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ARTICLE INFO ABSTRACT

Prolonged exposure of human skin to sunlight causes photodamage, which induces the early onset of wrinkles
and increased tissue fragility. While solar ultraviolet (UV) light is considered to have the most damaging effect,
the UV range that is most harmful remains a topic of significant debate. In this study, we take a first step towards
elucidating biomechanical photoageing effects by quantifying how exposure to different UV ranges and dosages
impacts the mechanical and structural properties of human stratum corneum (SC), the most superficial skin
layer. Mechanical testing reveals that irradiation of isolated human SC to UVA (365 nm), UVB (302 nm), or UVC
(265 nm) light with dosages of up to 4000 J/cm? notably alters the elastic modulus, fracture stress, fracture
strain, and work of fracture. For equivalent incident dosages, UVC degrades SC the greatest. However, upon
discounting reflected and transmitted components of the incident light, a generalized scaling law relating the
photonic energy absorbed by the SC to the energy cost of tissue fracture emerges. This relationship indicates that
no one UV range is more damaging than another. Rather, the magnitude of absorbed UV energy governs the
degradation of tissue mechanical integrity. Subsequent structural studies are performed to elucidate the cause of
this mechanical degradation. UV absorption scales with the spatial dispersion of desmoglein 1 (Dsg 1), a com-
ponent of corneocyte cell-cell junctions, away from intercellular sites. Combining both scaling laws, we establish
a mechanical-structural model capable of predicting UV induced tissue mechanical integrity from Dsg 1 dis-
persion.
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1. Introduction

Solar radiation is comprised of wavelengths ranging between 220
(ultraviolet (UV)) and 3200 nm (infrared) (Valley, 1965). Due to its
greater photon energy, the impact of UV radiation on skin is the most
commonly examined, however studies have explored the effects of both
visible and infrared radiation (Cho et al., 2009; Kollias and Bager, 1984;
Lee et al., 2006). UV light exposure has been linked with numerous
health benefits such as increased vitamin D production and photo-
therapy of skin conditions such as eczema (Moan et al., 2008; Reynolds
et al., 2001). However, the health risks of UV overexposure are far more
pervasive. UV exposure is associated with accelerated skin ageing
(Panich et al., 2016), sunburn (D'Orazio et al., 2013), and the promo-
tion of skin cancers such as basel cell carcinomas, squamous cell car-
cinomas, and malignant melanomas (Boni et al., 2002). UV induced
skin damage can be directly caused by DNA absorption of UV light,
resulting in the formation of photolesions such as cyclobutane

pyrimidine dimers or (6,4) photoproducts (Besaratinia et al., 2011;
D'Orazio et al.,, 2013; Jiang et al., 2009; Pfeifer, 1997; Pfeifer and
Besaratinia, 2012), or indirectly through the generation of reactive
oxygen species, which create oxidative stresses that damage DNA,
proteins, and lipids (Brem et al., 2017; D'Orazio et al., 2013; Schuch
et al.,, 2017). The range of UV light exposure can also influence the
method and level of skin damage (Besaratinia et al., 2011).

UV light is broken up into four distinct ranges: UVA (315-400 nm),
UVB (280-315nm), UVC (200-280nm) and vacuum-UV
(100-200 nm). Sunlight is comprised only of UVA and UVB light; UVC
and vacuum-UV are fully attenuated by the atmosphere (U.S.
Department of Health and Human Services, 2000). However, exposure
of skin to UVC light can occur when using welding equipment, sunbeds,
or working within biosafety cabinets (Dixon and Dixon, 2004; Meechan
and Wilson, 2006; Zhang et al., 2012). In terms of overall damaging
effects on full thickness skin, the World Health Organization defines
UVC as the most damaging (World Health Organization. and
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International Programme on Chemical Safety., 1994). However, dif-
ferent UV ranges do not impact skin tissue equally; UV light has wa-
velength-dependent penetration depths. While longer wavelength UVA
can reach deep into the dermis, UVB and UVC light are primarily ab-
sorbed by the epidermis (Meinhardt et al., 2008). As such, considera-
tion for which tissue layer is affected needs to be accounted for.
Moreover, reports of skin damage from different UV light ranges is
evaluated primarily from a biological standpoint. Here, damage is
characterized by its impact on cellular DNA (Dong et al., 2008; Kvam
and Tyrrell, 1997; Pfeifer and Besaratinia, 2012; Schuch et al., 2017;
Tadokoro et al., 2003) and carcinogensis (Buckman, 1998; Chen et al.,
2013; de Gruijl et al., 2001; Ziegler et al., 1994), rather than the po-
tential for UV light to physically degrade skin integrity. While studies
have explored UV light induced changes in skin elasticity (Nishimori
et al., 2001; Oba and Edwards, 2006), and UVB's effect on the me-
chanical properties of the most superficial skin layer, the stratum cor-
neum (SC) (Biniek et al., 2012), the relative impact of the different UV
ranges on the structural and mechanical integrity of human skin re-
mains unclear, as does the mechanism of degradation. In this study, we
provide initial insight into the comparative damaging effects of dif-
ferent UV ranges by exploring how various UVA, UVB, and UVC light
dosages change the mechanical and structural properties of human SC.

