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1 | INTRODUCTION

Human skin experiences harmful injuries from environmental

Abstract

Fragmentation of collagen fibrils and aberrant elastic material (solar elastosis) in the
dermal extracellular matrix (ECM) is among the most prominent features of photoda-
maged human skin. These alterations impair the structural integrity and create a der-
mal microenvironment prone to skin disorders. The objective of this study was to
determine the physical properties (surface roughness, stiffness and hardness) of the
dermal ECM in photodamaged and subject-matched sun-protected human skin. Skin
samples were sectioned and analysed by histology, atomic force microscopy and na-
noindentation. Dermal ECM collagen fibrils were more disorganized (ie, rougher sur-
face), and the dermal ECM was stiffer and harder, in photodamaged forearm,
compared to sun-protected underarm skin. Cleavage of collagen fibrils in sun-
protected underarm dermis by recombinant human matrix metalloproteinase-1 re-
sulted in rougher collagen fibril surface and reduced dermal stiffness and hardness.
Degradation of elastotic material in photodamaged skin by treatment with purified
neutrophil elastase reduced stiffness and hardness, without altering collagen fibril
surface roughness. Additionally, expression of two members of the lysyl oxidase
gene family, which insert cross-links that stiffen and harden collagen fibrils, was ele-
vated in photodamaged forearm dermis. These data elucidate the contributions of
fragmented collagen fibrils, solar elastosis and elevated collagen cross-linking to the
physical properties of the dermal ECM in photodamaged human skin. This new
knowledge extends current understanding of the impact of photodamage on the der-

mal ECM microenvironment.
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Histological and ultrastructural studies have revealed that the major
alterations in photodamaged skin are seen in dermal connective tis-

sue, characterized by damaged and disorganized collagen fibrils as

sources such as solar ultraviolet (UV) irradiation (photoaging).? well as massive accumulation of aberrant elastic material (solar elas-

tosis).!>¥! Type | collagen is the most abundant extracellular matrix

Abbreviations: AFM, atomic force microscopy; ECM, extracellular matrix; LOX, lysyl oxi-

dase; UV, ultraviolet.

(ECM) protein, constituting nearly 90% of the skin’s dry Weight.[‘”
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Alterations of dermal collagen fibrils are largely responsible for the

clinical features of photoaged skin, such as fragile and wrinkled

(1.4-6] Mechanistically, photodamaged skin is largely driven by

).

skin.
elevated matrix metalloproteinases (MMPs which degrade col-
lagen fibrils in the skin. Alterations of collagen fibrils impair normal
architecture of skin connective tissue and create a tissue microenvi-
ronment more prone to skin disorders, such as delayed wound heal-
ing[4’9] and cancer in eIderIy.[m'“]

Although much effort has been exerted towards understand-
ing the molecular alterations leading to the properties of pho-
todamaged skin, little information is available with respect to the
biophysical properties of the photodamaged dermis. Here, we
have applied atomic force microscopy (AFM) and nanoindentation
techniques to evaluate physical surface properties of the ECM in
photodamaged (forearm) and sun-protected (underarm) human
dermis. We found that collagen fibrils in photodamaged forearm
are rougher, stiffer and harder, largely due to collagen disorgani-
zation, elastosis and cross-linking. These data provide insight into
the physical properties of the damaged dermis in photodamaged
human skin.

2 | MATERIALS AND METHODS

2.1 | Procurement of human skin samples and
compliance with ethical standards

Skin biopsies from photodamaged extensor forearm and subject-

matched sun-protected underarm were obtained from six

individuals (age 57 + 5 years). The presence of photodamaged skin
was determined based on clinical criteria, as described previously.“sl
For histological analysis, skin cryosections (7 um thickness) were
stained with haematoxylin and eosin (H&E). In some experiments,
photodamaged forearm skin cryosections were treated with purified
neutrophil elastase (0.01 unit/mL; Sigma, St. Louis, MO) for 2 hours
at 37°C. All skin samples were obtained under a protocol approved
by the University of Michigan Institutional Review Board. All

volunteers provided written informed consent.

