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The ubiquitous presence of solar UV radiation in human life is
essential for vitamin D production but also leads to skin photoaging,
damage, and malignancies. Photoaging and skin cancer have been
extensively studied, but the effects of UV on the critical mechan-
ical barrier function of the outermost layer of the epidermis, the
stratum corneum (SC), are not understood. The SC is the first line
of defense against environmental exposures like solar UV radia-
tion, and its effects on UV targets within the SC and subsequent
alterations in the mechanical properties and related barrier function
are unclear. Alteration of the SC’s mechanical properties can lead
to severe macroscopic skin damage such as chapping and cracking
and associated inflammation, infection, scarring, and abnormal
desquamation. Here, we show that UV exposure has dramatic effects
on cell cohesion and mechanical integrity that are related to its
effects on the SC’s intercellular components, including intercellular
lipids and corneodesmosomes. We found that, although the kera-
tin-controlled stiffness remained surprisingly constant with UV ex-
posure, the intercellular strength, strain, and cohesion decreased
markedly. We further show that solar UV radiation poses a double
threat to skin by both increasing the biomechanical driving force
for damage while simultaneously decreasing the skin’s natural abil-
ity to resist, compromising the critical barrier function of the skin.

The stratum corneum (SC), as the outermost layer of the
epidermis, is the body’s first line of defense against solar UV

radiation. Solar UV radiation plays a dual role in human life: it is
pivotal for vitamin D production (1) while also a potent and
ubiquitous carcinogen responsible for much of the skin cancer in
the human population (2). Although progress has been made in
understanding the role of UV radiation in causing skin cancer
(3), the role of solar UV radiation in altering the mechanical barrier
function of the SC remains unknown.
The SC provides both critical mechanical protection and a

controlled permeable barrier to the external environment. Al-
though the SC is typically a highly efficient barrier, exposure to
harsh conditions can alter its function, leading to severe skin
damage such as chapping and cracking. Such damage can cause
detrimental skin responses including inflammation and infection
caused by compromised barrier function, scarring, and abnormal
desquamation, and further aggravate the effects of skin dis-
orders such as atopic dermatitis, ichthyosis vulgaris, and chronic
xerosis (4–7).
UV radiation is divided into three main types based on wave-

length: UVC radiation (200–280 nm) is predominately filtered by
the ozone layer in the stratosphere, UVB radiation (280–320 nm)
is mainly absorbed by the epidermis, and UVA radiation (320–400
nm) penetrates deeper into the dermis but interacts with both the
SC and epidermis as well (8) (Fig. 1). The penetration of UV
radiation into the skin can initiate detrimental photochemical
reactions, causing both acute conditions such as erythema and
chronic conditions such as photoaging, the main contributor to
changes in skin’s appearance with age (9), and skin cancers such
as cutaneous malignant melanoma, basal cell carcinoma, and
squamous cell carcinoma.
In the year 2000, excessive UV exposure caused the loss of ∼1.5

million disability-adjusted life years (0.1% of the total global
burden of disease) and 60,000 premature deaths globally (10).

Climate change is expected to exacerbate this problem. Cooling of
the stratosphere caused by the greenhouse effect is predicted to
prolong the effect of ozone-depleting gases, which will increase
levels of UV radiation reaching some parts of the Earth’s surface.
Climate change will also alter the distribution of clouds, which will,
in turn, affect UV levels at the Earth’s surface. Clothing choices
and time spent outdoors will be influenced by higher ambient
temperature, again potentially increasing UV exposure (11).
UVB radiation in particular can be very harmful. Recent in

vivo studies have shown that UVB radiation affects epidermal
morphology, including increasing the mean SC thickness (12),
and disrupts the permeability barrier, causing morphological
changes in SC lipids, increased transepidermal water loss, and
decreased SC hydration (13, 14). Surprisingly, to our knowledge,
no studies have explored how UV exposure affects the mechanical
barrier function of SC. As a consequence, the relationship be-
tween UV exposure and the biomechanical behavior of human SC
together with the biomechanical processes that lead to skin
damage have not been established.
Here, we show the effect of UVB exposure on the cell co-

hesion and mechanical integrity of SC, as a function of UVB
source (narrowband vs. broadband), dosage, and tissue depth.
We then use thin-film biomechanical models to quantitatively
predict the effect of UV exposure on damage processes in hu-
man skin. The study also lays the foundation for quantitatively
determining the efficacy of UV inhibitors, e.g., sunscreens, at
mitigating biomechanical UV damage.

