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ABSTRACT

The skin barrier is a multifaceted microenvironment, comprised not only of structural and molecular components that maintain its
integrity, but also a lipid matrix comprising an equimolar ratio of cholesterol, free fatty acids, and ceramides. Lipid abnormalities
induced by environmental or pathological stimuli are often associated with impaired skin barrier function and integrity. Incorporation
of skin lipids in skincare formulations to help fortify barrier function has become widespread. While there are resources available to
study the barrier, a comprehensive evaluation of skin models, from in situ to in vivo, that focus on alterations of the lipid content,
seems to be lacking. This article reviews current methods to evaluate the skin lipid barrier and touches upon the significance of using

such models within the cosmetic field to study formulations that incorporate barrier lipids.

J Drugs Dermatol. 2021;20(4 Suppl):s10-16. doi:10.36849/JDD.S589B

INTRODUCTION

The human skin is critical in protecting internal organs from
exogenous factors to maintain homeostasis by contributing to
a multifaceted structure known as the skin barrier. The stratum
corneum (SC), or the skin's first line of barrier protection, is
comprised of corneocytes embedded within a lipid matrix.
The lipid matrix in healthy skin tissue comprises an equimolar
ratio of cholesterol (CHOL), free fatty acids (FFAs), ceramides
(CERs), and sterol/wax esters.' Functionally, CERs maintain and
influence the barrier integrity of the skin by forming the skin
lipid membrane and regulating cellular processes.’

Impaired barrier function relating to changes in skin CER
concentration can be a direct result of environmental or
pathological factors. The incorporation of CERs and skin
lipids into formulas for moisturizers has become increasingly
popular across the cosmetics and skin care field to enforce
barrier integrity. Knowledge surrounding the skin barrier is
continuously developing through the use of novel models and
studies.This review addresses the field’s lacking comprehensive
evaluation of skin models to study barrier function, particularly
with application for barrier restoration and proper delivery of
essential skin lipids in the cosmetic field.

In Situ Models

Lipid Model Membranes

Lipid Composition Mixtures

Lipid model membranes study the functionality of particular
CERs in relation to the skin barrier. Such membranes are
prepared using synthetic CERs or CERs isolated from native SC.
Synthetic CERs have been shown to mimic the lipid organization
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of native human skin through small and wide angle x-ray
diffraction.2 The function of particular lipids in barrier function
is elucidated by different types of lipid mixture models. For
example, ternary and quaternary lipid mixtures incorporate
one or two specific CER types in conjunction with a fatty acid
and CHOL. These types of models have demonstrated phase
separation, whereas in vivo, the CER subclass and chain length
variety protects proper structure. Simple lipid mixtures are
not ideal for studying lipid phase structures, as demonstrated
by mixtures lacking CER[EOS], which cannot form long phase
periodicity.?

Multicomponent lipid mixtures allow for the evaluation of lipid
phase behaviors in addition to studying the function of specific
CERs. Short periodicity of lipid mixtures was previously studied
using neutron diffraction methods.* Multi-component lipid
mixtures have shown the significance of FFAs in forming the
short phase periodicity and promoting orthorhombic packing.®

The function of specific CERs incorporated the lipid mixtures
helpsto link specific CERs with diseased-state skin oranimpaired
barrier. Low and wide angle x-ray diffraction demonstrated
that although the removal of some CER subclasses, like
CER[EOQS], is responsible for phase changes, exclusion of other
subclasses does not necessarily affect the lipid organization.?
Infrared spectroscopy has also been used to study the effect
of lipid ratios on crystalline lattices by varying the FFA levels
in lipid mixtures. It was found that lower FFA levels favored a
combination of hexagonal and orthorhombic packing, while the
equimolar ratio favors solely orthorhombic packing.®
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Stratum Corneum Substitutes

Stratum corneum substitutes (SCS) allow for the in vitro
evaluation of barrier function through biophysical, in situ,
and permeation studies. These substitutes are made by
coating a porous substrate with a uniform composition and
thickness of synthetic lipids.” SCS can be used to predict the
permeability of the membrane and allow for the modification
of lipid composition in order to study the relationship of barrier
function with lipid composition and organization in healthy
and diseased-state skin.”® To mimic diseased skin structure, an
altered lipid composition can be coated on the membrane. To
date, there is limited information using modified SCS models
to evaluate the effect of supplemented CERs in an impaired
barrier state.