2. Materials and methods
2.1. Stratum corneum isolation

Full thickness 36 yrs. female breast skin specimens (n = 3) were
received from Yale Pathology Tissue Services (New Haven, CT) within
24 h. of elective surgery. Breast tissue was chosen because it is typically
exposed only to low levels of solar UV exposure. An exempt approval
(3002-13) was obtained to perform research using de-identified tissue
samples pursuant to the Department of Health and Human Services
(DHHS) regulations, 45 CFR 46.101:b:4. SC was isolated using a stan-
dard heat bath and trypsin technique (German et al., 2013; Kligman and
Christophers, 1963; Liu and German, 2015). Once isolated, SC sheets
were placed on plastic mesh (Darice, Strongsville, OH), rinsed in
deionized water, and dried for 48 h. at room temperature and humidity.
For uniaxial mechanical testing, SC samples were cut to a uniform
7 X 20mm size (n = 142 total samples used for the study). For im-
munostaining studies, samples were cut to a uniform 6 mm diameter
circle (n = 26 total samples used for the study). While full thickness skin
exhibits mechanical anisotropy (Langer, 1861; Ni Annaidh et al., 2012),
SC tissue exhibits isotropic mechanical properties (Koutroupi and
Barbenel, 1990; Takahashi et al., 1981). As such, the orientation of SC
samples cut from the isolated sheet are unimportant.

2.2. Ultraviolet irradiation

UV irradiation of SC samples was performed using a UV Lamp (8
Watt EL Series, Analytik Jena US LLC, Upland, CA) with stand. For
mechanical testing, SC samples were exposed to UVC (265 nm nar-
rowband), UVB (302 nm narrowband) or UVA (365 nm narrowband)
light for periods equating to incident light dosages of 10, 100, 200, 400,
800 and 4000 J/cm?. For structural studies, SC samples were exposed to
UVC, UVB or UVA light for periods equating to incident light dosages of
100, 200, 400, and 800 J/cm?. For samples positioned 76 mm from the
light source, the average intensities of the UVA, UVB, and UVC lamp
bulbs are 1.5mW/cm? 1.6mW/cm? and 1.8 mW/cm? respectively
(Gasperini et al., 2017). To achieve equal dosages across the three UV
ranges, exposure times were varied. For instance, a dosage of 10 J/cm?
required an exposure time of 111 min for UVA, 104 min for UVB, and
92 min for UVC. SC samples exposed only to ambient UV light were
used for controls.
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2.3. Mechanical characterization