Results
UVB Radiation Does Not Alter SC Stiffness. In vivo, the SC may be
under considerable tensile stress; drying stress in particular can
be significant and lead to damage that disrupts the barrier
function (6, 15). We used microtension and bulge testing (n = 3
for each condition) to characterize the SC’s stiffness, strength,
and strain.
The stiffness remained surprisingly constant with increasing

UVB exposure, even up to dosages of 800 J/cm2, which corre-
sponds to 60 continuous days of solar UVB radiation (Fig. 2A)
(16). This very large dose is more than 14,000 times the average
broadband UVB minimal erythema dose (17) and shows that the
stiffness is largely insensitive to UV exposure. We selected UV
dosages above those that are physiologically normal to amplify
tissue responses and ensure we would observe easily detectable
effects. It is therefore significant that we did not observe any
effects on the SC stiffness. On the other hand, the specimens
exhibited decreased fracture stress and a significant decrease in
fracture strain with increasing UVB exposure (Fig. 2 B and C).
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Bulge testing was performed to study the biaxial biomechanical
behavior of SC on a wet medium similar to its in vivo state. The
SC specimens were pressurized with distilled water, causing them
to deflect outward to form a balloon-like shape (Fig. 3A), from
which the biaxial biomechanical behavior could be characterized.
Unlike the stiffness measured using microtension, the SC biaxial
stiffness significantly decreased with UV exposure (Fig. 3B). This
difference in stiffness is related to the two testing methods:

microtension testing was performed in air, whereas bulge testing
was performed over water. Peak stress also significantly de-
creased with UV exposure (Fig. 3C).

Intercellular Lipid Cohesion Decreases with UVB Exposure. A direct
measure of cellular cohesion is given by the measurement of the
tissue’s delamination energy, or the energy required to separate
intercellular boundaries (18). UVB-irradiated SC tissue was char-
acterized using a double-cantilever beam (DCB) fracturemechanics
specimen (Fig. 4A). An average of eight delamination energies were
obtained per specimen for an average of n = 24 per test condition.
To measure delamination energies through the thickness of the
SC, successive DCB specimens were prepared from completely
separated specimens by adhering new substrates onto each side
of the previously tested specimen (Fig. 4B).
Intercellular delamination energy values, Gc, were measured

for abdominal and breast specimens from donors ranging in age
between 22 and 81 y with varying broadband and narrowband
UVB exposure (Fig. 4C). As shown in previous studies (18), the
delamination energy is the energy per unit area required to sep-
arate intercellular boundaries. With increasing UVB dosage, the
specimens exhibited significantly lower delamination energies,
suggesting decreased cohesion of the intercellular lipids with UV.
This trend was seen across all tested body sites and age groups.
Cellular cohesion was also measured as a function of tissue

depth (Fig. 4D). A very large decrease in cohesion with UV
exposure at deeper layers was observed, revealing that the effect
of UV exposure on skin is not limited to the upper SC and is in
fact much more marked at deeper levels.

Structural Changes Occur in SC Lipids and Keratin Because of UVB
Radiation. To interpret the effects of UV exposure on SC kera-
tin and lipids, attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) measurements were per-
formed. The lipid content indicator, the ratio of the symmetric
C—H2 stretching peak to amide II peak, significantly decreased
with increasing UVB exposure, suggesting that UV treatment
reduces or modifies the lipid content of the SC (19) (Fig. 5A). The
lipid fluidity indicator, given by the location of the antisymmetric
and symmetric C—H2 stretching peaks (20), initially increased
and then decreased with increasing UVB exposure, indicating
increased lipid fluidity near the surface of the SC (Fig. 5 B and C).
The asymmetric and symmetric C—H2 stretching frequencies
decreased, however, with depth into the tissue, suggesting de-
creased lipid fluidity with tissue depth.
The amide I/amide II peak ratio increases with increasing

UVB exposure, indicating an increase in hydration (21) (Fig. 5D).
Furthermore, the amide II peak location significantly decreases
with increasing UVB irradiation, suggesting that structural changes
in the keratin take place (22) (Fig. 5E).

