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A B S T R A C T

The impact of sunscreen formulations on the barrier properties of human skin are often overlooked leading to
formulations with components whose effects on barrier mechanical integrity are poorly understood. The aim of
this study is to demonstrate the relevance of carrier selection and sunscreen photostability when designing
sunscreen formulations to protect the biomechanical barrier properties of human stratum corneum (SC) from
solar ultraviolet (UV) damage. Biomechanical properties of SC samples were assayed after accelerated UVB
damage through measurements of the SC's mechanical stress profile and corneocyte cohesion. A narrowband
UVB (305–315 nm) lamp was used to expose SC samples to 5, 30, 125, and 265 J cm−2 in order to magnify
damage to the mechanical properties of the tissue and characterize the UV degradation dose response such that
effects from smaller UV dosages can be extrapolated. Stresses in the SC decreased when treated with sunscreen
components, highlighting their effect on the skin prior to UV exposure. Stresses increased with UVB exposure
and in specimens treated with different sunscreens stresses varied dramatically at high UVB dosages. Specimens
treated with sunscreen components without UVB exposure exhibited altered corneocyte cohesion. Both sunsc-
reens studied prevented alteration of corneocyte cohesion by low UVB dosages, but differences in protection
were observed at higher UVB dosages indicating UV degradation of one sunscreen. These results indicate the
protection of individual sunscreen components vary over a range of UVB dosages, and components can even
cause alteration of the biomechanical barrier properties of human SC before UV exposure. Therefore, detailed
characterization of sunscreen formulation components is required to design robust protection from UV damage.

1. Introduction

Solar ultraviolet (UV) radiation is well known to have salutatory
effects on the body such as stimulating the production of vitamin D.
However, it is important to consider that during UV exposure in vivo
these effects are multi-faceted. Within the dermis, the production of
abnormal elastotic tissue along with the breakdown of the collagen
network are both known effects of UV damage, likely resulting from the
up-regulation of matrix metalloproteinases (MMPs) due to reactive
oxidative species (ROS) generation by UV [1,2]. Additionally, both
single large acute doses and low levels of repeated UV radiation have
been shown to induce hyperplasia within the epidermis and stratum
corneum due to modulation in the expression of genes controlling the
differentiation and proliferation of keratinocytes [3,4]. The increased
production of keratinocytes has been linked to skin surface alterations
such as changes in hydration, skin topography, and epidermal

thickness, all of which would affect the skin barrier function [3,5].
While these multi-faceted effects occur throughout all skin layers,

our work focuses specifically on the impact of UV radiation on stratum
corneum (SC) damage processes and barrier function. Since the SC is
comprised of fully differentiated corneocytes without nuclei or orga-
nelles, our in vitro analysis of UV effects on the SC barrier function
yields good insight into the same in vivo. In fact, it is UV damage to the
mechanical behavior of the SC layer which leads to the greatest loss of
mechanical integrity in full-thickness tissue [6]. This is because al-
though the collagen and elastin extracellular matrix of the dermis
controls the macroscopic deformation of skin, the SC dominates the
local biomechanical behaviors and stress levels of full-thickness skin
(including damage processes and tactile perception) due to its much
greater stiffness compared to that of deeper skin layers [6–9].

UV radiation has deleterious effects on the biomechanical barrier
properties of SC, ultimately reducing the SC barrier function and
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undermining its ability to provide robust physical and chemical pro-
tection for the body from the environment [5,6,10,11]. UV radiation
weakens the mechanical stability of the skin by increasing the inherent
mechanical stress within the SC that is the driving force behind
cracking and chapping, as well as damaging the cohesion energy of the
SC (its resistance to cracking and chapping) [6,12]. Consequently, the
barrier function of the SC is greatly impaired and more susceptible to
further degradation after the biomechanical properties of the SC have
been damaged by UV radiation. It is important to note that the SC ex-
hibits remarkable resistance to UV degradation such that generally
large UV doses as part of an accelerated testing technique are required
to elicit the full extent of cohesive damage [6]. However, there is a
growing body of evidence which suggests frequent low level doses of
UV radiation in vivomay have a cumulative effect on skin health similar
to fewer acute doses [5,13].

In recent publications, we introduced a suite of in vitro thin-film
mechanics techniques capable of precisely quantifying the mechanical
barrier properties of human SC when exposed to chemical treatments or
changes in temperature [7,8,14–16]. We have also demonstrated the
ability of these techniques to measure the effects of UV radiation on the
SC as well as the efficacy of sunscreens in preventing UV damage to the
barrier properties of human SC [6,12]. Here we demonstrate the ver-
satility and precision of these techniques by comparing the photo-
stabilities of octyl methoxycinnamate (OMC), a commonly used organic
UVB absorbing molecule, and dioctyl 4-methoxybenzylidene malonate
(DOMBM), a more novel molecule designed to have a higher photo-
chemical stability for use in commercial sunscreens.