2.2 | Immunohistology and Verhoeff van Gieson
(VVG) elastic staining

Immunohistology was performed as described previously.[lé] Briefly,
skin OCT-embedded cryosections (7 um thick) were fixed in para-
formaldehyde. Subsequently, the slides were incubated for 1 hour
at room temperature with normal control serum followed by incuba-
tion of antielastin antibody (cat#: ab77804; Abcam, Cambridge, MA).
All sections were lightly counterstained with haematoxylin and were
mounted with mounting media (Vector Laboratories, Burlingame,
CA). To visualize elastic fibre, skin sections were stained by Verhoeff
van Gieson staining, which is most commonly used for visualizing

elastic fibres.
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2.3 | Atomic force microscopy imaging

Human skin biopsies were embedded in OCT, and cryosections
(15 pm thick) were attached to microscope cover glass (1.2 mm diam-
eter; Fisher Scientific Co., Pittsburgh, PA). These AFM samples were
allowed to air-dry for at least 24 hours before analysis. Nanoscale
AFM images were obtained in the air by Dimension Ilcon AFM system
(Bruker-AXS, Santa Barbara, CA) using a silicon AFM probe (PPP-
BSI, force constant 0.01-0.5 N/m, resonant frequency 12-45 kHz,
10-nm-radius; NANOSENSORS™, Neuchéatel, Switzerland). AFM
images of the collagen fibrils were acquired using ScanAsyst mode
(Bruker-AXS, Santa Barbara, CA), an optimized PeakForce Tapping
technique that provides high-resolution AFM images. ScanAsyst
mode visualizes automatically and continuously monitors image
quality and makes appropriate parameter adjustments. AFM images
of the elastotic material were acquired using PeakForce QNM mode.
For each subject, AFM images were obtained from nine different
regions of each skin section (108 total scans, 5 x 5 um scan size),
which included the ECM in both the reticular and papillary dermis,
as shown in Figure 2A. AFM images were obtained with a 512 x 512-
pixel resolution. The surface roughness of the scanned regions was
calculated as the roughness average (Ra), which is typically used to
describe the roughness of materials’ surfaces and is calculated by
a surface’s measured microscopic peaks and valleys. The Ra of the
scanned regions was quantified from raw data, without modifica-
tions, such as cleaning, flattening, filtering or plane fitting, using
NanoScope Analysis software (NanoScope Analysis v120R1sr3;
Bruker-AXS). Ra of photodamaged or sun-protected dermal ECM
was calculated from 54 AFM scans from each group (9 scans/sam-
ple x total 6 subjects = 54 scans/group). AFM was conducted at the
Electron Microbeam Analysis Laboratory, University of Michigan

College of Engineering.

2.4 | Nanoindentation measurements

Human skin biopsies were embedded in OCT and cryosectioned
(100 pum thick). These sections were attached to microscope cover
glass (1.2 mm diameter; Fisher Scientific Co.) and were allowed to
air-dry for at least 24 hours before nanoindentation. Mechanical
properties (stiffness, hardness and Young’s modulus) were measured
by nanoindentation using a Nanolndenter Il (Agilent Technologies,
Santa Clara, CA), in the constant displacement rate loading mode
with a three-sided pyramidal diamond tip. A fused quartz sample with
known hardness and Young’s modulus values was used as a reference
sample. The maximum indentation displacement was controlled to
be 2000 nm. The method used to calculate the stiffness and the
hardness modulus was based on established methods.*8! A total of
nine indents per skin section were obtained from different regions of
the reticular and papillary dermis (Figure 3A). Quantification of the
dermal ECM mechanical properties was obtained from 54 indents
from photodamaged or sun-protected skin sections (9 indents/

sample x total 6 subjects = 54 indents/group).
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FIGURE 1 |Increased collagen surface roughness in the
photodamaged dermis. A, Optical microscopy image of the
photodamaged forearm (right panel) and subject-matched
sun-protected underarm dermis (left panel). Skin sections

are stained with haematoxylin and eosin (H&E). Dotted lines
indicate epidermal and dermal junction. Arrowheads indicate
elastosis (right panel). Images are representative of six subjects.
Bar = 100 pm. B, Representative bright-field image shows the
atomic force microscopy (AFM) cantilever positioned on the
dermis. C, Nanoscale images of the collagen fibrils from sun-
protected underarm (left panel) and photodamaged forearm
(right panel) were taken by AFM. White and red arrows
indicate intact and fragmented collagen fibrils, respectively.
Horizontal black and white bars on the top indicate height. A
total of nine images were taken from per subject. Images are
representative of six subjects. Bar = 500 nm. D, Representative
image for quantification of collagen surface roughness. Lateral
dimension is 5 x 2.5 pmz. Height is given in black and white
brightness. The lines indicate cross sections that are displayed
below by graph. Each height fluctuation line (purple, red and
green) height fluctuations in the graph indicate corresponding
collagen surface roughness of the upper image. Bar = 500 nm.
E, Collagen fibrils roughness increased in photodamaged
forearm dermis. Quantification of the surface roughness was
obtained from total 54 AFM images from each group (9 images/
subject x total 6 subjects = 54 images/group). Collagen fibrils’
roughness was analysed using Nanoscope Analysis software
(Nanoscope_Analysis_v120R1sr3; Bruker-AXS). Results are
expressed as the mean £ SEM, *P < 0.05