GroenetalusedaSCS modeltoevaluate altered FFAcomposition
impact on lamellar and lateral organization through the use of
FTIR and small angle x-ray diffraction. It was demonstrated that
such changes resulted in hexagonal packing and a disrupted
lamellar organization.® SCS linked shifts in lipids with altered
skin permeability.” SCS models can also be utilized in studying
the effect of short chain CERs and FFAs on barrier permeability.
Short chain CERs have been found to increase the permeability
of the SCS membranes as demonstrated through electrical
impedance and flux of small and large molecules.? It was also
found that these short chain CERs induce phase separation and
inefficient lipid packing resulting in impaired barrier properties,
as compared to native long chain CERs.?

Lipid membrane mixtures and SCS have demonstrated to be an
informative means of studying lipid composition and structure
on barrier integrity. In respect to the cosmetics, these models
can be extended to evaluate supplemental CERs or additional
FFAs that may mimic topical application of a skincare product to
better understand barrier integrity. One limitation to this model
is that it solely demonstrates barrier impairment as a function
of lipid changes. It is important to note that the integrity of the
skin barrier entails additional structural and molecular changes
that occur in conjunction with lipid changes that would not be
demonstrated in such models.

Computational Lipid Membrane Simulations

Biological systems have a high level of complexity that have
been successfully captured using modern computational and
bioinformatics systems. Such systems remove the constraints
of in vivo models and permit for a more comprehensive
evaluation of essential skin barrier elements and interactions.
Different model types, ranging from cellular models to full lipid
membranes, can be used to study particular functions of the
skin barrier. Each of these simulation types vary in resolution
regarding computing time and system size.

Cell-centered agent-based models have been used to study

This document contains proprietary information, images and marks of Journal of Drugs in Dermatology (JDD).
No reproduction or use of any portion of the contents of these materials may be made without the express written consent of JDD. If you feel you

R. Barresi, H. Dumbuya, X. Liu, I-C. Liao

the epidermis in models as simple as mimicking keratinocyte
cultures ranging to epidermal homeostasis in full-thickness
tissue.” Atomistic simulations break down systems into subsets
to be used with molecular dynamics to better understand SC
lipids.”? One simplified atomistic model, lacking lipids such as
CHOL and FFAs, elucidated the relationship of CER tail chain
length with water permeability.™

Coarse-grained models are ideal for studying skin lipids, as it
can undertake long simulation run times with a larger system
size needed for visualizing significant lipid rearrangements.’'®
Complex systems are simplified into subsystems of different
granularity levels. Unlike atomistic models, this model combats
the constraints of system run-time and size by approximating
atoms as a group. This reduces molecular detail but permits
for the study of more complex systems. Interactions between
FFAs with CER[NS] head groups and the self-assembly of large
membranes using a CER and FFA mixture have also been
studied.™

Computer simulation models aid in understanding SC lipid
behavior in relation to barrier integrity. Because of its efficient
computational power and run time, coarse-grained models can
be used to study larger scale systems, such as more complex
lipid membranes, but lack molecular detail evident within
atomistic simulations. The level of detail that all-atom models
provide can still only be studied with small systems. Itis possible
to combine these two model types into a multiscale model in
order to utilize the benefits of both: high accuracy and molecular
detail from atomistic simulations with the computational speed
and power of the coarse-grained models. This can be used to
not only understand large scale applications of changes to the
lipid membrane, but also the specific molecular changes such
as the lateral and lamellar lipid organization. Although there
is limited incorporation of such models in the cosmetics field,
computer simulations can be extended to better understand
skin in a diseased state by limiting particular CERs or altering
the lipid composition to assess the impact on barrier function.