In the evaluation of sunscreen efficacy for protecting the barrier
function of human SC, the photostability of sunscreens is a critical
factor. Many sunscreen molecules lose their UV filtering efficacy due to
photochemical reactions that occur during solar exposure [17,18]. Not
only does this leave the skin unprotected from further UV radiation
damage, but in some cases the byproducts and intermediates of these
reactions are reactive oxidative species (ROS) or other cytotoxic mo-
lecules which can sensitize and further damage the skin well before full
degradation of the sunscreen [19–21]. Our accelerated UV damage
procedure clarifies differences in sunscreen stability that may not be
readily apparent at lower dosages, but which have a large impact on
ROS burden on the skin at any radiation level. This problem of low
photostability is common even in commercially available sunscreens,
highlighting the need for standardized and robust photostability mea-
surements [18,22].

Adequate protection of the SC from UV degradation requires
sunscreens that are not only screened for a high initial UV filtering
capacity, but that are also appropriately tested to ensure high photo-
stabilities. As the SC is the main diffusion barrier of the skin, most in-
organic and chemical sunscreens only interact with the SC without
reaching deeper layers of the skin [23–25]. OMC in particular has been
shown to have extremely low penetration capability through the SC
[26,27]. Thus, studying the effects of sunscreen treatments and ac-
celerated UV exposure on the biomechanics of isolated SC in vitro has
very significant in vivo relevance, since the structure of the SC is
maintained during isolation from full-thickness tissue.

Here we implement our suite of thin-film mechanics techniques to
systemically compare the photostabilities of two similar sunscreens,
octyl methoxycinnamate (OMC) and dioctyl 4-methox-
ybenzylidenemalonate (DOMBM), while also evaluating their efficacies
at preventing UVB damage to the mechanical barrier properties of the
skin. The results illustrate the importance of sunscreen photostability in
protecting the biomechanical characteristics of the SC, as well as
strength of our techniques at evaluating precise differences in sunscreen
behavior.

2. Materials and methods

2.1. Stratum corneum preparation

Full-thickness samples of cadaverous human skin were obtained
through the National Disease Research Interchange (NDRI). The SC was
isolated from these full-thickness abdominal samples through a trypsin-
digest process described previously [6]. All abdominal tissue was stored
in a −80 °C freezer until processing. After cutting away subcutaneous
tissue, the epidermis was separated from the dermis via heat treatment
in 35 °C water for 10min immediately prior to a one minute soak in
60 °C water, followed by mechanical separation using a flat-tipped
spatula. The underlying epidermal tissue was then removed from the SC
by floating the tissue in a trypsin enzymatic digest solution [0.1% (wt/
wt) in 0.05M, pH 7.9 Tris buffer] at 35 °C for 180min. The SC was then
rinsed and allowed to dry on filter paper (medium flow, grade 995 filter
paper; Whatman), and then removed to be stored in a low-humidity
chamber (~10–20% RH) at an ambient temperature of ~18–23 °C.
Direct comparisons of absolute SC stress profiles and cohesion energies
were only made between specimens from the same donor tissue sample,
in order to control for variations that may occur in phototype between
donors. Percent changes in normalized peak drying stresses were
compared between two different donor samples to more effectively
characterize differences in sunscreen efficacy.

2.2. UV exposure and sunscreens

The sunscreens used in this study were the UVB absorbing molecules
octyl methoxycinnamate (OMC) and dioctyl 4-methox-
ybenzylidenemalonate (DOMBM). OMC is a well-known UVB filter that
is widely used in commercial sunscreen formulations [27–29]. OMC has
also been included in more complex treatment formulations to broaden
UVB protection or as a stabilizing ingredient meant to absorb certain
UVB wavelengths in order to prolong the lifetimes of other sunscreen
molecules [30,31]. However, recent publications have shown that
DOMBM, a novel UVB absorber without isomers, may have significantly
enhanced photostability compared to OMC, which is known for its low
stability due to isomerization [31,32]. These molecules were chosen to
highlight the ability of our thin-film measurement techniques in char-
acterizing precise differences in the photostability profiles of sunscreens
with regards to the mechanical stability of the SC. The OMC and
DOMBM were always applied in the commercially available and widely
used carrier molecule glyceryl tri-2-ethylhexanoate (GTE) at a con-
centration of 8 wt%. GTE is often used as an emollient in cosmetic skin
treatments, and we have recently reported its basic effect on stresses in
the SC [33].