2.5 | RNAisolation and quantitative real-time RT-
PCR

Total skin RNA was extracted using the RNeasy Micro Kit (Qiagen,
Gaithersburg, MD) according to the manufacturer’s protocol. cDNA
template for PCR amplification was prepared by reverse transcription
of total RNA (200 ng) using TagMan Reverse Transcription kit
(Applied Biosystems, Carlsbad, CA). Real-time PCR quantification was
performed on a 7300 Sequence Detector (Applied Biosystems) using
TagMan Universal PCR Master Mix Reagents (Applied Biosystems).
All lysyl oxidase (LOX) family of proteins PCR primers were purchased
from RealTimePrimers.com (Real Time Primers, LLC, Elkins Park,
PA). Target gene mRNA expression levels were normalized to the

housekeeping gene 36B4 as an internal control for quantification.

2.6 | Treatment of 3D collagen gels and underarm
skin samples with rhMMP-1

3D collagen gels were prepared as previously described,™ with minor
modification. Briefly, neutralized rat tail type | collagen (2 mg/mL; BD,
Biosciences, Palo Alto, CA) was suspended in the medium cocktail
(DMEM, NaHCO, [44 mM], -glutamine [4 mM], folic acid [9 mM]
and neutralized with 1IN NaOH to pH 7.2. Collagen and medium
cocktail solution were placed in 35-mm bacterial culture dishes. The
collagen gels were placed in an incubator at 37°C for 30 minutes to
allow collagen polymerization. The collagen gels were then incubated
with 2mL media (DMEM, 10% FBS) at 37°C, 5% CO, overnight.
rhMMP-1 (R&D, Systems, Minneapolis, MN) was diluted to 50 pg/
mL and activated by adding APMA to a final concentration of 1 mM.
The collagen gels were treated with activated rhMMP-1 (30 ng/
mL) overnight at 37°C, and the media were collected, concentrated
and analysed by 10% SDS-PAGE. Collagen bands were visualized by
staining with SimplyBlue (Invitrogen Life Technology, Carlsbad, CA).
For human skin samples, 4-mm punch biopsies of sun-protected
underarm skin were obtained, as described above. The skin biopsies
were cut into small pieces (4 pieces/biopsy) and incubated for 48 hours
in Ca?*-supplemented (1.4 mM final concentration) keratinocyte basal
medium (KBM) (MA Bioproducts, Walkersville, MD). These culture
conditions preserve the histological structure and biochemical
function of human skin at least until 7 days.[2°] The biopsies were then
treated with activated rhMMP-1 (30 ng/mL) at 37°C for overnight. At
the end of the incubation period, the biopsies were embedded in OCT,
and cryosections (15 pm) were analysed by AFM, as described above.

2.7 | Charts, figures and statistics

Charts and figures were generated with Microsoft Excel 2010 and
Adobe lllustrator, respectively. Bar graphs represent Means + SEM.
Comparisons between samples were performed with the paired t

test (two groups) or the repeated measures of ANOVA (more than
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two groups). All P-values are two-tailed and considered significant

when <0.05 (depicted by asterisks on figures).

3 | RESULTS

3.1 | Dermal collagen fibrils are more disorganized
(greater surface roughness) in photodamaged,
compared to sun-protected skin

Figure 1A shows conventional histological images of human skin
(H&E staining). In the sun-protected underarm, the bundles of col-
lagen fibres are densely packed and well organized (Figure 1A, left
panel). In contrast, sun-exposed photodamaged forearm shows
disorganized collagen bundles (Figure 1A, right panel). In addition
to the aberrant organization of collagen bundles, photodamaged
forearm shows significant elastosis (arrows), which is a hallmark of
photodamaged skin.