After UV irradiation, samples were equilibrated for 24 h. to either
25 or 100% relative humidity (RH) before testing. Equilibration to low
or high RH conditions was achieved by placing specimens respectively
in an airtight container filled with desiccant (Drierite 10-2 mesh, W.A.
Hammond Drierite Company, Xenia, OH) or a hydration cabinet
(F42072-1000, Secador, Wayne, NJ) with a base filled with deionized
water. In both cases, RH conditions were monitored throughout the
equilibration period using a hygrometer with probe (445815, Extech
Instruments, Nashua, NH)). After equilibration, the mechanical prop-
erties of samples were evaluated using a uniaxial tensometer (UStretch,
CellScale, Waterloo, ON, Canada) equipped with a 4.4 N load cell. The
ends of each SC sample were taped (General-Purpose Laboratory
Labeling Tape, VWR, Radnor, PA) to prevent slippage of the sample in
the tensometer grips, leaving an exposed area of 7 X 10 mm. Individual
SC samples were mounted into opposing tensometer grips, initially se-
parated by 10 mm. Samples were strained until rupture at a constant
strain rate of 0.012 s™'; similar to rates used in previous mechanical
studies of skin (Ni Annaidh et al., 2012). Tensile forces and grip se-
paration were recorded at a frequency of 5 Hz. After mechanical testing,
the average thickness of the ruptured SC sample was quantified with
optical microscopy using an Eclipse Ti-U inverted microscope (Nikon,
Melville, NY) with 40X oil objective lens (Nikon Plan UW, Nikon,
Melville, NY). Optical thickness measurements were taken a distance
from the crack interface to prevent measuring reduced thicknesses
arising from plastic deformation. Combinations of sample dimensions,
and recorded force-displacement data were then used to derive en-
gineering stress-strain curves, from which the average elastic modulus,
fracture stress, fracture strain and work of fracture were extracted
(3 < n <9 independent samples for each UV range, dosage, and hu-
midity).

2.4. Desmoglein 1 dispersion analysis

Irradiated and control samples (3 mm diameter circle, n = 2 for each
condition) were first incubated with an anti-demoglein 1 (Dsg 1) mouse
monoclonal antibody (651110, Progen, Heidelberg, Germany) at a 1:500
ratio antibody to phosphate-buffered saline (PBS, P5368, Sigma, St Louis,
MO) at 4 °C overnight (Naoe et al., 2010; Oyama et al., 2010). Samples
were then washed three times with PBS before being incubated in a
1:200 ratio of Alexa-Fluor 488 labeled goat anti-mouse IgG antibody (A-
11029, Introgen, Carlsbad, CA) to PBS for 1h.at room temperature.
Samples were then rewashed in PBS three times before being placed on a
glass coverslip. Images of control and irradiated SC were recorded using
a confocal microscope (Leica SP5, Wetzlar, Germany) and 63x oil ob-
jective lens, with numerical aperture of 1.4 and spatial resolution of 0.15
um/pixel (1024 x 1024 pixels). A 488 nm wavelength laser was used to
excite the SC samples. Fluorescent emissions were recorded in the range
500-540 nm. For each UV condition, a total of n = 20 intercellular
junctions between corneocytes (from n = 2 independent SC samples)
were identified. Intercellular junctions were considered to be located
along the coinciding perimeters of adjacent corneocytes, where Dsg 1 is
typically located (Yokouchi et al., 2016). Perpendicular cross sectional
fluorescent intensity profiles (n = 100) were then extracted from each
identified intercellular junction, spanning + 2.5 um on either side of the
intercellular interface. This width was sufficiently large to characterize a
~62% reduction in Dsg 1 fluorescent intensity for unirradiated controls.
For each UV condition analyzed, a total n = 2000 individual profiles
were normalized by peak pixel intensity and averaged (as detailed in Fig.
S1 of the Supplemental Material).

2.5. Statistical analysis

All statistical analyses were performed using R (version 3.4.2). A 1-
way ANOVA was used to test for statistical significance in Figs. 1 and 2,
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Fig. 1. UV induces changes in the mechanical properties of SC equili-
brated to 25% RH. Average (A) elastic modulus, E, (B) fracture stress, oy, (C)
fracture strain, 172 and (D) work of fracture, W; for unirradiated controls
(Control; light grey), UVA irradiated samples (dosage range: 10-4000 J/cm?
medium grey), UVB irradiated samples (dosage range: 10-800J/cm? dark
grey), and UVC irradiated samples (dosage range: 10-800 J/cm?; white). Bars
denote average values of 3 < n <9 individual sample measurements for each
range and dosage condition. Error bars denote standard deviations.

where each UV condition (UVA, UVB, and UVC) was compared to the
control. Levene's and Shapiro-Wilk's tests were respectively used to
determine equality of variances and normality. Results in Fig. 1C
(controls), Fig. 2A (UVA 10 and 200 J/cm?), Fig. 2B (UVB 10J/cm?),
Fig. 2C (UVB 800 J/cm?, UVC 800 J/cm?), and Fig. 2D (UVB 100 J/cm?,
UVC 800 J/cm?) were found to exhibit non-normal distributions, but
equal variances. Here a Kruskal-Wallis analysis was performed. Results
in Fig. 1D (UVB), and Fig. 2B-D (UVB) were found to exhibit normal
distributions, but unequal variances. Here a 1-way ANOVA with Welch
correction was performed. Post-hoc analyses were performed if statis-
tical significance levels below 5% were established. In the figures, *
denotes p < 0.05, ** denotes p < 0.01, and *** denotes p< 0.001.

