that enhanced chloride flux was

detectable prior to visible erythema, and with no apparent change

in TEWL, indicating the sensitivity of chloride transport rates over

TEWL for the detection of this skin barrier disruption. Cellophane

tape-stripping, known to increase TEWL, was also found to signifi-

cantly enhance chloride transport rates. The chloride transport rate

in anhidrotic skin was within normal range, suggesting no significant

contribution from eccrine gland activity in resting conditions free from

obvious sweating. Based on these findings, there is a clear relationship

observed between barrier function and the percutaneous egression

of chloride. Citing the aforementioned sensitivity, Anjo and Maibach4

concluded chloride transport rates may prove to be a useful technique

in determining stratum corneum integrity and presumably an indepen-

dent barrier.

Grice et al.5 examined the effects of cellophane tape-stripping on

sodium and chloride concentrations in epidermal transudate using ion-

specific electrodes and compared this to the current benchmark for

assessing skin barrier function, TEWL. TEWLwasmeasured by passing

nitrogen gas through a capsule covering 10mm2 of skin and electrolyt-

ically measured (MEECO) for humidity. Other parameters measured

were pH (H+ ion concentration) and galvanic skin resistance. Follow-

ing sweat inhibitionwith a 4%polinemethosulfate topical, in vivo tape-

stripping of human volar forearm commenced in 14 subjects.Measure-

ments of the aforementioned parameterswere taken every two to four

strips and persisted until the cellophane tape no longer adhered to the

skin. Parameterswere also reassessed throughout a recovery period of

several days post-stripping.

Tape-stripping increased TEWL values, from 1.2 mg/cm2/h to

60.8 mg/cm2/h, and pH values throughout the tape-stripping period,

from 4.6 to 6.6. Sodium and chloride ion concentrations in the epider-

mal transudate also increased, but did so sharply passed the halfway

point of tape-stripping, reaching extracellular fluid concentrations,

from 1.7 to 126 mEq/L and 2.8 to 102 mEq/L, respectively. The point

in which electrolyte concentrations sharply rose was also paralleled by

a dramatic TEWL increase, suggesting simultaneous damage to both

the water barrier and electrolyte barrier via tape-stripping. Galvanic

skin resistance decreased as expected, given the increasing concen-

tration of electrolytes on the skin surface. All parameters returned

to normal during the recovery period, achieving near-normal values

at 3–4 days post-stripping. Grice et al.5 concluded this technique to

be a quick and easy means of assessing water and electrolyte barrier

function.

Interestingly, Grice et al.6 examined TEWL values (electrolytically,

as above) and its sodium and potassium content in psoriatic skin com-

pared to normal skin. Following eccrine sweat inhibition, the volar

forearm of 15 normal subjects and six psoriatic subjects was thor-

oughly cleansed and dried. Dry, pre-weighed filter papers covered by
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slightly larger polythene wrap with waterproof, adhesive edges were

then placed on the forearm for 6 h in normal subjects and only 3 h in

psoriatic subjects due to the increasedTEWLobserved inpsoriasis. The

filter paperwas then re-weighed and analyzed via flame photometry to

determine sodium and potassium content.

TEWL values in psoriatic skin was higher, with a range of 2.0–

5.6 mg/cm2/h, than in normal skin, of which the mean value mea-

sured 0.3 ± 0.1 mg/cm2/h. In contrast, all potassium concentrations

and sodium concentrations in five of six psoriatic subjects were found

to be within the range of normal skin ion concentrations. One psori-

atic patient had an elevated sodium concentration within the collected

epidermal transudate. The overall findings suggest a disruption to the

epidermal water barrier that is not seen with the electrolyte barrier in

patients with psoriasis.

Lo et al.7 assessed skin barrier function by examining TEWL and

the percutaneous egression of chloride and potassium ions in nor-

mal, tape-stripped, and delipidized stratum corneum. A combination

chloride electrode and potassium ion electrode were used to do so in

vivo on the volar forearm of human subjects, as well as an evaporime-

ter for TEWL. Seven healthy subjects were acclimatized to laboratory

settings for at least 30 min before baseline values were taken. This

was followed by cellophane tape-stripping until surface glistening was

achieved. Ten milliliter of a 1:1 acetone-ether mixture was applied for

30min toanadjacent areaof skin for delipidizationpurposes.Measure-

ments were taken afterward, and ion concentrations plotted against

time. Linear regression analysis was utilized to generate a slope repre-

sentative of ion flux rates, and analysis of variance between the three

groups was performed for statistical comparison.