In Vitro Models

Principle of Generating Biofabricated Skin Tissue Models
Biofabricated tissue is used in research and industry to
understand biological mechanisms and develop products.
Successful tissue engineering generally includes the following
components: keratinocytes or fibroblasts, use of scaffold that
recreates the in vivo extracellular matrix to provide mechanical
and biological support for epidermis growth, evaluating the
tissue quality at all scales.® Optimized tissue has been used
to study skin physical barrier, chemical barrier, immunological
barrier, and microbial skin barrier.” The incorporation of
bioengineering further allows the tissue to have specific disease
phenotypes. Diseased skin models can be used in developing
and evaluating compounds that target specific disease and
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barrier compromised tissue conditions. Simulating different
types of disease based on inflammatory reaction (psoriasis and
atopic dermatitis), trauma (wound healing, photodamage), or
abnormal cell behavior (melanoma, squamous cell carcinoma)
have been explored to study site of action or drug efficacy.The
cellular phenotype can be achieved by using patient donor
cells, or adding cytokine cocktail to the tissue culture media.®
For the models mentioned, one of the critical readouts is the
restoration of epidermal barrier function.

Barrier Function Measurements Used in Biofabricated Skin
Models

The integrity of barrier function is critical when the tissue
is used for assessment of dermal chemicals.’ There are
multiple aspects to evaluate a biofabricated skin tissue barrier
functionality. Table 1 lists the readouts used to determine the
skin barrier function in biofabricated skin models.

Studying Skin Barrier Function in Human Inflammatory
Diseased Models

Both psoriasis and atopic dermatitis (AD) are complex immune
mediated skin disorders.?* Skin barrier dysfunction is acommon
feature among the patients. The barrier impairments include
mutations in corneocytes, reduced lipids content and tight
junction proteins, and increased transepidermal water loss.®

Psoriasis Models

Psoriasis is a chronic autoimmune condition whereby immune
cells activate skin cells to secrete pro-inflammatory cytokines
that intensifies the pro-inflammatory signaling cascade. From
recent clinical studies, the secretion of INF-7, IL-1, IL-6, I-17,
IL-:22, and TNFa by polarized Th1 and Th17 cells are elevated
in the plaque site.?® Adding these cytokines to the tissue
culture media can generate typical phenotype of psoriasis

TABLE 1.
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skin including parakeratosis, reduced barrier differentiation
protein (eg, filaggrin and loricrin), and increased level of hBD1
and SKALP?24%6 A psoriatic skin model generated by adding
IL-22 to the media showed increased thickness of epidermis
and used matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) technique to evaluate
drug penetration with normal and diseased tissue.?” Fourier
transform infrared spectroscopy (FTIR) and small angle x-ray
diffraction (SAXD) have been frequently used in quantifying the
SC lipid composition. MALDI-MSI is also a powerful technique
which has the ability to detect the actives applied topically as
well as the spatial location of lipids in the tissue.?”?® Some of the
studies included all-trans retinoic acid (ATRA) in the treatment
and demonstrated that this classic compound for treating
psoriasis also has efficacy in rescuing filaggrin expression and
improving the barrier function of the diseased model.? This
aligns with clinical studies, which proves that the diseased
models can to be used for skin barrier research.

Engineered psoriatic skin model can also be developed by using
patient donor cells.? The self-assembly tissue showed disease
phenotypes including reduction in keratinocyte differentiation,
expression of CXCR2, and upregulated proinflammatory
genes.*® Skin models that used psoriatic patient cells showed
higher lipid disorder and change of protein conformation in the
SC compared to the control tissue.®

Atopic Dermatitis Models

Similar to psoriasis, the tissue cultured with Th2 related
cytokine 14 and IL-13 cytokines can also resemble AD.*
Several studies added IL-4 or IL-13 into the tissue culture media
and the tissue carried impaired barrier features including
intra-epidermal intercellular edema, abnormal expression
of important differentiation proteins, and reduction in tight