3. Results and discussion
3.1. Changes in SC mechanical properties with UV irradiation

Changes in the mechanical integrity of human SC with UV light
range and dosage are first assessed. Isolated human SC samples are ir-
radiated with incident dosages of narrowband UVA (365nm), UVB
(302nm) or UVC (265nm) light ranging between 0 (Control) and
4000 J/cm?; the latter dosage being equivalent to approximately 8
continual days of full-spectrum solar UVA (or 361 continual days solely
at 365nm) (ASTM G173-03, 2012). UV therapy treatments for various
skin diseases including vitiligo, pruritus, inflammatory dermatoses, and
scleroderma can have cumulative dosages of up to 485 J/cm? for nar-
rowband UVB (311 nm) (Kleinpenning et al., 2009; Tjioe et al., 2002;
Yashar et al., 2003) and 2000 J/cm? for broadband UVA (340-400 nm)
(De Rie et al., 2003; Kreuter et al., 2006; Kroft et al., 2008). Fig. 1A-D
respectively show the average (3 < n < 9 samples for each UV dosage)
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Fig. 2. UV induces changes in the mechanical properties of SC equili-
brated to 100% RH. Average (A) elastic modulus, E, (B) fracture stress, gy, (C)
fracture strain, 172 and (D) work of fracture, W; for unirradiated controls
(Control; light grey), UVA irradiated samples (dosage range: 10-4000 J/cm?
medium grey), UVB irradiated samples (dosage range: 10-800J/cm? dark
grey), and UVC irradiated samples (dosage range: 10-800 J/cm? white). Bars
denote average values of 3 < n < 7 individual sample measurements for each
range and dosage condition. Error bars denote standard deviations.

elastic modulus, E, fracture stress, oy, fracture strain, 7 and work of
fracture, Wj, of irradiated samples equilibrated for 24 h. to 25% re-
lative humidity (RH) prior to mechanical testing. Fig. 1A highlights that
no significant change in elastic modulus occurs with either UVA or UVB
irradiation, however a UVC dosage of 800 J/cm? induces a significant
decrease in tissue stiffness, relative to controls. Fig. 1B shows that
samples undergo no significant reduction in fracture stress for UVA
dosages less than 4000 J/cm?, UVB dosages less than 800 J/cm?, and
UVC dosages less than 400 J/cm?. However, dosages at or above these
levels cause statistically significant decreases. Similarly, Fig. 1C and D
show that significant decreases in both the fracture strain and work of
fracture occur with UVA dosages of 4000J/cm? and both UVB and
UVC dosages equal to or greater than 400 J/cm?.

Fig. 2A-D show complementary mechanical results for SC samples
(3 < n < 7 samples for each dosage) equilibrated for 24 h. to 100% RH
prior to mechanical testing. In contrast to the 25% RH results in Fig. 1,
Fig. 2A and B highlight that no significant change in either the elastic
modulus or fracture stress occurs for any UV treatment. Reductions in
sample fracture strain and work of fracture however occur with UVA
and UVB dosages of 4000 J/cm? and 400-800 J/cm? respectively, as
shown in Fig. 2C and D. This trend is similar to that observed for
samples equilibrated to 25% RH (Fig. 1C and D), however the magni-
tude by which these parameters decrease is notably larger for the hy-
drated SC. Moreover, UVC dosages of 100 J/cm? or greater also induce
statistically significant decreases. The lack of statistically significant
changes in elastic modulus (Figs. 1A and 2A) with UVB irradiation,
along with observed decreases in fracture strain with increasing UVB
dosage (Figs. 1C and 2C) are consistent with previous studies (Biniek
et al., 2012). In addition, control results at 25% and 100% RH fall
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within the diverse range of previously reported human SC data at high
(100%) and low (0%) RH for elastic moduli (E = 5 — 1000 MPa) (Biniek
et al., 2012; Koutroupi and Barbenel, 1990; Liu et al., 2016; Wildnauer
etal., 1971; Wu et al., 2006), fracture stress (o = 2.6 — 22 MPa) (Biniek
et al., 2012; Koutroupi and Barbenel, 1990; Liu et al., 2016; Wildnauer
et al., 1971; Wu et al., 2006), and fracture strain (yf = 0.8 — 0.048)
(Biniek et al., 2012; Liu et al., 2016; Wildnauer et al., 1971).