Delipidized skin only showed a significant difference in TEWL val-

ues, which was significantly increased when compared with normal

skin. Tape-stripped skin, however, showed a significant increase in

all values with enhanced chloride flux, potassium flux, TEWL, and

pH when compared to normal skin and suggests that delipidization

solely disrupted the water barrier with no significant effect on the

electrolyte barrier, which is in accordance with the findings of Grice

et al.,6 whereas tape-stripping incurred damage to both the stratum

corneum water barrier and electrolyte barrier. Additionally, it is possi-

ble that ruptured epithelial cells and intracellular leakage secondary to

tape-stripping contributed to rising electrolyte levels. Importantly, the

results of delipidization illustrate how an impaired water barrier does

not necessarily equate to an impaired electrolyte barrier.

Jungman et al.8 examined the dermal to epidermal percutaneous

egression of calcium ions in normal and tape-stripped skin ex vivo with

an ion-specific electrode. TEWL was also measured using an evapor-

imeter. Human skin samples obtained from abdominal plastic surgery

were placed onto Franz diffusion cells, with the epidermis facing the

donor compartment and the dermis facing the receptor compartment.

The epidermis-donor compartment contained distilled water while the

dermis-receptor compartment was tested under changing conditions:

either containing 100 mM CaCl2 solution or distilled water. A calcium

electrode was placed into the epidermis-donor compartment every

half hour for 6 h tomeasure epidermal release of calcium ions. The sys-

tem was then reversed via inversion of the skin samples, with the epi-

dermis now facing the receptor compartment while the dermis faced

the donor compartment. The epidermis-receptor compartment con-

tained distilled water, whereas the dermis-donor compartment con-

tained 100 mM CaCl2 solution. The calcium electrode was placed into

the dermis-donor compartment at equivalent time points to measure

thedermal uptakeof calcium ionsbymonitoring the loss of calcium ions

in the dermis-donor compartment.

Tape-stripped skin showed significantly increased TEWL and

released significantlymore calcium ions into the epidermal-donor com-

partment when compared to normal skin for both conditions, in which

the dermal-receptor compartment contained either distilled water or

calcium solution. After 6 h, compared to normal skin, tape-stripped

skin released a three-fold increase in total calcium ion concentration

when paired with a distilled water source in the dermis-receptor com-

partment, and a 33-fold increase when paired with a calcium source

in the dermis-receptor compartment. Whereas no significant differ-

ence was observed between normal skins with water versus calcium

source, tape-stripped skin with a calcium source released a signifi-

cant, 100-fold increase in calcium ion concentration versus that with

a water source. Following skin inversion, in which the dermis-donor

compartment contained a calcium source and the electrode while the

epidermis-receptor compartment contained a water source, dermal

uptake of calcium ions between normal and tape-stripped skin showed

no significant difference in final concentrations after 6 h. Jungman

et al.8 concluded that equivalent uptake of calcium ion concentrations

occurred in both normal and tape-stripped skin, but only tape-stripped

skin released increased amounts of calcium ions.

4 DISCUSSION

TEWL remains a principal focus of skin research, representing a popu-

larly used parameter in examining skin barrier integrity. TEWL is exten-

sively used across multiple research disciplines, including basic sci-

ence, clinical studies, pharmacological studies, and cosmetic research.9

Although it remains a helpful and objective measure of barrier func-

tion, it does not represent the sole function of the skin barrier. Another

property of the skin barrier that is similarly quantifiable is the mainte-

nance of electrolyte contents within the body.

As demonstrated in the referenced studies, electrolyte concentra-

tion is easily detectable and may serve as a useful marker of skin bar-

rier integrity. Table 1 summarizes each paper. Upon barrier disruption,

most commonly via tape-stripping but including delipidization in one

study and the application of DMSO in another, the majority of stud-

ies show a detectable, concomitant increase in both TEWL, and the

percutaneous egression of various ions captured by electrodes.4,5,7,8

Additionally, Anjo and Maibach4 found that application of DMSO, an

agent known to alter stratum corneum, enhanced chloride transport

rates prior to visible erythema and without altering TEWL, implying

superior sensitivity in the detection of barrier disruption by chloride

transport rates when compared to the current gold standard of TEWL.

These findings support the use of transepidermal ion flux as a potential

marker of barrier integrity.
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TABLE 1 Summary of studies evaluating the percutaneous
egression of ions

Author

Ion(s)

measured Details

Anjo and

Maibach4
Cl– Cellophane tape-stripping increased

rate of transepidermal chloride

flux andwater loss. Treatment

with DMSO application yielded a

similar enhancement of chloride

flux without affecting TEWL.

Grice et al.5 Na+ and Cl– Tape-stripping enhanced ionic efflux

through skin and TEWL; both

occurred at similar points in time,

indicating simultaneous disruption

to their respective barriers.

Grice et al.6 Na+ and K+ Affected areas of psoriatic skin were

found to have similar rates of

outward ion diffusion despite

increases in TEWL values when

compared to normal skin from

healthy volunteers, suggesting a

distinction between the epidermal

water barrier and electrolyte

barrier.