Discussion
The present study clearly reveals that UV radiation, although
long known to cause DNA damage in skin (3, 23, 24), also causes
significant changes in some of the mechanical properties of the
SC. The delamination energy, which is the energy required to
separate intercellular boundaries, the strength, and the strain to
fracture all significantly decreased with UV exposure. Surprisingly,
the stiffness, or Young’s modulus, was largely unaffected for
even large UV doses.
We expected these changes in mechanical properties to be

related to the targets for UV within the SC. The SC’s mechanical
properties derive predominately from its main structural features:
the SC has a composite structure consisting of heavily keratinized,
disk-shaped corneocyte cells bound together by intercellular
lipids and degraded desmosomal protein junctions, or corneo-
desmosomes (25).

Fig. 1. Schematic of structure of human skin and penetration of different
UV wavelengths. UVB penetrates mainly the epidermis.

Fig. 2. (A) SC modulus, (B) SC fracture strength, and (C) SC fracture strain as
a function of UV treatment for samples exposed to dosages of 0, 160, and
800 J/cm2 UVB broadband radiation.

17112 | www.pnas.org/cgi/doi/10.1073/pnas.1206851109 Biniek et al.

www.pnas.org/cgi/doi/10.1073/pnas.1206851109


An initial surprising observation was that the stiffness was
largely unaltered by even large UV doses. The stiffness of the SC
is predominately controlled by the tissue’s largest volume fraction,
the intracellular keratin filament matrix within the cytoplasm of
the corneocytes, which makes up ∼80% of tissue volume (26) and
70% of the total dry weight mass of the SC (27). Hydrogen
bonding between the polar side groups of individual keratin fil-
aments causes a strong interaction between chains, which addi-
tionally complex with filaggrin to form a matrix (28). This keratin
matrix lends the tissue rigidity, ensuring the stratum corneum
maintains its dimensions and integrity in the presence of external
mechanical stresses as well as internal osmotic stress (29). In ad-
dition to largely controlling the stiffness of the tissue, the keratin
matrix is also a potential target for UV radiation.
It has been reported that UVA exposure increases the per-

meability of small polar alcohols through the SC while not af-
fecting the permeability of larger, less polar alcohols. McAuliffe
and Blank (30) argued that polar molecules pass through the
keratin filaments of the SC, whereas the nonpolar molecules
travel lipid pathways, indicating that UVA alters the protein
structures of the SC. As proteins absorb UV radiation, it is rea-
sonable to assume that structural changes in the proteins take
place with UV exposure. Our ATR-FTIR data indicate that the
decrease in the amide II peak location with UVB exposure
corroborates that structural changes do take place in the keratin.
Young’s modulus, however, a measure of the keratin-controlled
stiffness of the SC, remained constant even with large UV expo-
sures, far above what would be encountered in a typical daily solar
exposure. Our study suggests that the changes in keratin with
UVB radiation do not influence the stiffness of the tissue, and we
suspect the same may be true for UVA exposure. More recent
research on the penetration of polar molecules through the SC
has indicated that the route of penetration is in fact polar
pores within the intercellular lipids (31), suggesting that, in-
stead of affecting keratin, UV exposure causes alterations to
the intercellular space.
Glycation, the reaction of reducing sugars with protein amino

acids, is a possible explanation for the amide II peak shift. It
occurs during intrinsic aging and in diabetic skin (32), and has
also been shown to be enhanced by UV exposure (33). Glycation
has been found to increase the cross-linking between keratin

filaments, resulting in a stiffer tissue. We found that the stiffness
of the SC remained constant with even large UV doses, sug-
gesting we were not observing the effects of glycation.
The formation of reactive oxygen species (ROS) with UV

exposure and their effect on proteins and lipids has also been
extensively studied (34). ROS have been implicated in protein
(35) and lipid (36) oxidation, which can alter tissue structure via
cross-linking, fragmentation, etc. We expect ROS to be part of
the damage processes in SC, although it was beyond the scope of
this study to examine these reactions in detail.
In this study, the SC fracture strength and fracture strain de-