Results in Figs. 1 and 2 appear to highlight that for equivalent in-
cident dosages, UVC light induces the greatest loss in SC mechanical
integrity, followed by UVB, then UVA. However, the incident dosage
does not equate with the physical energy absorbed by the SC tissue
(Bruls et al., 1984; Diffey, 1983). UV light is absorbed, reflected, and
transmitted through the SC; the degree with which each of these occurs
is wavelength dependent. Prior studies have shown that the percentage
of incident UVA, UVB, and UVC light absorbed by the SC is 25, 48, and
71%, respectively (Diffey, 1983). Table S1 shows the energy physically
absorbed by the SC for each UV range and incident dosage. We further
scrutinize our data to establish whether a relationship exists between
the energy absorbed by the SC, and the associated degradation in its
mechanical integrity.

3.2. Scaling of absorbed UV dosage with work of fracture

Figs. 3 and 4 respectively show the work of fracture plotted against
the physical energy absorbed by individual SC samples, when equili-
brated to 25 and 100% RH. Both figures reveal that irrespective of the
UV range used, increases in the energy absorbed by the tissue decrease
the work of fracture. For each figure, a relationship between the
average work of fracture, Wy, and the absorbed dosage, ¢, is established
by fitting the data with a nonlinear least-squares regression of the form;

Wy = Wpe©e. e}

Best fits were made with power-law, exponential, and linear models.
The exponential model in each case provides the strongest correlation.
The grey shaded region in each figure corresponds to the standard
deviation about the average work of fracture at each dosage. For tissue
equilibrated to 25% RH, W, = 0.395mJ and C; = —3.61 X 1073, A p-value
of p = 5 x 10~ for the goodness of fit supports the notion that absorbed
dosage acts as a predictor of tissue mechanical integrity, with an R-
squared value of 0.69. Likewise, for tissue equilibrated to 100% RH,
W, = 2.01mJ and C; = —1.73 X 1073, A p-value of p = 6 X 1073 is also
established for the goodness of fit, with an R-squared value of 0.48.
These results indicate that irrespective of the UV range used, the dosage
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Fig. 3. Change in the work of fracture with UV energy absorbed by SC
equilibrated to 25% RH. Work of fracture, W}, of individual SC samples
plotted against absorbed UV dosage, ¢, for controls (cross), and samples irra-
diated with UVA (open circle), UVB (filled square), and UVC (open inverted
triangle). An exponential least-squares best fit is represented by the solid black
curve (Eq. (1), Wy = 0.395mJ, C; = —3.61 X 1073). The shaded region indicates
the standard deviation of the data points about the mean work of fracture at
each dosage.

Journal of the Mechanical Behavior of Biomedical Materials 100 (2019) 103391

5
b Eqg. 1
*Control
4| . SUVA
: =UVB
§31 ! vuve
— >( K
g
=284
Va4 N
1 /L & N v o
0
0 500 1000
6 [Jlem?]

Fig. 4. Change in the work of fracture with UV energy absorbed by SC
equilibrated to 100% RH. Work of fracture, W}, of individual SC samples
plotted against absorbed UV dosage, ¢, for controls (cross), and samples irra-
diated with UVA (open circle), UVB (filled square), and UVC (open inverted
triangle). An exponential least squares best fit is represented by the solid black
curve (Eq. (1), W, = 2.01mJ, C; = —1.73 X 1073). The shaded region indicates
the standard deviation of the data points about the mean work of fracture at
each dosage.

absorbed by the tissue appears to be primary driving force behind the
degradation of mechanical integrity.