Next, we analysed nanostructures of the dermal collagen fi-
brils by AFM (Figure 1B). AFM provides both nanoscale imaging
and quantitative physical properties material surfaces. In the sun-
protected underarm (Figure 1C, left panel), intact collagen fibrils
are abundant, tightly packed, laterally aligned and display char-
acteristic d-bands. In contrast, collagen fibrils in photodamaged
forearm dermis lack these features and are generally disorganized
(Figure 1C, right panel). To measure collagen fibrils organization,
we quantified the surface roughness based on the height profiles
of the collagen fibrils cross section. Surface roughness is a com-
ponent of surface texture measured by Ra, which is calculated as
the mean deviation of height over the entire measured area. Large
deviations indicate a rough surface, while small deviations denote
a smooth surface. Figure 1D shows a typical topographical image
(top) and corresponding height profile (bottom) of collagen fibrils.
Quantitative analysis indicated that the roughness (Ra) of der-
mal collagen fibrils in the photodamaged forearm (85 + 13.2 nm)
was significantly greater, compared to sun-protected underarm
(23.3 + 3.3 nm) (Figure 1E).

3.2 | Dermal ECM is stiffer and harder in
photodamaged, compared to the sun-protected skin

We next used nanoindentation technology to measure two key
related mechanical properties of the dermal ECM, stiffness and
hardness.?2?? Stiffness is a measure of the resistance of an object
to deformation by an applied force. Hardness is a measure of the
resistance of a material to localized permanent (plastic) deformation.
For each sample, nanoindentation measurements were made at
nine different sites throughout the dermis (Figure 2A, upper panel).
Figure 2A (bottom panel) shows a typical load-displacement curve
obtained for a single site in sun-protected dermis. Interestingly, the
average stiffness (Figure 2B) and hardness (Figure 2C) of the dermal
ECM in photodamaged forearm skin were increased by 152% and
158%, respectively, compared to the dermal ECM in sun-protected
underarm skin.
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FIGURE 2 Increased mechanical properties in the

photodamaged dermis. A, Representative image for quantification
of mechanical properties by nanoindentation. Total of nine indents,
as indicated by circles, per skin section were obtained. The graph
represents typical load (mN) and displacement (penetration
depth, nm) curve (see Methods for details). Dot lines indicate
epidermal and dermal junction. Bar = 100 pm. B, Increased
stiffness in photodamaged forearm dermis. C, Increased hardness
in photodamaged forearm dermis. Stiffness and hardness were
quantified using a Nanolndenter Il (Agilent Technologies), as
described in Methods. Quantification of the dermal mechanical
properties was obtained from total 54 indents from each group (9
indents/subject x total 6 subjects = 54 indents/group). Results are
expressed as the mean + SEM,*P < 0.05

3.3 | Fragmentation of dermal collagen
fibrils increases fibril disorganization (surface
roughness) and reduces ECM stiffness and hardness

The above data demonstrate that the dermal ECM in photodamaged
skin has more disorganized (rougher surface) collagen fibrils and is
stiffer and harder, compared to sun-protected skin. Next, we explored
the potential mechanisms that alter the physical properties of photo-
damaged skin. Collagen fibrils comprise the bulk of the dermis and are
fragmented in photodamaged skin by the actions of matrix metallopro-
teinases (MMPs), which are induced by UV irradiation. Therefore, we
treated sun-protected underarm skin ex vivo with purified recombinant



SHAO ET AL.

918
—I—W[ | B A& Experimental Dermatology

FIGURE 3 Fragmented collagen fibrils contribute to

rougher collagen surface, but not to stiffer and harder dermis

in the photodamaged dermis. A, rhMMP-1 induced collagen
fragmentation. Rat tail type | collagen was treated with activated
rhMMP-1 (30 ng/mL) at 37°C for overnight. Collagen fragmentation
was determined by SDS-PAGE stained with SimplyBlue (see
Methods for detail). B, rhMMP-1 induced collagen fragmentation in
the underarm skin. The underarm skin was treated with activated
rhMMP-1 (30 ng/mL) at 37°C for overnight. Collagen fragmentation
was analysed by atomic force microscopy (AFM). Red arrows
indicate fragmented collagen fibrils. Horizontal black and white
bars on the top indicate height. Images are representative of six
subjects. C, Collagen fibrils roughness was increased in rhMMP-1-
treated underarm skin. Collagen fragmentation decreased (D)
dermal stiffness and (E) hardness. F, rhMMP-1 induced collagen
fragmentation in 3D collagen gel. 3D collagen gel was treated