Lo et al.7 Cl– and K+ Tape-stripped skin had significantly

increased rates of transepidermal

ion flux andwater loss compared

to normal skin. Delipidized skin

had significantly increased rates of

water loss with no significant

change in ion flux.

Jungman

et al.8
Ca2+ Calcium release and uptakewas

assessed in tape-stripped and

normal skin samples placed in a

Franz cell. Tape-stripped skin

released greater amounts of

calcium ions through epidermis

compared to normal skin, whereas

both tape-stripped skin and

normal skin shared similar rates of

dermal calcium uptake.

Abbreviations: DMSO, dimethylsulfoxide; TEWL, transepidermal water

loss.

Interestingly, in addition to the DMSO skin challenge discussed

above, two additional studies included experiments that did not

demonstrate a simultaneous rise in both TEWL and transepidermal

ion flux. Instead, a rise in TEWL accompanied by unaffected ion flux

rates was observed. The first study examined TEWL as well as sodium

and potassium ion flux in psoriatic skin compared to healthy skin.6

AlthoughTEWLwas significantly higher in affectedplaquesof psoriatic

patients when compared to healthy skin from non-affected individuals,

transepidermal ion fluxes for potassium and sodium ions were normal

in all and five of six psoriatic patients, respectively. This suggests that

impairment of the water barrier does not always necessitate concomi-

tant disruption to the electrolyte barrier. Lending credence to this idea,

the acetone-ether delipidization experiments performed by Lo et al.7

similarly reported a significant increase in TEWL with no significant

changes in the percutaneous egression of potassium and chloride ions

when compared to normal skin. This lack of simultaneous disruption in

both studies might suggest that constituents of the water barrier are

distinct from those of the electrolyte barrier.

Zhang and colleagues evaluating TEWL and skin conductance val-

ues from split-thickness skin samples excised from cadavers demon-

strated TEWL and skin conductance to be poorly correlated with one

another,10 which yields indirect evidence that supports this distinc-

tionof barriers.Given the reciprocal relationshipbetween skin conduc-

tance and resistance, this study is relevant bywayof ionic influences on

skin resistance. Factors that influence skin resistance include surface

electrolyte concentrations due to their ability to conduct electricity

and therefore lower resistance, as well as skin moisture levels, contact

pressure, contact area, and the presence of cuts/pinprick wounds.11

Were the water barrier and electrolyte barrier synonymous, a posi-

tive correlationwouldhavebeen seenbetweenTEWLand skin conduc-

tance values.

The epidermal water barrier has been extensively studied when

compared to the electrolyte barrier. The water barrier site has long

been established to exist within the stratum corneum.12,13 Subse-

quent investigation revealed that lipid lamellae comprised mostly of

ceramides, cholesterol, and free fatty acids fill the intercellular spaces

between corneocytes of the stratum corneum,14,15 and function to

retard water loss.16,17 Less attention to detail has been given to elu-

cidating the site and constituents of the electrolyte barrier, although

a set of more recent experiments performed by Kirschner et al.18 on

human keratinocyte cell cultures has emphasized the role of tight junc-

tions in resisting Na+, Cl–, and Ca2+ ion permeability.

Cultured human keratinocytes were bathed in a high-calcium solu-

tion of 1.8mMto induce expression of tight junctions. Ussing chambers

corrected for the bathing solutionwere then used tomeasure transcel-

lular resistance, paracellular resistance, and the combined resistanceof

the two, the transepithelial resistance, aswell as thepermeabilityof the

aforementioned ions across the cultured monolayer. Individual knock-

down models of tight junction proteins claudin-1, claudin-4, occludin,

and zonula occludens were also tested against the same parameters.

At 48 h in solution, transepithelial resistance of cultured ker-

atinocytes was significantly increased compared to the starting point,

as were paracellular and transcellular resistance. Paracellular resis-

tance, which reflects movement through the paracellular pathway in

which tight junctions regulate, was largely responsible for the sig-

nificant increase in transepithelial resistance; transcellular resistance

increased only slightly. Additionally, the permeability of Na+, Cl–, and

Ca2+ ions all decreased significantly. In knockdown models, transep-

ithelial resistance, paracellular resistance, and transcellular resistance

significantly decreased for all models except in claudin-4. Claudin-

4 knockdown significantly decreased transepithelial and paracellular

resistance without altering transcellular resistance. The permeability

of Na+, Cl–, and Ca2+ ions was significantly increased in all knockdown

models. Altogether, the experiments here provide evidence that tight

junctions may comprise the electrolyte barrier in skin, seeing as their

formation reduced ion permeability, and knockdown of their compo-

nent proteins enhanced ion permeability. Further, these findingswould
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imply that the site of the electrolyte barrier resides in the stratum

granulosum, given that tight junctions in the epidermis largely exist

between these granular cells.19

Regardless of where or what the electrolyte barrier may be, the

reviewed works evaluating transepidermal ion flux in response to

barrier perturbation suggest that the percutaneous egression of ions

may serve as a valuable marker for determining skin barrier integrity.