3.3. Dispersion of intercellular desmoglein 1 with UV irradiation

While our results clearly demonstrate a loss of tissue mechanical
integrity with sufficient irradiation from all UV ranges, the underlying
cause of this degradation remains unclear. Previous studies have
highlighted that tissue hydration is the predominant factor in altering
the mechanical properties of SC (Alonso et al., 1996; Liu et al., 2016;
Papir et al., 1975; Wildnauer et al., 1971; Wu et al., 2006). Reductions
in water content are associated with increases in tissue elastic modulus
(Alonso et al., 1996; Liu et al., 2016; Papir et al., 1975; Wildnauer et al.,
1971; Wu et al., 2006), and notable decreases in the ability of SC to
plastically deform prior to rupture (Liu et al., 2016; Wildnauer et al.,
1971). While reductions in plastic deformability of SC equilibrated to
100% RH do occur with UV irradiation, as demonstrated in Fig. 5, as-
sociated increases in elastic modulus are absent (Figs. 1A and 2A).
Therefore, a structural change is more likely to be the primary cause of
the observed SC mechanical degradation. Alterations to the corneo-
desmosome junctions is an attractive explanation due to its role as a
major structural protein that provides intercellular cohesion (Jonca
et al., 2002; Kitajima, 2015). Moreover, SC fracture has been noted to
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Fig. 5. Loss of SC plastic deformability with UV irradiation. Representative
stress-strain plots of an unirradiated SC sample (filled squares) and a sample
irradiated with 400 J/cm? of incident UVB light (filled triangle). Both samples
are equilibrated to 100% RH.
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Fig. 6. Confocal images showing changes in fluorescently tagged desmoglein (Dsg 1) distributions with increasing UVB dosage. Dsg 1 fluorescent images
(from n = 2 individual samples per condition) of control samples (A,B) and samples irradiated with an incident dosage of 100 J/cm? (C,D), 200 J/cm? (E,F), 400 J/

cm? (G,H), and 800 J/cm? UVB (I,J). (Scale bar) 10 ym.

occur primarily intercellularly (Liu et al., 2016). While all components
of corneodesmosomes, including desmocollin 1 (Dsc 1), corneo-
desmosin (CDSN) and desmoglein 1 (Dsg 1), may be affected by UV
irradiation, Dsg 1 has shown the most evidence of alteration causing
intercellular instability (Amagai et al., 2002; Borgono et al., 2007;
Descargues et al., 2005; Eyre and Stanley, 1987). Therefore, the impact
of UV irradiation on changes to the presence and location of Dsg 1 is
consequently investigated using immunostaining.

Fig. 6 shows the change in distribution of fluorescently tagged Dsg 1
in SC samples irradiated with increasing UVB exposure. Control SC
samples exposed only to ambient UV in Fig. 6A and B exhibit commonly
observed Dsg 1 distributions, characterized by small distinct puncta
surrounding the periphery of corneocytes (Johnson et al., 2014; Naoe
et al., 2010; Oyama et al., 2010). Incident UVB dosages of 100 J/em?
(Fig. 6C and D) and 200 J/em? (Fig. 6E and F) display similar dis-
tributions. However Fig. 6G-J show that with incident UVB dosages of
400 J/cm? or greater, Dsg 1 lose their distinctive puncta morphology,
and become more dispersed. Distribution changes in Dsg 1 with UVB
exposure has been cited previously with organotypic cultures, but not
to our knowledge with ex vivo human SC (Johnson et al., 2014).

The progressive dispersion of Dsg 1 is further quantified across all
UV types (UVA, UVB and UVC) and dosages (0-800 J/cm?) by char-
acterizing the average fluorescent normalized pixel intensity (NPI)
profiles perpendicularly across intercellular junctions. Average NPI
profiles for each UV range and dosage are established from n = 2000
intercellular junction profiles (n = 2 samples; n = 10 junctions per
sample; n = 100 cross sections per junction). Profiles from UVB irra-
diated samples are displayed in Fig. 7A-E. UVA and UVC irradiated
profiles are provided in Figs. S2A-D and E-H respectively. All cross
sectional profiles, irrespective of UV type and dosage, exhibit peak NPI
values at or near the center of the cross sectional profile, coincident
with the cell-cell interface. However, while intensity profiles exhibit a
narrow peak at the cell-cell interface for UVB dosages of 200 J/cm? or
less (Fig. 7A-C), consistent with dense localized puncta, greater dosages
(Fig. 7D and E) exhibit notably wider peaks, indicative of dispersion.
UVA and UVC irradiated samples also exhibit this trend, with profile
peaks widening with UVA dosages greater than or equal to 800 J/cm?
(Fig. $2D) and UVC dosages greater than or equal to 200 J/cm? (Figs.
S2F-H). These results indicate that increasing dosages result in in-
creased dispersion of desmoglein for all UV ranges. To better under-
stand this dispersion, NPI profiles are fitted with a double gaussian
function of the form,