Since OMC and DOMBM are UVB absorbing molecules, all samples
were exposed to narrowband UVB radiation (305–315 nm) in order to
best compare the efficacy and photostability of these sunscreen mole-
cules using our suite of thin-film mechanics techniques. Additionally,
maintaining a robust defense against UVB radiation is critical because
although UVB radiation is a smaller portion of incident solar UV ra-
diation compared to UVA radiation, it is more energetic than UVA ra-
diation and it is responsible for most cases of erythema and direct da-
mage to the DNA of epidermal cells [5,34]. All UVB radiation was
produced by a commercial phototherapy system (SolRx 100; SolarC
Sytems) using a 9W narrowband UVB lamp (PL-S 9W/01/2P; Philips).
The measured irradiation spectrum of this Philips lamp is shown in
Fig. 1 plotted with the ASTM standard solar irradiance spectrum at
ground level with a 37° hemispherical tilt [35]. The peak irradiance of
the lamp occurs between 307-315 nm and all wavelengths produced by
the lamp are present in the solar spectrum at ground level. The lamp
power output in the narrowband UVB region is ~7 times greater than
solar power output in this region, which is useful and necessary to
accelerate damage in the SC and decomposition processes in the
sunscreens studied. Various amounts of narrowband UVB exposure
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were chosen during this accelerated damage study to fully characterize
the filtering efficacy and photostability of the OMC and DOMBM mo-
lecules (as well as their carrier compound). For drying stress mea-
surements, specimens were exposed to 0, 5, 30, 125, and 265 J cm−2 of
narrowband UVB radiation. Similarly, for dual-cantilever beam ex-
periments, after one of the treatments of interest was applied, speci-
mens were exposed to 0, 125, and 265 J cm−2 of narrowband UVB
radiation. The 5 and 30 J cm−2 conditions were included in drying
experiments to characterize the behavior of treatments in a more
physiologically relevant range of UVB exposure amounts, as these
conditions correspond to ~10 h and ~60 h respectively of unin-
terrupted solar narrowband UVB exposure [35]. We have chosen these
large UVB dosages to amplify tissue response in an accelerated damage
test such that the maximum damaging effects of UVB on the mechanical
properties of SC would be observable. We believe this has physiological
relevance for two key reasons. First, by measuring changes in sunscreen
efficacy at large UV dosages, we can extrapolate information con-
cerning sunscreen behavior at lower dosages where partial degradation
may present a critical issue of generating ROS [19–21]. Second,
emerging evidence suggests small UV exposures may accumulate to
effect greater damage in the skin [5,13].

Immediately prior to all UVB exposures, an average amount of
treatment of 2.7 mg cm−2 for cohesion specimens or 2.2 mg cm−2 for
drying stress specimens was applied directly on the SC surface using a
wooden dowel to ensure a relatively even layer. These amounts were
somewhat higher than the commercial standard of 2.0mg cm−2 to
allow for more complete and even coating of the SC after it had been
adhered to substrates, which is necessary for accurate biomechanical
measurements. During exposure to UVB radiation, specimens were kept
in an environmental chamber (LH-06 Humidity Chamber; Associated
Environmental Systems) held at 40% RH and 25 °C in order to simulate
typical ambient conditions while preventing local humidity or

temperature fluctuations. In dual-cantilever beam experiments (de-
scribed below), sunscreen formulation treatments and UVB exposures
occurred only once before the first delamination and were not repeated
for subsequent delaminations.