with activated rhMMP-1 (30 ng/mL) at 37°C for overnight.
Collagen fragmentation was analysed by AFM. Red arrows indicate
fragmented collagen fibrils. Horizontal black and white bars on the
top indicate height. Images are representative of three independent
experiments. G, Collagen fibrils roughness was increased in
rhMMP-1-treated 3D collagen gel. Collagen fragmentation
decreased (H) 3D collagen gel stiffness and (I) hardness. Collagen
fibrils roughness was analysed using Nanoscope Analysis software
(Nanoscope_Analysis_v120R1sr3; Bruker-AXS), and stiffness

and hardness were quantified using a Nanolndenter Il (Agilent
Technologies), as described in Methods. Quantification of the
collagen surface roughness and dermal mechanical properties was
obtained from total 54 AFM images and indents, respectively (9
AFM images or indents/subject x total 6 subjects = 54 AFM images
or indents/group). Results are expressed as the mean + SEM,

*P <0.05

human MMP-1 (rh MMP-1), which initiates cleavage of collagen fi-
brils, generating one-quarter and three-quarter length fragments
(Figure 3A).2324 AFM analysis revealed significant fragmentation and
disorganization of collagen fibrils in the dermal ECM of sun-protected
skin following treatment with MMP-1 (Figure 3B, C), similar to that ob-
served in photodamaged forearm dermal ECM (Figure 1C, E). Collagen
fibril fragmentation increased surface roughness by 2.5-fold (90.8 nm
vs 35.7 nm in control underarm skin). In contrast, MMP-1-mediated col-
lagen fragmentation resulted in decreased dermal stiffness (Figure 3D)
and hardness (Figure 3E).

We next employed three-dimensional type | collagen lattices
to confirm the above data. Consistent with the above data, MMP-1-
mediated collagen fibril fragmentation of collagen lattices resulted in
rougher collagen fibril surface (Figure 3F,G) and decreased stiffness
(Figure 3H) and hardness (Figure 3l). These data suggest that fragmen-
tation of collagen fibrils contributes to collagen fibril disorganization
(rougher surface), but does not contribute to stiffer and harder me-

chanical properties of the dermal ECM in the photodamaged skin.

3.4 | Elastosis contributes to increased stiffness and
hardness in photodamaged skin

We next examined the role of solar elastosis in altered physical
properties in photodamaged skin. Solar elastosis involves deposi-

tion of abnormal elastin-containing material in the upper dermis,

(A) (B) -15 nm_:l 42nm

CTRL _ rh MMP-1

=25 nm-:|54 nm

Intact
Collagen

] 3/4 Fragmented

Collagen

~a1/4 Fragmented
Collagen

—_
(2]
N
—_
=)
-
—
m
-

Roughness
(Median Ra, nm)
»
3

N
S
Hardness (GPa)
O NWANON®

e

17 A <

PBS  rh MMP-1 PBS  rh MMP-1 PBS  rh MMP-1
Underarm Underarm Underarm

(F)

28 o S 49 m
,

th MMP-1

150 0.025 3.0
—_ = 25
P 5120 g 0.020 % 5 it
28 99 £ 0.015 Q &
£ H - g 15
5% 60 & 0.010 5\ £ 10
< 30 @ 0.005 %3 £ o5
0 0.000 ] 0.0

S
PBS  rh MMP-1 PBS_rh MMP-1 PBS_rh MMP-1

Collagen Gel Collagen Gel Collagen Gel

in photodamaged skin. As shown in Figure 4A, photodamaged
forearm displays a significantly more elastosis, compared to un-
derarm skin. AFM images with distinctive strand-shaped material
(Figure 4B, right panel indicated by arrows). We investigated the
impact of removing elastotic material on the physical properties
of the dermal ECM in photodamaged forearm and sun-protected
underarm skin. Dermal elastotic material was removed from fro-
zen skin sections by treatment with purified neutrophil elastase,
which degrades elastin fibres and elastotic material. Elastase
treatment resulted in removal of the elastotic material in both
sun-protected underarm skin (Figure 4C) and in photodamaged
forearm skin (Figure 4D). Removal of elastotic material did not
alter dermal collagen fibril organization (surface roughness) in
photodamaged forearm or sun-protected underarm (Figure 4E).
Similarly, no change in dermal ECM stiffness (Figure 4F) or hard-
ness (Figure 4G) was observed in sun-protected underarm skin. In
contrast, removal of elastotic material reduced dermal ECM stiff-
ness (Figure 3F, reduced 42%) and hardness (Figure 3G, reduced
43%), in photodamaged forearm skin.