Readouts to Determine Skin Barrier Function in Biofabricated Skin Models

Tight Junction Proteins
Basal Cell Layer: Cldn-1

Tight junction protein presents in the specific

IHC, Western blot,

Tight Juncti 19
g e Stratum Spinosum: Cldn-4, ZO-1 layer of the viable epidermis. qPCR
Stratum Granulosum: Cldn-4, ZO-1, Occludin
Water Barrier Electrical resistance - TEER, TEWL 20
Barrier to Large Large dye location in the tissue by The compromised barrier allows large dye Biotin tracers, o
Molecules adding systemically molecule pass the TJ. Dextran
Barrier to Molecules will penetrate the compromised SC to Lucifer yellow,
Permeation Tracking molecules penetrate from the SC the viable epidermis. The speed of diffusion also Small molecule 22
indicates the barrier function integrity. diffusion studies
HPTLC, LC-MS,
Lipids - . Lipids composition and structure consist with MALDI-MS, FTIR,
Lipid | f the SC 23
Composition el EIELGED @i native skin tissue. SAXD, Lipids dye
(eg, Nile Red)
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junction proteins.®¥3 A common AD drug was evaluated
together with JAK inhibitors by using 3D bioprinted tissue from
a recent study.®® They demonstrated that AD-related drugs
have great efficacy to restore barrier function such as increased
TEER and increased expression of filaggrin and Claudin-1. The
proinflammatory cytokines and chemokines that present in AD
patients are reduced significantly in the tissue culture system
within the JAK inhibitor treated tissue. This again emphasized
that skin barrier function can be a secondary event in chronic
skin inflammation."

ExVivo Models

Ex vivo human skin models are used to not only alleviate
ethical constraints of in vivo studies, but to provide a more
comprehensive and accurate representation of the skin’s natural
response to a variety of stimuli, including inflammation, wound
closure, anti-aging effects, or skin barrier function. Tissue for
such models is collected typically during abdominoplasty
or other reductive surgeries with donor consent and can be
cultured for 7-10 days. Compared to in situ and reconstructed
human epidermis models, these tissue explants have an in-
tact physical and biochemical barrier. Culture conditions have
been demonstrated to not only affect regenerated barrier
integrity, but also proliferative activity.*** This not only allows
for components of experimentally damaged barriers to be
evaluated but full formulations as well. Skin explant barriers
can be disrupted by both physical, via stripping, or chemical,
such as SLS, methods. SLS treatment has been shown to
increase trans-epidermal water loss.%”

Skin-stripping is a minimal invasive method, used both in vitro
and in vivo, which removes the SC cell layers using glue or
adhesive films.The condition and area of the skin being stripped
can influence the thickness of SC, the number and nature of
corneocytes, as well as the composition and levels of SC lipids
being removed.®*“*°These factors are important in order for the
successful homogeneity and uniform removal of the SC. In an
ex vivo model, regenerated SC reached an identical thickness
as native skin in addition to expressing terminal differentiation
proteins following 8 days in culture.®® Regenerated SC in this
model also demonstrated a shift towards hexagonal lateral
lipid organization and an increase in ceramide quantity.®
In efforts to elucidate the relationship between regenerated
stratum corneum post-tape stripping in both an in vivo and ex
vivo model, one study analyzed shifts in the ceramide profile.
Ceramides were quantified using liquid chromatography
combined with mass spectrometry. It was found that both
ceramide composition and lipid organization was identical in
both models.*

Barrier repairing formulations can also be evaluated through the
use of an impaired ex vivo skin model. One study tape stripped
skin explants and applied a ceramide-containing ceramide to

This document contains proprietary information, images and marks of Journal of Drugs in Dermatology (JDD).
No reproduction or use of any portion of the contents of these materials may be made without the express written consent of JDD. If you feel you

R. Barresi, H. Dumbuya, X. Liu, I-C. Liao

determine if the lipid barrier was restored.*? Lipid organization
was studied using FTIR and small angle x-ray diffraction. The
application of the formulation containing a single ceramide
resulted in a shift to a more dense orthorhombic packing and
no change to the lamellar organization.*? Application of a fatty
acid-containing formula on stripped skin also increase the
fraction of lipids forming a dense orthorhombic packing.®

Although this model is not high-throughput, learnings are
more clinically relevant. Mechanical means of inducing barrier
damage are well established, but information on other extrinsic
factors, such as the relationship pollution or UV damage with
barrier function, is limited. The relation between extrinsic
factors and cosmetic formulas have yet to be elucidated as well.