1 1
L iy L 1R

NPI =
o N2 0,21 2)

where o; is the standard deviation and x denotes the lateral position
across the averaged NPI profile (— 2.5 <x < 2.5 um). The best-fit
model to the control treatment profile is shown as the dotted-line in
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Fig. 7. Changes in averaged normalized pixel intensity (NPI) profiles
across intercellular corneocyte junctions with increasing UVB dosage. (A)
control samples (blue line), (B) 100 J/cm? incident dosage (red line), (C) 200 J/
cm? incident dosage (yellow line), (D) 400 J/cm? incident dosage (purple line),
and (E) 800J/cm? UVB incident dosage (green line). Shaded regions corre-
spond to the standard error about the mean curve. Eq. (2) is used to fit average
NPI profiles. The black dotted line denotes the best fit to the average control
NPI profile in panel A. The two individual composite gaussian distributions of
Eq. (2) are also represented in this panel by black solid- and dashed-lines. The
inner gaussian (black dashed-line) is used to establish the dispersion index (DI),
equivalent to the standard deviation of the distribution. (F) Change in disper-
sion index, DI, with UVA (open circle), UVB (filled square), and UVC (open
inverted triangle) energy absorbed by SC. An exponential least-squares best fit
to all the data points is represented by the solid black curve. Error bars denote
standard deviations.

Fig. 7A. The inner and outer gaussian components of Eq. (2) are also
plotted in Fig. 7A as dashed and solid curves, respectively. We employ
the standard deviation of the inner gaussian function to characterize the
dispersion of desmoglein, which we denote the dispersion index, DI.
Fig. 7F plots DI against the absorbed UV dosage, ¢, irrespective of UV
type. Similar to Figs. 3 and 4, an exponential function of the form,

DI = DI,e2% 3

is found to provide the best fit to the data. For the regression,
DIy = 0.199 and C, = 427 X 1073. A p-value of p =7 x 10~* for the
goodness of fit supports the absorbed dosage acting as a predictor of
Dsg 1 distribution, with an R-squared value of 0.96.

Changes in both the average work of fracture (Figs. 3 and 4), W},
and structural dispersion index (Fig. 7F), DI, with absorbed UV dosage,
¢, exhibit exponential relationships. Combining Eqgs. (1) and (3), we
establish a power law expression relating structural and mechanical
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parameters of the form,

Wy = Wo(rye,

DI, )
where o = C;/C,. For SC samples equilibrated to 25% RH, o = —0.845.
This structure-mechanical relationship highlights that the mechanical
integrity of the SC tissue scales with near inverse proportionality to the
dispersion of intercellular junction proteins away from intercellular
interfaces. We restrict this model to tissue equilibrated to dry (25% RH
conditions) conditions because all UV irradiation protocols were per-
formed on dry tissue samples to minimize surface, unbound, and bound
water (Vyumvuhore et al., 2013; Walkley, 1972) altering the absorp-
tion, reflection, and transmission of UV (Bruls et al., 1984; Bruls and
Van Der Leun, 1984; Hoffmann et al., 2000; Kolmel et al., 1990).
Moreover, SC equilibrated to a lower relative humidity is more phy-
siologically consistent in-vivo SC tissue (20-40% RH indoors (Arundel
et al., 1986); 30-80% RH outdoors (Dai, 2006)).

While a structure-mechanical relationship is established between
dispersion of Dsg 1 and mechanical integrity of the SC, the mechanism
by which UV radiation causes the dispersion of Dsg 1 remains unknown.
Previous work has shown that SC serine proteases that hydrolyze cor-
neodesmosome components, such as Dsg 1, exhibit increased activity
with UVB exposure in cultured epidermal keratinocytes (Nin et al.,
2009). Therefore, in order to explore the influence of ex vivo SC en-
zymes on Dsg 1 dispersion, we employ in situ zymography (Nin et al.,
2009; Yamasaki et al., 2007). Fig. S3 within the supplemental material
shows a significant increase in fluorescence within the SC after an in-
cident dosage of UVB at 800 J/cm? is applied, compared to non-irra-
diated tissue. This can be attributed to increased protease activity.
While corneodesmosomes have also been noted to degrade with pro-
longed exposure to high humidity or with water incubation (Rawlings
et al., 1995; Warner et al., 2003), research has shown that when ex vivo
SC is incubated in water and serine protease inhibitors, SC integrity is
not as greatly affected (Rawlings et al., 1995). As such, this suggests
that UV light induced increases in protease activity is more likely than
hydration alone to contribute to the observed structural changes in Dsg
1 within corneodesmosomes, resulting in mechanical degradation.