3.5 | Elevated LOX expression in the
photodamaged dermis

Cross-linking of ECM proteins influences tissue mechanical proper-

ties.?>2¢ Therefore, we investigated the expression of LOX family of
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FIGURE 4 Elastosis contributes to altered mechanical
properties, but not to rougher collagen surface in the
photodamaged dermis. A, Tropoelastin immunostaining from
sun-protected underarm (left panel) and photodamaged forearm
dermis (right panel). Images are representative of six subjects.

Bar = 100 pm. 2.5% enlargement of the boxed region is shown. B,
Atomic force microscopy (AFM) images of sun-protected underarm
(left panel) and photodamaged forearm dermis (right panel).
Arrowheads indicate elastin fibres. Images are representative

of six subjects. Bar = 10 um. C, Verhoeff van Gieson staining of
underarm skin sections before (left) and after (right) treatment
with purified neutrophil elastase to remove elastotic materials.
Images are representative of six subjects. Bars = 100 um. D, Before
(left) and after (right) removal of dermal elastosis. Verhoeff van
Gieson staining of photodamaged forearm skin sections before
(left) and after (right) treatment with purified neutrophil elastase
to remove elastotic materials. Images are representative of six
subjects. Bars = 100 pm. E, Collagen fibril surface roughness, (F)
stiffness and (G) hardness before and after removal of elastotic
material. Results are expressed as the mean + SEM. Each group
comprised six subjects, and a total of nine indents were measured
from per subject. *P < 0.05. H, Alteration of lysyl oxidase (LOX)
family mRNA expression in the photodamaged human skin in
vivo. Skin dermis was prepared by cutting off epidermis at a depth
of 1 mm by cryostat. Total RNA was extracted from the dermis,
and the expression of LOX family mRNA was quantified by real-
time RT-PCR. LOX family mRNA levels were normalized to the
housekeeping gene 36B4, as an internal control for quantification,
and expressed relative to the underarm. Mean + SEM. Each group
comprised of six subjects. *P < 0.05
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proteins, which modify the side chain of lysyl residues in collagen and
elastin, thereby catalysing covalent cross-linking. This cross-linking
of collagen fibrils and elastin fibres increases stiffness and tensile
strength. LOX family is comprised of five paralogues: LOX and LOX-
like 1-4 (LOXL1-4).%”! To determine LOX family gene expression in
the dermis, the upper 1 mm of skin, including epidermis and super-
ficial dermis, was removed by cryostat. Among five the LOX fam-
ily members, mRNA expression of LOX and LOXL1 was elevated in
photodamaged forearm dermis 2.4-fold and 2.1-fold, respectively
(Figure 4H), compared to sun-protected underarm dermis. These
data suggest that elevated LOX and LOXL1 may contribute to stiffer
and harder mechanical properties of the dermal ECM by increasing

collagen and elastin cross-linking in photodamaged skin.

4 | DISCUSSION

Skin possesses unique biomechanical properties that play an
important role in protection against physical impact from the
environment. The most predominant structural components of the
dermis are collagen fibrils and elastin fibres, and their properties
largely determine the biomechanical properties of the skin. We
find that dermal collagen fibrils in photodamaged skin are more
disorganized (rougher surface) and the dermal ECM is stiffer and
harder, compared to sun-protected underarm skin. Our results
show that dermal collagen fragmentation contributes to increased
collagen fibril disorganization, while solar elastosis contributes to
increased dermal ECM stiffness and hardness, in photodamaged
dermis. It should be noted that due to technical constraints our
measurements of the mechanical properties of the dermal ECM were
made on air-dried skin samples. Therefore, the values we obtained
for stiffness and hardness do not necessarily correspond to those of
fully hydrated skin in vivo. However, given that the hydration state
of all skin samples was similar, the observed differences between
sun-protected and photodamaged skin reflect inherent relative
differences in mechanical properties.