creased significantly with increasing UV exposure, indicating
cellular cohesion, largely dominated by the intercellular lipids
and corneodesmosomes, is reduced. Intercellular lipids, which
form a “mortar” holding the corneocytes together, are another
potential target for damage by UV radiation. Intercellular lipids
make up 20% of total tissue volume, or about 15% of the total
dry weight of the SC, and are arranged in lamellar sheets,
which consist of bilayers of ceramides, cholesterol, and fatty
acids together with small amounts of phospholipids and glu-
cosylceramides (37).
The cellular cohesion is more directly determined by the

measurement of the tissue’s delamination energy. Our previous
research clearly identified that delamination of SC is intercellular:
the removal of mobile lipids in SC increased the intercellular
delamination energy as covalently bound lipids were brought into
closer proximity (18, 38, 39). Thus, the marked decrease in inter-
cellular delamination energy with increasing UV exposure indicates
UV radiation causes a significant decrease in cellular cohesion
and thus an alteration of intercellular lipid or corneodesmosome

Fig. 3. (A) Bulge specimen geometry and testing schematic, (B) SC biaxial
modulus, and (C) SC peak stress as a function of UV treatment for samples
exposed to 160, 320, and 800 J/cm2 UVB broadband radiation.

Fig. 4. (A) Fracture mechanics specimen geometry and testing schematic.
DCB geometry illustrating relevant loading parameters (P, Δ), delamination
extension as measured from loading axis points (a) and relevant specimen
dimensions (b = 10 mm, h = 2.88 mm, length = 40 mm). (B) Illustration of
graded properties measurement method in which initially tested DCB sub-
strate (B) is adhered to new substrate (A′) to form new DCB specimen and
subsequently tested. The original substrates are tested again in this manner
using new substrates each time (A″), etc., until the desired number of
delaminations is completed. (C) SC delamination energy as a function of UV
treatment for abdomen or breast specimens from donors ranging in age from
22 to 81 y exposed to varying dosages of broadband and narrowband UVB
radiation. Note the log scale used for UVB dosage. (D) Delamination energy
values for DCB tests performed on untreated SC and SC exposed to a dosage
of 20 J/cm2 narrowband UVB radiation versus number of delaminations.
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structure. Furthermore, these UV-induced alterations are prev-
alent throughout the depth of the SC and are more pronounced
away from the upper, superficial layers.
In addition to intercellular lipid contributions to SC integrity,

the corneodesmosome protein linkages between cells are known
to play a critical role in SC cohesion. Previous delamination
testing on human SC revealed a gradient in SC intercellular
cohesion with progressively weaker bonding from the lower
layers toward the more superficial layers of the SC. These graded
delamination tests also determined that the first delamination
occurs in the first few outer layers of the SC, where the concen-
tration of corneodesmosomes is relatively low, with subsequent
delaminations occurring at progressively deeper layers (39). The
decrease in delamination energy in the upper layers of the SC
with UV exposure can thus be attributed mainly to intercellular
lipids and indicates that the cohesion of intercellular lipids
decreases with UV exposure. The more marked decrease in
cellular cohesion with depth into the tissue indicates that cor-
neodesmosomes are altered by UV exposure.
Corneodesmosomes are critical to desquamation, an important

protective mechanism by which the SC is completely turned over
in 2–4 wk. The progressive degradation of corneodesmosomes
toward the outer skin surface decreases cellular cohesion and
facilitates cell detachment. The damage of corneodesmosomes
by UV exposure is expected to alter the natural desquamation
process, potentially leading to longer-term barrier disruption.
Future research should examine how the initial damage from
UV exposure affects subsequent generations of SC.