Not only is there continued potential for this technique to be utilized

in a laboratory with ion-specific electrodes, but Ichimura et al.20

provide proof of concept for the development of a portable biosensor

that would enable a more widespread application of transepidermal

ion flux to take place outside the traditional research setting. The

investigators reported the development of a novel, screen-printed

chloride ion sensor utilizing a hydrogel touchpad sensitive enough to

quantify chloride ions diffusing out of the skin via direct contact at

rest, whereas traditional wearable sensors require active perspiration

induced by exercise, temperature control, or cholinergic stimulation

to obtain readings. The novel sensor is comprised of various layers,

but chiefly important is the inclusion of a reference electrode ionically

connected to the chloride-specific sensing electrode by an electrolyte

layer of baked KCl aqueous solution. On top of the sensor is a 4%

by weight agarose gel in phosphate buffer solution that serves as a

touchpad and is surrounded by a silicon rubber sheet. Finger place-

ment onto the hydrogel touchpad allows for extraction of chloride ions

from the epidermis that subsequently interacts with the electrodes via

the hydrogel, resulting in a detectable change in the potential using

a voltmeter. This change in potential can then be used to calculate

chloride concentrations. With the advent of this technology allowing

for the passive and inexpensive detection of chloride ions outside the

laboratory setting, the research- and clinical-based applications of

quantifying ion flux through the skin are expected to grow, particularly

as these sensors are further refined to improve accuracy.

While the experimental studies included in this review evaluated

the outward flux ofmultiple ions, including calcium, potassium, sodium,

and hydrogen, it is difficult to draw comparisons of their unique util-

ities for assessing barrier function due to a lack of data. Additionally,

exact mechanisms of ion egression beyond passive diffusion are also

unclear and require further investigation to understand their contri-

bution to transepidermal ion flux. Advancements in these areas would

likely broaden the clinical applications of quantifying ion flux.

Beyond the percutaneous egression of ions, Fortenbach21 examined

a drug’s physicochemical properties in relation to its delivery to the

skin using cantharidin blister fluid. There was no statistically signifi-

cant correlation between a drug’s partition coefficient and the fraction

penetrating into the epidermal interstitial fluid, which was calculated

by dividing AUCblister by AUCserum. There was, however, a strong linear

correlation between total drug concentration in serum and interstitial

fluid. Fortenbach et al. described the percutaneous egression of some

drugs but did not detail where the drug barriers occur.

The deuterated water provides another avenue of understanding

barrier formation and possible perturbation. Emson et al.22 evalu-

ated keratin synthesis in human skin of psoriatic subjects who were

orally dosed 50 ml2 H2O twice daily for 16–38 days. Tape-strippings

were collected every 2–5 days, and protein content was assessed.

Deuterium-labeled keratin appearedwithin 3–8 days of administration

in lesional skin versus 10–20 days in unaffected skin, demonstrating

rapid replacement of stratum corneum in lesional skin and the role of

deuterated water in detecting barrier formation.

A final skin barrier to consider is the barrier to outward diffusion

of oxygen and carbon dioxide, which has previously been measured by

Cunico et al.23 andWilson et al.24

5 CONCLUSION

Skin has multiple barrier functions. TEWL is widely used to measure

skin barrier function, but it is not the only method available to do so.

Literature quantifying the percutaneous egression of ions in response

tobarrier disruption, discussed in this overview, has demonstrated that

this technique may be a feasible alternative for assessing barrier func-

tion. Continued efforts should bemade to progress transepidermal ion

flux as an affordable, uncomplicated, and non-invasive method of bar-

rier assessment. Additionally, there is evidence demonstrating that a

damaged water barrier does not necessitate a damaged electrolyte

barrier. This is potentially due to varying locations and constituents for

each distinctive barrier. Where and what the electrolyte barrier may

be lies an area open to vast exploration, although recent work points

to stratum granulosum tight junctions as a primary constituent. We

suspect that much remains to be learned regarding other barriers and

mechanisms. The ion data, here, alongside work by Fortenbach et al.,21

Cunico et al.,23 andWilson et al.,24 provide impetus to enlarge our bar-

rier understandings.We suspect that the situation of skin barriers may

resemble that of our knowledge of transporters; the first transporter

superfamily, the ATP-binding cassette transporters, was recognized 24

years ago,25 and today over 400 transporters have been discovered.26
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