4. Conclusion

In this article, we quantify the impact of UV range and dosage on the
mechanical and structural degradation of isolated human stratum cor-
neum (SC). For equivalent incident dosages, UVC light causes the
greatest loss in SC mechanical integrity, followed by UVB and UVA.
This is due to the greater radiation energy of UVC light. However, when
discounting reflected and transmitted components of the incident light,
a scaling law relationship between the energy absorbed and the work of
SC fracture emerges. This relationship highlights that no one UV range
is more damaging than another. Rather, the amount of energy absorbed
governs the loss of tissue mechanical integrity. Further structural stu-
dies reveal that desmoglein 1 (Dsg 1), a major component of corneo-
desmosomes, becomes dispersed with UV exposure away from inter-
cellular sites. Upon relating the mechanical and structural models, a
near inverse scaling law is revealed. This suggests that a simple im-
munostaining assay could therefore be employed to quantify UV in-
duced tissue damage.

We highlight that an increase in SC protease activity from UV ir-
radiation is likely to contribute to the observed structural changes in
Dsg 1 within corneodesmosomes, resulting in mechanical degradation.
While other SC components, including keratin, the cornified envelope,
and lipids (Biniek et al., 2012; Fujita et al., 2007; Hirao and Takahashi,
2005; Iwai and Hirao, 2008; Lee et al., 2016; Mizutani et al., 2016;
Sander et al., 2002; Thiele et al., 1999) have also been shown to exhibit
structural changes with UV light exposure, SC has been noted to frac-
ture primarily intercellularly (Liu et al., 2016), where corneodesmo-
somes reside. As such, corneodesmosomes that play a major contributor
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of cell-cell adhesion (Jonca et al., 2002; Kitajima, 2015) are more likely
to play a dominant role in defining the mechanical strength of the tissue
compared to other SC components. In addition, although out-of-plane
changes in the mechanical properties of SC with UV irradiation may
occur, the mechanistic cause of this is unlikely to differ from in-plane
testing completed here. Similar to in-plane studies, out-of-plane studies
(Wu et al., 2006) have also shown that SC fracture occurs primarily
intercellularly. Furthermore, the 10-20 layers of corneocytes (Cork
et al., 2006; Silva et al., 2007) that comprise the SC exhibit a depth
dependent increase in cellular cohesion, due to heightened corneo-
desmosome density (Chapman and Walsh, 1990; Lin et al., 2012; Naoe
et al., 2010). UVB irradiation has been proven to reduce the out-of-
plane delamination energy of the basal layer cells in the SC by a greater
amount than in the superficial layers (Biniek et al., 2012). This depth
dependent correlation further supports the notion that corneodesmo-
some integrity plays a substantial role in defining the mechanical
strength of the tissue, both in-plane and out-of-plane.

Future work regarding the scaling relationships established in this
study should also be further tested. Although we cannot assert for
certain why our scaling relationships exhibit an exponential behavior,
exponential changes in skin composition and microstructure have been
previously observed. Chronic exposure to UV has shown to ex-
ponentially increase DNA dimerization (Mitchell et al., 1999; Vink
et al., 1991), ornithine decarboxylase activity (Hillebrand et al., 1990),
and lipid peroxide levels (lizawa et al., 1994) in mouse skin. This re-
lationship could be further elicited by performing tests on full thickness
ex vivo skin, in which the interaction between other skin components
with UV can be interpreted. In addition, the validity of using absorbed
energy and structural protein dispersion as a predictor of biomechanical
photoaging should be assessed over a wider range of the electro-
magnetic spectrum and in deeper skin layers, perhaps through bio-
mechanical testing and immunostaining of progressively thicker skin
specimens that retain epidermal, then dermal tissue.
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