Clinical Models

Mechanical Models

Skin Stripping

Under clinical settings, skin-stripping is often used to assess
skin lipid and protein compositions and levels. For instance,
super glue skin-strip was used to evaluate the differences in SC
lipid compositions in healthy individuals from three different
ethnic groups, revealing that African subjects had the lowest
CER and CHOL ratio compared to Asian, who were similar to
Danish subjects.* Another study with subjects of skin phototype
IV-V demonstrated to have a faster barrier recovery, enhanced
SC integrity, and increase epidermal lipid content and lamellar
body density compared to phototype I-II.#®

Skin-stripping is also widely used to determine the distribution
of barrier creams applied topically, along with sunscreen
filter's protective efficacy, by measuring and optimizing sun
absorption spectra and distribution homogeneity onto the skin.

Skin-stripping is an effective and basic method to study
skin barrier integrity, skin lipid composition, in addition
to penetration depth of various formulations after topical
application. Moreover, the removed SC layers can further be
examined by other methods, including histochemical, genetic,
lipodomic, and proteomic means.

Suction Blister

Blister-induction model is another invasive technique used to
clinically study skin barrier integrity. The most popular method
is suction-blister, which involves the use of pumps to induce
blisters that apply a constant negative pressure onto the skin,
leading to the separation of the epidermis from the dermis and
causing the formation of a blister.#” Once fully shaped and filled
with interstitial or tissue fluid, the blister is excised, revealing
an epidermal wound.¥

In clinical settings, suction blister is used to examine wound
healing pathways in relation to skin barrier. It was shown that
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epidermal thickness of the wounded lesions in healthy subjects
correlated with a decreased TEWL, suggesting epidermal and
SC restoration after wounding.*®

The use of the suction blister model has enabled studying
skin barrier function in relations to epidermal wound healing,
immune, and microvascular responses.*** However, it is a
technique that can lead to the formation of uneven and different
blister sizes, which have the potential to not heal properly and
ultimately leave a scar.

Skin Irritants Model

Cutaneous irritation, as the natural skin response to an
exogenous stimulus that elicits an inflammation reaction, is
widely used as a clinical model to study acute barrier disruption.
At the cellular level, anionic surfactants, such as sodium lauryl
sulfate (SLS), are shown to cause damage to nucleated cells of
the epidermis and to result in a dose-dependent inflammatory
response.’®2 While organic solvents, such as acetone, disrupt
the cohesion between the epidermal lipids lamellae at all levels
of the SC.%

Under clinical conditions, the SLS-induced irritation model can
be used to study skin sensitization in relations to skin barrier
integrity under both physiological and pathological conditions.
For instance, one study demonstrated that repeated SLS
application over 3 weeks in non-atopic dermatitis (AD) subjects
led to a decrease TEWL overtime and an increase in CER 1,
suggesting a protective role for this CER species against chronic
irritation.5® Another study showed that SLS skin sensitivity is
only seen in patients with active AD, with an AD history or with
atopic asthma, who have a tendency to have a higher basal
TEWL level.** These results are consistent with compromised
SC barrier as the major contributing factor to skin irritation.

Skin irritants are effective methods to induce and study acute
barrier impairment and lipids, plus inflammation in the clinics.
The drawback of this model is depending on the skin condition,
the irritants nature and concentrations used, length of exposure,
and time at which each endpoint is assessed, will immensely
vary the epidermal disruption and restoration processes.

Environmental Models

Solar radiation is one of the most prominent environmental skin
stressors. The human skin is exposed to ultraviolet radiation
(UVR), comprising of ~95% UVA (320-400 nm) and ~5% UVB
(280-320 nm).%* Numerous models were developed to clinically
evaluate the impact of UVR on skin barrier function.

For instance, single exposure to UVB and UVA was shown to
increase the amount of SC triglycerides, FFAs, alkanes, and
squalene in subjects with skin phototype II-111.5¢ Interestingly,
UVB exposure alone can decrease intracellular lipid cohesion
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and change SC lipids and keratin structures.” One research
group evaluated the impact of acute UV exposure on skin
biophysical properties on healthy Korean subjects with skin
phototype II-IV. Although no information on skin barrier
proteins and lipids were presented, they found that exposure
to UV increased TEWL and decreased skin hydration in a dose-
dependent manner within 24 hours.%®