2.3. Drying stress profiles

In a process described previously in Ref. [16], the drying stresses in
SC were measured by monitoring the curvature of a glass substrate onto
which the SC had been adhered. In order to relate the drying stress of
the SC, σSC, and the elastic curvature of the substrate, K, Stoney's
equation was used:
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where Esub, νsub and hsub are the Young's modulus, Poisson's ratio, and
thickness of the substrate, respectively. The initial and final thickness
values of the SC, hSC, were measured with a digital micrometer. SC
thickness was assumed to vary linearly with time from initial stress
onset until the stress reached a constant (plateau) value. The SC was
assumed to be a “thin film” compared to the substrate. This assumption
is valid since the product of the film biaxial modulus and thickness are
easily ≤1/80th of the equivalent product for the substrate. This as-
sumption is quite useful since it means that the elastic properties of the
film are not required. SC that had been fully hydrated by submersing in
water for 25min was adhered to 22mm×22mm x 177mm bor-
osilicate glass coverslips (12–541- B; Fisher Scientific) with reflective
Cr/Au (35 Å/465 Å) films deposited on one surface. Slippage of the SC
does not occur, due to interactions between SC protein components and
the borosilicate glass. A study from our group has addressed this pre-
viously [8]. In the present study, to prevent any possibility of slippage,
a very thin layer of cyanoacrylate adhesive was applied to sample edges
after the wet SC was adhered normally. Experiments showed this did
not affect measured values of mechanical stresses within the SC (data
not shown). The curvature of the borosilicate glass was then measured
using a substrate curvature instrument (FLX-2320; Tencor Instruments),
with ambient temperature and humidity controlled at< 5% RH. The
instrument operates by using a laser to scan and determine angle of
deflection across the substrate, thus measuring an average curvature
value. After the plateau stress was reached, the specimen was placed in
the environmental chamber at 40%RH for two hours to rehydrate to
ambient moisture levels before applying sunscreen formulations or
exposing to UVB radiation. After being treated or UVB exposed, the
specimen was placed in a 99%RH chamber for two hours to fully hy-
drate before another drying stress measurement was performed.

2.4. Corneocyte cohesion

Corneocyte cohesion tests were performed following the procedure
described previously [6]. The double-cantilever beam (DCB) test geo-
metry was implemented. Using cyanoacrylate adhesive, SC was initially
adhered between two elastic substrates of polycarbonate. To enable the
use of linear elastic fracture mechanics to determine strain energy re-
lease rates, substrate dimensions of 40×10×3mm3 were chosen.
This ensured the substrates underwent purely elastic deformation
during testing. Loading tabs were used to mount the specimens in a
micromechanical adhesion testing system (Delaminator v8.2; Dauskardt
Technical Services). The system operated with a computer-controlled
DC servoelectric actuator in displacement control mode to propagate a
debond path through the SC layer. The displacement rate was set to
2.0 μm s−1 at the beginning of the test and was incrementally increased
by 2.0 μm s−1 throughout the test up to a maximum of 8.0 μm s−1. The
load-versus-displacement curves generated via analysis with the DTS
Delaminator were used to determine specimen compliance, which en-
ables calculation of the debond length. The cohesion energy, or GC, was

Fig. 1. The ASTM standard solar irradiance at Earth’s surface with 37° hemi-
spherical tilt [35] overlaid with the Philips PL-S 9W/01/2P narrowband UVB
bulb spectrum at wavelength range (a) 280-1400 nm and (b) 280-400 nm.
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then found by implementing the following equation derived from linear
elastic fracture mechanics:

= ⎛
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where PC and aC are the critical load and critical debond length at crack
propagation, respectively, b is the substrate width, C is the compliance
of the specimen, and a is the debond length. For the symmetrical DCB
geometry, compliance is given by:
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where ′E is the reduced substrate modulus and h is the substrate
thickness. The factor added to the debond length is a correction factor
first described by Kanninen [36].

To perform graded cohesion tests, a substrate beam with delami-
nated tissue from the original specimen would be adhered to a fresh
substrate beam to delaminate the remaining SC layers. Before the first
delamination, and after every subsequent delamination, the thickness
of the SC and its substrate beam was measured in five locations along
the length of the beam using a micrometer (Micrometer 293-348-30;
Mitutoyo). Thus, we characterized the average thickness change cor-
responding to each delamination, which is directly related to the depth
beneath the SC surface at which each delamination occurred. In this
way, we were able to generate scatter plots of cohesion energy versus
depth into the SC. We then performed a linear fit on each set of dela-
minations and extrapolated GC values at 2, 4, and 6 μm for all data sets.
These depth-fitted data sets allow for direct comparison of GC values
obtained while testing the effects of different treatments and UVB ex-
posures. A linear fit was chosen in light of previously published results
that indicate the cohesion energy of SC increases linearly near the skin
surface before beginning to grow exponentially at deeper SC layers
[14]. The cohesion energies reported here are all extrapolated from
linear fits in this way. For all testing conditions, three to five specimens
prepared from the same tissue sample were tested with a percent yield
of 73%. An average of ten cohesion energies were obtained per spe-
cimen, for an average of n= 27 per test condition. Error bars shown in
figures represent the standard error of these data sets.

3. Results and discussion

3.1. Drying stress profiles after carrier treatment and UVB exposure

Results of drying stress measurements performed on sunscreen
treated and untreated SC, including peak stress changes due to in-
creasing UVB dosages as well as complete drying stress profiles, are
shown in Fig. 2 (Fig. 2a, b, c). The mechanical stresses that develop
within the SC are of critical importance in understanding the skin
barrier function, as a higher inherent state of stress within the SC is a
driving force for cracking, chapping, and other mechanical damage
[6,8]. It is important to note that changes in mechanical stress in the SC
not only impact the damage characteristics of skin, but also human
perception of skin stiffness or tightness, making drying stress a key
metric in skin protection [16].