Comparing the present results to other organic films exposed
to UV radiation, we found that the fracture energy of poly-
siloxane-coated poly(methyl methacrylate) (PMMA) decreased
by ∼30% with exposure to simulated solar radiation because of
chain scission in the PMMA substrate (40), whereas the de-
lamination energy of organosilicate films increased with UV ra-
diation because of formation of cross-linking Si—O—Si bonds (41).
Thus, the response of a thin-film material to UV exposure is highly
dependent upon the specific material’s bonding and structure.
Surprisingly, the biaxial stiffness obtained using the bulge test

significantly decreased with increasing UV exposure. Although
Young’s modulus of the tissue determined using uniaxial tensile
testing remained constant, the bulge test is a fundamentally
different type of test: the tissue is stretched over water similar to
its in vivo state, allowing water ingress. A decrease in SC biaxial
stiffness indicates that the tissue becomes more hydrophilic with
UV exposure, resulting in increased water uptake and increased
hydration. The increase in water absorption indicates that the
intercellular lipids are modified by UV exposure.
The structural integrity of keratin and intercellular lipids plays

an important role in the hydration characteristics of SC, and
intercellular lipids have been identified as the primary barrier to
water permeability through the SC layer (25, 42). With only
tightly bound water present in dry environments [<20% relative
humidity (RH)], SC has a dense, semicrystalline structure. There
is a strong interaction between the keratin chains because of
hydrogen bonding between the polar-side groups of the chains
(43, 44), and the intercellular lipids are closely packed and rigid.
As the tissue hydrates, the hydrogen bonding between the ker-
atin chains is disrupted, allowing them to be less constrained and
move more easily relative to each other while being strained (43,
45). In the case of the lipids, increasing water presence reduces
the intermolecular forces between the intercellular lipids and
loosens their packing, causing them to become more fluid and
permeable (45). As a result, the tissue becomes weaker and less
stiff with increasing hydration. A lower biaxial modulus therefore
indicates the tissue has become more hydrophilic with UV ex-
posure, suggesting an alteration in lipid structure.
To limit variability between specimens, all biomechanical testing

was performed on SC obtained from female Caucasian donors.
The donors ranged in age from 22 to 81 y, and SC was selected
predominately from the abdomen and one sample from the breast,
which may have had a different sun exposure history. Future re-
search should examine how such factors as sex, race, age, ana-
tomical site, and history of sun exposure and tobacco use alter the
response of tissue to UV exposure. For example, the need to
balance protection from sunburn and skin cancer with the ability to
produce vitamin D has caused the evolution of skin pigmentation
through natural selection for optimization to the levels of UV
radiation at a given latitude (46). Variations in skin pigmentations
may therefore be expected to have a significant impact on UV-
induced alterations to the mechanical barrier function of skin.
Based on the biomechanical model we have developed to

predict the onset of SC damage, we can make some predictions
regarding the effects of UV exposure. The driving force for crack
propagation for various cracking configurations can be quanti-
fied in terms of the strain energy release rate, G (47):

G =
Zσ2SC   hSC

ESC
[1]

where σSC is the SC drying stress, hSC is the SC thickness, ESC is
the biaxial SC modulus, and Z is a nondimensional parameter for
the specific cracking configuration (Z = 3.95 for surface cracks,
1.98 for channel cracking, and 0.50 for delamination) (Table S1).
Note that this formulation assumes that the SC is a linear elastic
thin film on an elastic substrate, which is accurate for the low

Fig. 5. (A) The lipid content indicator, given as the ratio of the symmetric
C—H stretching peak to amide II peak, as a function of broadband UVB
dosage. (B) Symmetric and (C) asymmetric C—H stretching frequency as
a function of broadband UVB dosage for non–tape-stripped and tape-
stripped samples. (D) Ratio of amide I to amide II peak heights as a function
of broadband UVB dosage. (E) Amide II peak location as a function of
broadband UVB dosage.
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strains, hydration conditions, and timescales important for dry
skin damage processes. The viscoelastic nature of the epidermal
and dermal substrate layers will likely result in a greater me-
chanical driving force for skin damage.
Cracking and chapping will develop in the SC during drying

when the value of G exceeds the intercellular delamination en-
ergy, Gc, which provides a measure of the SC’s natural resistance
to damage. Chapping and cracking can lead to serious adverse
skin responses such as inflammation and infection caused by the
SC’s impaired barrier function (4–7). We have shown that the
biaxial stiffness, ESC, in Eq. 1 decreases with UV exposure,
leading to an increase in the crack driving force, G. The biaxial
stiffness is a more appropriate parameter than the uniaxial stiff-
ness in this instance because the measure of the biaxial stiffness,
the bulge test, is performed under conditions that simulate the in
vivo environment. For a conservative measure of the crack driving
forceG, and to enable comparison with the intercellular cohesion,
GC, measured at 30% RH, the stiffness was assumed to be con-
stant at 200 MPa, a typical value for the tissue at 30% RH (15).
The biaxial drying stress, σSC, was characterized from the curva-
ture of an elastic substrate onto which the SC has been adhered
(15, 48). The drying stress significantly increased with UV ra-
diation, and the crack driving force, G, scales with the biaxial
drying stress, σSC, to the power of 2 in Eq. 1. Thus, the crack driving
force, G, is predicted to significantly increase with UV exposure.
The tissue’s intercellular delamination energy, Gc, decreases