In regard to repeated sun exposures, one research group
evaluated the biological effects induced by semi-chronic
exposure to simulated standard ultraviolet daylight (UV-DL) on
subjects with skin phototype II-lll; they showed that 9 doses
of 0.25, 0.5, and 0.75 MED over 2 weeks with UV-DL caused
significant decrease in skin hydration, but observed increased
epidermal thickness only at 0.75 MED.*® Another popular
method to study the impact of chronic UVR exposure is under
real life conditions. For example, one group demonstrated
that the chronic sun-exposed hands of middle-aged Japanese
golfers were photodamaged and showed reduction in skin
hydration, but interestingly no difference in TEWL compared to
the glove-protected hands.®°

UV exposure is shown to affect skin barrier integrity by
increasing epidermal thickness, decreasing skin hydration, plus
increasing skin lipids and proteins levels and modifying their
structures. Due to different doses and sources of irradiations
used in the literature, the impact of UV on TEWL and skin lipid
in particular is inconclusive. Although not highlighted here,
previous studies have also investigated the impact of age,
seasons, and climate on skin barrier.?’ It is important to note
that the wavelength, length of exposure, intensity used, and
subjects skin phototype and history are all important factors
to take into consideration when studying the influence of
environmental factors on skin barrier function.

Skincare Application

Intercellular SC lipids, CHOL, CERs and FFAs, are essential to
maintain epidermal barrier homeostasis. Prior studies have
shown that application of an equal ratio of SC lipids promotes
normal repair and increasing the ratio of any of these lipid
classes accelerated the recovery process.®? As discussed
above, many models from in situ to clinical have since been
used to study skin barrier function and to evaluate the efficacy
of various natural and synthetic lipid mixtures for optimized
barrier health.

As lipid abnormalities are often associated with impaired
skin barrier integrity in several dermatologic conditions, SC
intercellular lipids, particularly CERs, are now commonly
used as main ingredients in moisturizers and other products
for managing different skin disorders. For instance, it was
observed that AD patients have decreased levels of CER 1 and
3, which was associated with an increased skin susceptibility
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to irritants and increased TEWL, indicating that these two CER
species are essential for barrier function.5® One research group
demonstrated that a twice-daily regimen of a synthetic CER-
containing cleanser and moisturizer in AD patients significantly
improved skin condition, clinical outcome, and quality of life
after 42-day treatment.®* Similarly, combining synthetic skin-
identical CERs 1, 3 6-ll with multi-lamellar vesicular emulsion
(MVE) technology can effectively deliver these lipids within
the skin layers over a sustained period of time.® This unique
approach to CER-containing formulation was shown to
restore skin barrier integrity and improve clinical appearance
of rosacea, eczema, skin dryness, and more recently in
conjunction with combination therapy, for treating facial acne
vulgaris.®*%*While there is clear evidence of barrier restoration
following the mentioned routines of ceramide-infused skin
products, continuous research is essential in identifying the
correct combination of skin essential lipids in conjunction with
a proper delivery system in order to improve and maximize
skin health.

CONCLUSION

Lipid abnormalities, stemmed from inherited, exogenous, or
pathological factors, are often associated with impaired skin
barrier function and integrity. To achieve optimal results and
bring the right strategy for skin care formulation, it is crucial
to utilize models to not only understand skin barrier function
but the role of lipids in maintaining barrier integrity. In situ,
ex vivo, and RHE models are value tools in understanding the
relationship of lipids with skin barrier integrity without the
ethical constraints present in clinical evaluations. However,
such models exist in controlled and simplified conditions that
may not hold true for real-world applications. Ex vivo models
are able to provide a comprehensive and clinically relevant
understanding to barrier components because of its intact
barrier. As the models grow in complexity, the full barrier
function, especially lipid composition, can be thoroughly
evaluated; however, there is an increasing limitation in study
size and biological variability.

Because of their benefits in promoting health barrier function,
improving appearance of lesions, minimizing skin irritation,
and increasing patients’ compliance and treatment efficacy,
incorporation of CERs and other barrier-enforcing lipids into
formulas have become increasingly popular across the skincare
field. In the future, it would be critical to determine the benefits
of these lipids-containing formulations on compromised skin
barrier caused by daily skin stressors, such as pollution and
UVR.
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