We measured the mechanical stress of SC during drying before and
after exposure to 265 J cm−2 of UVB radiation and found that the peak
stress value increased by nearly 23% (Fig. 2a). This is consistent with
past studies detailing the increase in stress within SC due to UV ra-
diation [6,12]. Since drying stress is fundamentally caused by water
loss, which is known to be controlled by the lipid interlayer of the SC
[16,37,38], it is likely that UV radiation leads to an increased stress in
SC by damaging the lipids within the skin allowing a greater volume of
water to be lost. In fact, UV radiation has been shown to both disrupt
the lamellar organization of intercellular lipids within the SC and also
generate ROS which in turn degrade SC lipids through peroxidation

reactions, effects which would explain a greater total water loss during
drying [39–41].

Peak stress observed within SC treated with the GTE carrier de-
creased by 34% with no UVB exposure (Fig. 2a). These results suggest
that in the absence of UVB radiation, the GTE carrier reduces the
amount of water lost from the SC during drying. This may indicate that
the GTE carrier is a humectant molecule which interacts strongly with

Fig. 2. (a)Comparison of peak stresses observed during drying stress experi-
ments performed on SC treated with the OMC and DOMBM formulations and
exposed to 0, 5, 30, 125, 265 J cm-2of UVB radiation. Also reported are the peak
stresses of untreated tissue, as well as SC treated with the pure GTE carrier,
which was measured after 0 and 265 J cm-2 UVB exposures. Normalized biaxial
film stresses for SC films treated with the GTE carrier containing (b)8 wt% OMC
or (c)8 wt% DOMBM and exposed to 0, 5, 30, 125, 265 J cm-2 of UVB radiation.
Pre-treatment control curves are shown on the left. Curves were normalized
relative to the peak stress of each control curve.
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water, thus preserving SC hydration in a dry environment. However,
this explanation is inconsistent with cohesion data discussed later in
this work and seems unlikely given the presence of relatively hydro-
phobic side groups in the GTE molecule. Another possible explanation
is that the GTE carrier strongly interacts with lipids covalently bound to
corneocytes, forming a more compact hydrophobic diffusion barrier to
water in the SC and reducing total water loss. Increased lipid com-
paction has been previously observed when bound lipids are shifted
into close proximity with each other to increase interactions [14,42].
The impact of OMC and DOMBM sunscreen formulations on stress was
also measured before UVB exposure. We found that treatment with
OMC reduced the peak stress of SC during drying by 24%, while
treatment with DOMBM reduced the same by 28% (Fig. 2a). This de-
crease in peak stress caused by these formulations is likely a result of
the same effect of the GTE carrier on lipid interactions.

When specimens treated with GTE are exposed to 265 J cm−2 UVB
radiation, peak stress levels increase by 10% close to those of untreated
SC exposed to UVB radiation, demonstrating an increase in water loss
during drying (Fig. 2a). This result shows that any improved lipid
compactness or cohesion from the GTE treatment is lost after UVB ex-
posure. This is expected given the importance of ordered lipid lamellae
in lipid packing and the lack of any sunscreen molecule in the GTE
carrier to prevent the disordering effects of UVB radiation on lipids
[14,39].

3.2. Drying stress profiles after sunscreen treatments and UVB exposures

Drying stress profiles for SC treated with OMC and DOMBM
sunscreen formulations and exposed to various UVB dosages are shown
in Fig. 2 (Fig. 2b and c). In order to better understand the dose effects of
UVB radiation on the efficacy of both sunscreens in preventing UVB
damage to SC lipids, four UVB dosages were tested between 0 and
265 J cm−2. The observed stress profiles in OMC treated SC increased
dramatically to the point of delamination at the 265 J cm−2 condition,
which is the endpoint of our accelerated damage test (Fig. 2b). In the
case of DOMBM treated SC, the stress profiles also increased with in-
creasing UVB exposure, though to a significantly lesser extent than in
OMC treated tissue (Fig. 2c). On closer inspection of the peak stresses
measured at lower, more physiologically relevant UVB doses, a clear
trend is observed in which UVB damage increases rapidly with in-
creasing UVB exposure until some seeming level of saturation is
reached at large dosages (Fig. 2a). This result from an accelerated UV
degradation experiment indicates that a large part of the lipid damage
caused by UVB radiation occurs at physiological dosages, and any
further UVB radiation has a smaller effect on lipids in the SC.