Dermal collagen fibrils in young, sun-protected skin are
densely packed and highly ordered in three-dimensional space.
Fragmentation of fibrils by MMPs, which are induced by UV irradi-
ation, reduces both fibril density and order. Therefore, fibril frag-
mentation in photodamaged skin would be expected to increase
fibril disorganization. AFM is powerful tool to examine nanoscale
surface structures, and indeed, AFM revealed that dermal collagen
fibril disorganization, measured as fibril surface roughness, was
increased in photodamaged skin. Although AFM has been exten-

sively used during the last years in life sciences,?®!

its application
in clinical human tissue samples is still very limited. The results
from AFM nanoscale measurement of collagen fibrils surface
roughness/organization are consistent with data from the con-
ventional H&E histology. However, it is impossible to obtain quan-

titative nanoscale measurements of collagen fibril organization
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from conventional histology. AFM analysis demonstrated detailed
nanoscale changes in collagen fibrils, such as loosening and sep-
aration of collagen fibrils from fibril bundles, fragmentation of
collagen fibrils and disintegration and disordering of collagen fi-
brils in photodamaged skin. Our results demonstrate the useful-
ness of AFM and nanoindentation for nanoscale morphological
and biophysical studies of clinical human tissue samples. AFM and
nanoindentation can be applied without prior fixation and embed-
ding of tissue samples and therefore may preserve native tissue
structure and mechanical properties better than conventional ul-
trastructural microscopy. In addition, AFM and nanoindentation
can provide valuable information from very small volumes of na-
tive tissue, such as a fine-needle aspiration biopsy.

The precise process by which solar elastosis contributes to stiffer
and harder dermal ECM remains to be determined. Elastotic material
is composed of tropoelastin, additional elastin fibre components and
other proteins. Elastin is insoluble, and AFM suggests that elastotic
material forms rigid strands. Elastotic material may be inherently
stiffer and harder than the collagenous ECM. Additionally, space fill-
ing by elastotic material may cause compaction of the dermal ECM,
thereby resulting in increased stiffness and hardness.

The observed elevated expression of ECM-cross-linking en-
zymes, LOX and LOXL1 may also contribute to increased stiffness
and hardness of the dermal ECM in photodamaged skin. Mounting
evidence reveals that the mechanical properties of connective
tissue microenvironment are largely influenced by LOX family of
proteins.[25'26] For example, LOX protein expression is elevated in
many types of tumors and functions as a significant contributor to
tumor matrix stiffening, which leads to enhanced invasiveness.?”:?)
Additionally, non-enzymatic collagen glycation, so-called advanced
glycation end products (AGEs), could influence the mechanical prop-
erties of photodamaged skin.B% However, currently, there is no di-
rect evidence linking AGEs with increased mechanical stiffness in
human skin in vivo, although the glycation of collagen results in stiff-
ening of matrices in vitro.!

The ECM microenvironment provides cells with both chemical
and mechanical signals.m] The mechanical properties of the ECM
microenvironment are critically important in controlling fundamental
cell functions.®3-3% For example, ECM stiffness can control differen-
tiation of mesenchymal stem cells into distinct lineages and tumori-
genesis.*¢%”] We found that the dermal ECM in photodamaged skin
is stiffer and harder compared to the sun-protected skin. In general,
stiffer and harder ECM microenvironments increase cellular biome-

B2 Dermal fibroblasts behave

chanics pathways and cell activation.
in this way to mechanical inputs.[16’38] We and others have reported
that stiffer collagen lattices stimulate spreading, proliferation and
ECM production by dermal fibroblasts.'*%® Importantly, the abil-
ity of ECM to influence cellular behaviour is dependent on physical
attachment of the cells to the ECM. Attachment allows cells to re-
ceive and respond to mechanical cues from the surrounding ECM. In
photodamaged skin, collagen fibril fragmentation removes fibroblast
attachment sites (fibroblasts cannot attach to fragmented collagen),

thereby mitigating the mechanical influences of the stiffer dermal

ECM. This reduced attachment accounts for reduced spreading and
decreased ECM production by dermal fibroblasts in photodamaged
skin, in spite of the stiffer dermal ECM microenvironment.

In summary, photodamage alters the mechanical properties of
the dermal ECM via multiple, counteracting mechanisms. Collagen
fragmentation reduces fibril organization, stiffness, hardness and
fibroblast-ECM attachment. Solar elastosis and LOX family enzy-
matic cross-linking increase dermal ECM stiffness and hardness. The
mechanisms that result in stiffening of the dermal ECM compensate

to some extent for the softening.
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