with UV exposure, suggesting that UV radiation poses a double
threat to skin: it both increases the crack driving force while si-
multaneously decreasing the skin’s natural ability to resist (Fig. 6). It
should be noted, however, that our model predicts the onset of
damage to occur at a large broadband UVB dose of 25 J/cm2, which
corresponds to about 2 d of solar exposure. The SC is therefore
inherently resistant to even relatively severe UV exposure.
We thus show that UV exposure has dramatic effects on SC

cell cohesion and mechanical integrity that are related to its effects
on SC intercellular lipids and corneodesmosomes. Although
ATR-FTIR indicated structural changes in keratin occur with
UVB exposure, the results of microtension, bulge, and double
cantilever beam testing indicate that the intercellular lipids and
corneodesmosomes are the primary tissue components affected
by UVB radiation. The alteration of the SC intercellular space

has dramatic implications for the SC’s barrier properties and
mechanical integrity and highlights the need for effective pro-
tection from UV. The protection level of UV inhibitors such as
sunscreens is quantified by its sun protection factor, the ability to
protect against sunburn, and largely disregards any alterations in
the biomechanical barrier function of SC (49). This study also lays
the foundation for investigation of the efficacy of UV inhibitors
such as sunscreens at preventing UV damage to the biomechanical
barrier function of SC.

Materials and Methods
Tissue Preparation. Human cadaver SC was acquired from the abdomen and
breast of Caucasian female donors between the ages of 22 and 81 y. Frozen
cadaver tissue was stored at −80 °C until processing. Single donor tissue
specimens were used for comparative tests to reduce variability within the
test sequences. Epidermal tissue was separated from the dermis by immer-
sion in a 35 °C water bath for 10 min followed by a 1 min soak at 60 °C, and
then mechanical separation from the dermis using a flat-tipped spatula. SC
was subsequently detached from underlying epidermis by floating the tissue
in a trypsin enzymatic digest solution [0.1% (wt/wt) in 0.05 M, pH 7.9 Tris
buffer] at 35 °C for 120 min. The tissue was then floated on water and the
epidermis was gently brushed away using a Q-tip until a clear sheet of SC
was obtained. The SC was then rinsed and allowed to dry on filter paper
(grade 595 general-purpose filter paper; Schleicher and Schuell MicroScience),
and then removed and stored in a low-humidity chamber (∼10–20% RH) at an
ambient temperature of ∼18–23 °C.

Specimens were equilibrated in an environmental chamber (LH-6 Humidity
Chamber; Associated Environmental Systems) for 24 h before UV exposure
and specimen fabrication. The specimens were then exposed to different
doses of broadband and narrowband UVB radiation using phototherapy
lamps (SolRx 100; SolarC Sytems) or Pen-Ray UV lamps (Pen-Ray Lamp; UVP)
(Fig. S1). The SolRx phototherapy device uses UVB narrowband bulbs (PL-S
9W/01/2P; Philips) emitting radiation with wavelengths between 305 and
315 nm with a peak at 311 nm and UVB broadband bulbs (PL-S 9W/12/2P;
Philips) emitting radiation with wavelengths of 270–400 nm with a peak at
311 nm. The Pen-Ray UVB lamp emits broadband radiation between 280 and
375 nm, with the principal emission at 302 nm. The broadband and narrowband
UVB lamps had an average intensity of 1.4 and 1.2 mW/cm2, respectively. A
dosage of 160 J/cm2 of broadband or narrowband UVB radiation, for example,
thus required an exposure time of 31 h, 45 min, or 37 h, 2 min, respectively.

Biomechanical Testing. We performed microtension, bulge, and double
cantilever beam experiments as previously described (18, 50) and briefly
reviewed here.