In the case of DOMBM treated SC, the observed damage threshold
remains constant all the way to the highest used UVB dose of
265 J cm−2, where the measured peak stress is still 10% less than
control and 30% less than untreated skin exposed to that level of UVB
radiation. OMC treated tissue however, exhibits a sharp deviation from
this trend when exposed to 265 J cm−2, showing an increase in peak
stress of 19% compared to control. This is a similar level of damage seen
in untreated skin exposed to 265 J cm−2 of radiation (Fig. 2a). The
reduced peak stresses measured in SC treated with OMC and DOMBM
formulations and exposed to 5, 30, and 125 J cm−2 of UVB light de-
monstrate that both sunscreen molecules prevent some of the lipid
damage caused by UVB radiation. The reduced peak stresses likely in-
dicate that there are still some increased interactions among inter-
cellular lipids due to the presence of GTE. However, the sudden in-
crease of peak stress at high UVB dosage in only the OMC treated SC
reveals that the photostability of OMC is inferior to that of DOMBM.
Additionally, peak stresses observed in DOMBM treated SC are less than
those seen in OMC treated skin at all UVB exposure dosages, illustrating
the greater degree of UVB protection afforded by DOMBM [12]. These
accelerated damage drying stress measurements indicate that DOMBM
is likely a more robust sunscreen molecule at all UVB dosages, even

those lower than what was measured here.

3.3. Effects of UVB radiation on corneocyte cohesion

Results from depth-fitted corneocyte cohesion tests demonstrating
the combined effects on cohesion energy of treatment formulations and
various UVB exposures throughout the depth of the SC are shown in
Fig. 3 (Fig. 3a, b, c). The raw data of these DCB experiments taken
before depth-fitting is shown in Fig. 4, along with the performed linear
fit lines (Fig. 4a, b, c). Scatter plots indicating the effect of the depth-
fitting technique on measured cohesion energies are also reported in
Fig. 4, adjacent to their corresponding raw data plots (Fig. 4d, e, f).
Analyzing corneocyte cohesion after sunscreen treatments and UVB
exposure indicate changes in the ability of the SC to resist stress induced
damage. Without the solar UV protection afforded by many sunscreens,
the cohesion energy of SC is typically reduced by UV radiation,
meaning it is less resistant to structural damage such as cracking or
chapping [6,12]. We observed an expected reduction in cohesion of
1.1 Jm−2 (21% of control) at a depth of 2 μm beneath the SC surface
after 265 J cm−2 of UVB exposure (Fig. 3a). Through mobile lipid ex-
traction and enzymatic corneodesmosome (CD) degradation studies, we
have previously identified that the main biological components within

Fig. 3. Comparison of corneocyte cohesion energies of SC specimens treated
with the GTE carrier and OMC or DOMBM sunscreen formulations at 125 J cm-
2 and 265 J cm-2 UVB exposure conditions. Using the graded delamination
technique, measurements were found at depths of (a) 2 μm, (b) 4 μm, and (c) 6
μm beneath the surface of the SC. Dotted lines indicate the GC values at each
depth of SC exposed to 0 and 265 J cm-2 of UVB radiation without any
sunscreen treatment.
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the SC affecting its cohesion are the CD linkages between corneocytes,
with intercellular lipids playing a noticeable role near the SC surface
where CD density is lowest [7,42,43]. Thus, the reduced fracture re-
sistance of the SC observed confirms that UVB radiation impairs the
mechanical stability of human skin by degrading CD structure, pre-
venting these critical protein junctions from adhering neighboring
corneocytes.

Due to the natural process of desquamation, CD density (and con-
sequently SC integrity) increases at deeper layers within the SC [44,45].
Results from our graded delamination technique described above in-
dicate that at 4 μm beneath the SC surface, 265 J cm−2 of UVB exposure
reduced SC cohesion by 3.2 Jm−2 (30% of control) (Fig. 3b), and at a
depth of 6 μm, cohesion energy dropped by 5.3 Jm−2 (32% of control)
due to the same amount of UVB exposure (Fig. 3c). As observed in

previous studies [6,12], the degrading effects of UV radiation on co-
hesion energy appear to increase deeper into the tissue where CD
density is larger, further indicating how UV radiation severely reduces
the ability of CDs to provide mechanical integrity to the SC. UV ra-
diation not only affects CDs but can also disrupt the lamellar organi-
zation and structure of SC lipids while generating ROS in the skin
[39–41]. Lipid damage from UVB radiation may be the cause of the
smaller decrease in cohesion of 1.1 Jm−2 seen 2 μm beneath the SC
surface, where the weaker lipid effects on cohesion energy are most
noticeable due to low CD density.

3.4. Changes in corneocyte cohesion from sunscreen treatments

The effects of the GTE carrier were measured independently of OMC

Fig. 4. Raw cohesion energies measured for SC specimens treated with pure GTE carrier, 8wt% OMC in carrier, or 8wt% DOMBM in carrier formulations after UVB
exposures of (a) 0 J cm-2, (b) 125 J cm-2, (c) 265 J cm-2. Linear fits of each data set are also shown. Cohesion energies of SC specimens found by interpolating the
linear fits of raw data to depths of 2, 4, and 6 μm into the SC surface for (d) 0 J cm-2, (e) 125 J cm-2, (f) 265 J cm-2 of UVB exposure.
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or DOMBM sunscreen molecules to ensure any observed changes were
not simply due to the presence of an emollient or humectant molecule.
We found that treatment with GTE raised the cohesion energy of SC by
6.1 Jm−2 at a depth of 2 μm into the skin, while deeper measurements
at 6 μm into GTE treated tissue revealed a large drop in cohesion of
7.7 Jm−2 (31% of control) (Fig. 4d). The GTE carrier may be increasing
cohesion energy near the top of the SC by improving interactions be-
tween lipids covalently bound to corneocyte surfaces. This finding is
consistent with observed drying stress results that also demonstrated
improved lipid interactions as well as previously published studies
showing increases in total cohesion energy due to greater bound lipid
cohesion [14,42]. The increased cohesion observed at the surface of SC
treated with the GTE carrier also indicates that this molecule is not
simply a humectant, as in previous experiments increased hydration
levels have always led to decreases in cohesion [7,14]. The reduction in
cohesion energy seen deeper into the SC indicates the GTE also con-
tributes to CD degradation, illustrating the large impact this carrier
molecule has on multiple SC components.

The 8 wt% OMC and DOMBM in GTE formulations produce effects
in the cohesion of SC similar to those of the plain GTE carrier, albeit
with reduced impact. DCB measurements at 2 μm beneath the SC sur-
face demonstrate increases in cohesion energy of 1.5 Jm−2 and
3.3 Jm−2 in specimens treated with the OMC and DOMBM formula-
tions, respectively. At a depth of 6 μm, the cohesion of SC treated with
OMC and DOMBM formulations was reduced by 5.4 Jm−2 and
4.9 Jm−2, respectively (Fig. 4d). These results indicate the sunscreen
treatment formulations are also causing an increase in bound lipid in-
teractions while weakening CD linkages between corneocytes. Con-
sidering the large effect of the GTE carrier on cohesion, it is likely that
the effects of the sunscreen formulations on cellular cohesion were re-
duced because a lower relative amount of GTE was applied rather than
because of any innate action of the sunscreen molecules on CDs or li-
pids.

3.5. Corneocyte cohesion after combined sunscreen treatments and UVB
exposures

The cohesion energies of SC specimens treated with plain GTE and
subjected to UVB exposure were then measured to determine any in-
teractions the carrier might have with UVB radiation. When subjected
to 265 J cm−2 of UVB exposure, the cohesion energy of the SC treated
with the GTE carrier dropped by 1.3 J cm−2 (24% of control) at a depth
of 2 μm (Fig. 3a). Thus, after exposure to UVB radiation, the increase in
cohesion seen near the surface of GTE treated tissue has disappeared
and been replaced by the expected decrease in surface cohesion due to
UVB effects. As seen in drying stress studies, large UVB radiation do-
sages completely remove any noticeable impact of the GTE carrier. This
further indicates that any favorable interactions between bound inter-
cellular lipids mediated by GTE require a distinct lamellar lipid orga-
nization. Consequently, when lipid structure and organization are da-
maged by UVB radiation as discussed previously [39–41], any
corresponding increase in Gc is lost and only the typical signs of lipid
and CD damage due to UVB exposure are discernible. Measurements
taken at 4 μm and 6 μm into the GTE treated tissue exposed to
265 J cm−2 of UVB reveal decreases in cohesion energy of 4.5 J cm−2

(41% of control) and 7.7 J cm−2 (47% of control), respectively (Fig. 3b
and c). This decrease in cohesion at greater SC depths is larger than that
observed after either UVB exposure or GTE treatments, indicating
greater damage to the CD linkages. This suggests that the damaging
effects of high UVB exposure and GTE on SC cohesion are cumulative,
though whether they are independent effects remains unclear.