Microtension experiments were performed using a tensile testing appa-
ratus (Bionix 200;MTS Systems Corporation) equippedwith a 44.48 N load cell
to study the uniaxial biomechanical behavior of the tissue. The specimens
were trimmed to 25 × 6 mm and mounted onto opposing grips with a 10-
mm-long gauge length. Specimens were tested to failure in all cases with an
initial strain rate of 0.01 s−1.

Bulge testing was conducted using a Plexiglas unit encasing a drilled cavity
with two channels, which were filled with distilled water as the pressure
medium. UVB-irradiated SC specimens (5 × 5 mm) were clamped onto the
orifice of the cavity, and one side of the specimen was exposed to distilled
water for 1 h before testing. The SC was bulged outward with distilled water
at a constant medium flow rate of 0.0445 μL s−1, and the pressure inside the
system was measured by a pressure transducer. Experiments were performed
at a constant temperature and RH condition, i.e., at 23 °C and 25% RH. To
determine the biaxial stress and strain in the SC, the pressurized tissue was
modeled as a section of a thin-walled spherical pressure vessel having uni-
form equal biaxial stress and curvature.

To form DCB specimens, UV-irradiated SC was adhered between two
elastic substrates of polycarbonate with cyanoacrylate adhesive. To enable
the use of linear elastic fracture mechanics to determine the strain energy
release rates, substrate dimensions of 40 × 10 × 3 mm3 were chosen to ensure
purely elastic deformation of the substrates during testing. The specimens
were mounted at the SC-free end via loading tabs in an adhesion test system
with a computer-controlled DC servoelectric actuator operated in dis-
placement control to propagate a debond through the SC layer. Tests were
performed at a constant displacement rate of 2 μm/s. To perform graded
delamination tests, DCB specimens were fabricated and tested as described
above. After testing the new specimen, the substrate from the original de-
lamination specimen would again be adhered to another new substrate to
delaminate the remaining SC layer.

Fig. 6. Thenormalizeddriving force for SC damage, given as the ratio ofG/Gc,
as a function of broadband UVB dosage for surface cracking and channeling
configurations. Surface cracks nucleate from a given size flaw and propagate
downward toward the SC/epidermis interface. Channel cracks propagate in
the plane of the SC.G is the strain energy release rate, or crack driving force, of
UV-exposed tissue, and Gc is the intercellular delamination energy, a measure
of the tissue’s natural resistance to damage. The crack driving force signifi-
cantly increases with UV exposure while the natural resistance to damage
decreases, leading to increased damage and impaired biomechanical function.
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ATR-FTIR. We performed ATR-FTIR using a Vertex 70 FTIR spectrometer
(Bruker Optics) equipped with a deuterated triglycine sulfate detector and
a micro-ATR (A529-P MIRacle) accessory supporting a ZnSe crystal. Data
collection and spectral calculations were performed using OPUS (version 5.5)
software. All spectra (2 cm−1 resolution) were obtained in the frequency
range of 4,000–750 cm−1 and normalized by the amide I peak at ∼1,650 cm−1

largely because of carbon-oxygen (C=O) stretching with a small contribution
from nitrogen-hydrogen (N—H) bend. Second derivative of the spectra was
used to identify peak positions. Studies in the literature typically look at the
effect of UVB on the surface of the SC (22). The SC surface can give mis-
leading results, however, because of possible surface contamination. Tape
stripping was used to remove any potential surface contamination. ATR-FTIR
measurements of both tape-stripped and non-tape-stripped SC specimens
were obtained for comparison.

Statistical Analysis. Microtension and bulge data, as well as delamination
energies measured as a function of conditioning, are presented as mean
values ± 1.96 × the SEM in which the mean values reported are expected to
fall within these bounds with 95% confidence. On average, n = 3 for each
test condition. For double cantilever beam testing, an average of eight de-
lamination energies were obtained per specimen, yielding on average n = 24
per test condition. Values were compared using the Wilcoxon signed-ranks
test for independent samples. The confidence interval was set at 95%. In the
ATR-FTIR study, four scans were made at different regions of the specimens
to confirm the trends. The absorbances and peak heights are reported as
mean ± SD of four samples.
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