Specimens treated with GTE were also subjected to a smaller UVB
exposure of 125 J cm−2 to determine how the large damage effects seen
at the 265 J cm−2 dosage scale with the accelerated testing conditions.
We found that cohesion energy at 2 μm beneath the surface of GTE
treated SC exposed to 125 J cm−2 of UVB radiation dropped by

2.7 Jm−2, or 51% of control (Fig. 3a). At 4 μm this decrease was
3.0 Jm−2 or 28% of control (Fig. 3b), and at 6 μm within the SC this
decrease was 3.3 Jm−2 or 20% of control (Fig. 3c). The same reduced
cohesion at 2 μm is observed here as in the case of the 265 J cm−2

exposure, again indicating a loss of some increased lipid interactions as
well as lipid and CD damage. At greater depths into the SC, the re-
duction in cohesion energy due to combined GTE and UVB exposure
actually decreases, which is opposite the trend observed in the case of
GTE treated SC exposed to the larger UVB amount of 265 J cm−2. While
alone these factors weaken SC integrity through CD degradation, to-
gether with a moderate amount of UVB radiation they have a com-
pound effect that leads to a mild reduction in damage. We suggest this
may indicate that a small amount of UVB induced crosslinking of GTE
and intercellular lipids is occurring to replace partially degraded CDs,
though further studies are required to clarify this effect.

Measurements of the cohesion of SC exposed to UVB radiation after
treatment with the OMC and DOMBM formulations demonstrate the
relative efficacies and photostabilities of these two sunscreen mole-
cules. DCB analysis revealed that at 2 μm beneath the surface, the co-
hesion energy of OMC treated tissue increased by 49% of control after
125 J cm−2 of UVB, while cohesion energy decreased by 31% of control
after 265 J cm−2 of UVB. At the same tissue depth, the cohesion energy
of DOMBM treated tissue increased by 26% of control after 125 J cm−2

of UVB, and cohesion energy also increased by 42% of control after
265 J cm−2 of UVB (Fig. 3a). At the lower UVB exposure condition,
increased cohesion consistent with the effects of the GTE carrier on
intercellular lipids can be observed for both sunscreen formulations,
indicating the OMC and DOMBM are equally capable of preventing
some UVB damage. However, at the higher UVB dosage the GTE effect
of increased cohesion is absent in only OMC treated tissue, which in-
stead displays an expected decrease in cohesion due to UVB radiation
damage (Fig. 3a). These results from our accelerated damage experi-
ments indicate that there is a significant decline in the effectiveness of
OMC while exposed to UVB radiation. This decline in protection is not
observed in DOMBM, illustrating the superior photostability of DOMBM
to that of OMC.

At a depth of 6 μm into the SC, corneocyte cohesion measurements
on OMC treated tissue showed a decrease in cohesion energy of 20%
from control when exposed to 125 J cm−2 UVB, and a drop of 24% from
control when exposed to 265 J cm−2. Similarly, measurements made on
DOMBM treated tissue at a depth of 6 μm indicated a reduction in co-
hesion energy of 25% from control when exposed to 125 J cm−2 UVB
and a decrease of 24% from control when exposed to 265 J cm−2 UVB
(Fig. 3c). These reductions in cohesion deeper into the SC are not sig-
nificantly changed by the amount of UVB exposure whether the applied
treatment is OMC or DOMBM. This again demonstrates the complex
compound nature of the GTE carrier and UVB interactions described
above. While these interactions bear further investigation, both the
presence of the GTE carrier along with UVB radiation are weakening
the CD linkages throughout the SC, leading to reduced mechanical in-
tegrity of the skin.

4. Conclusion

Data obtained through measurements of the SC's inherent me-
chanical stress and its cohesion energy showed that the biomechanical
properties of the SC, which are critical for a robust barrier function of
the skin, are strongly affected by not only choice of sunscreen molecules
and UVB radiation but also carrier choice. Treatment with the GTE
carrier alone caused a reduction in SC stress as well as profound
changes in corneocyte cohesion throughout the SC, indicating strong
interactions with skin lipids as well as CDs. By studying SC treated with
the OMC and DOMBM sunscreen formulations and exposed to various
accelerated UVB conditions from the more physiologically relevant to
the very large, results from our thin-film techniques illustrated the high
photostability of the DOMBM sunscreen and its efficacy at preventing
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UVB damage to SC lipids and CDs compared to the OMC sunscreen. This
work highlights the need to consider more factors than just the ability
of a molecule to block UV radiation when developing commercial
sunscreens. The effects of all formulation components on skin bio-
mechanics and stability characteristics of sunscreens are critical in
protecting the barrier function of human skin.
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