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Basement membranes are among the most widespread, non-cellular func-
tional materials in metazoan organisms. Despite this ubiquity, the links
between their compositional and biophysical properties are often difficult
to establish due to their thin and delicate nature. In this article, we exam-
ine these features on a molecular level by combining results from proteo-
mics, elastic, and nanomechanical analyses across a selection of human
basement membranes. Comparing results between these different mem-
branes connects certain compositional attributes to distinct nanomechanical
signatures and further demonstrates to what extent water defines these
properties. In all, these data underline BMs as stiff yet highly elastic con-
nective tissue layers and highlight how the interplay between composition,
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mechanics and hydration yields such exceptionally adaptable materials.

doi:10.1111/febs.17007

Introduction

Basement membranes (BMs) represent a widely estab-
lished class of biological materials that form the back-
bones of all complex tissues. First described in the
literature nearly 50 years ago [1,2], these specialized
sheets of extracellular matrix (ECM) are functional
materials that fulfill multivalent roles, such as modu-
lating cellular behavior, defining epithelial borders and
outlining vasculature, muscle, and nerve fibers [3-7].
Malfunction and fragility therefore lead to severe path-
ological conditions such as muscular dystrophies or
vascular leaks [7-11].

Basement membranes are composite materials whose
properties are largely defined by their biochemical con-
stituents, which include collagens (predominantly type

Abbreviations

IV), members of the laminin family, proteoglycans,
and a variety of other proteins [12-17]. Collagen IV
(collV), an elongated structural protein, exists as a tri-
mer bundle that is segmented into a C-terminal NCI1
domain, a triple helical region and a globular N-
terminal 7S domain [6,7,18]. These collagen IV fibrils
are known to cross-link into a polygonal Ilattice
[5,19,20]. The laminins, on the other hand, polymerize
into trimeric rings that form large supramolecular
sheets [21]. These two components comprise between
30% and 80% of the total BM proteome [14,15], and
are therefore predominantly responsible for BM stabil-
ity. However, how they contribute to overall material
performance is often unclear.

AFM, atomic force microscopy; BM, basement membrane; CAP-BM, capillary basement membrane; CollV, collagen type 1IV; DM,
descemet’'s membrane; ECM, extracellular matrix; ILM, inner limiting membrane; LC, lens capsule; TEM, transmission electron microscopy.
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Compositional and biophysical properties of BMs

Because of their thin nature, BMs have traditionally
been studied by immunohistochemistry or transmission
electron microscopy (TEM). While TEM-based mea-
surements have described BMs to be around 100 nm
thick [22,23], aggressive tissue processing steps—such as
dehydration—are typically needed for these methods.
As BMs are highly hydrated materials, it stands to rea-
son that such treatments may alter their appearance and
comes to no surprise that methods capable of imaging
hydrated BMs yield different results (i.e., thickness
values ranging up into the micrometer scale) [24-27].
Namely, this was independently shown on immunos-
tained lens capsules that were imaged by confocal
microscopy [28]. More advanced methods such as
atomic force microscopy (AFM) and high-resolution
fluorescence microscopy have been progressively used as
well to investigate specific BMs, notably the inner limit-
ing membrane (ILM, an ocular BM that separates the
retina from the vitreous humor). With these approaches,
additional features besides structure (i.e., biomechanics)
could also be accounted for under immersed and native
conditions [24-26], and showed that BMs are bi-layered
structures made of a laminin-rich side that promotes epi-
thelial cell adhesion and a collV-rich side that inhibits
epithelial cell adhesion and connects to adjacent stromal
layers [29-33]. Further proteomic analyses of these same
membranes supplemented these initial observations with
compositional attributes and confirmed the presence of
traditional BM proteins trimers in the ILM and other
BMs (i.e., the Lens Capsule; LC and Descemet’s mem-
brane; DM, a BM of the cornea) [14,16,17]. It was fur-
ther revealed that heterogeneity within the collV chains
(i.e., up to six possible family members) and laminin
(i.e., over 20 family members) is extensive and varies as
a function of BM type. Likewise, several proteoglycans
and up to 20 other ECM components were found as well
[14,16,17]. Some BMs even included unexpected compo-
nents such as a 30% contribution of tubulointerstitial
nephritis antigen (TINAG) in vascular [16] and glomer-
ular BMs [34,35], as well as a 50% contribution of
TGFb-1-induced glycoprotein (TGFBI) in the DM
[17,36]. While stiffness measurements on some of these
membranes showed that BMs range in the high kilo- to
low mega-Pascal ranges, and around 100 times stiffer
than cells [24,37], little is known how these composi-
tional heterogeneities are expressed in the overall biome-
chanical properties.

In this article, we build upon these studies by compar-
ing the structural, mechanical and compositional varie-
ties between a selection of different BMs. With an initial
focus on the ILM, investigations are extended to the
DM, the LC, Bruch’s membrane (a BM adjacent to the
pigment epithelium of the eye) and both capillary (CAP-)
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and epidermal BMs. The relationship between composi-
tion and biomechanical expression is shown by compar-
ative proteomic, nanomechanical, and elasticity
analyses, and by evaluating the role of hydration. Com-
bined, these data show a distinct link between material
stiffness, collV and proteoglycan abundances, and
divulge how these parameters are related to water con-
tent. Therein, these findings exemplify that BMs are
more sophisticated and meticulously tuned than previ-
ously described, resulting in an intricately regulated
equilibrium between stiffness and elasticity.

Results

BM isolation

Several ocular and non-ocular BMs were isolated from
their respective tissues. Initial investigations were
focused on the ILM, which exhibits an undulating reti-
nal surface and a smooth vitreous surface (Fig. 1A).
Both were maintained after isolation by incubating
them in detergent (Fig. 1B) [16,17,27]. These ILMs, as
well as the other BMs, appeared under a dissecting
microscope as transparent sheets (Fig. 1C) that curl
after isolation [16,17,27]. The outer surfaces of the
curled ILM as well as the LC and DM represent
the retinal, the lens-epithelial and corneal-endothelial
surfaces, while the inner surfaces are the vitreous,
anterior-chamber and corneal stromal surfaces. We
therefore refer to these surfaces as epithelial and stro-
mal surfaces, respectively. Proteomics data confirmed
a very low abundance of nuclear, cytosolic, or cyto-
skeletal proteins in the proteome data lists as exempli-
fied in the Tables S1-S3 (Sheets 1), indicating that the
de-cellularization process was effective. Figure 1D
shows an ILM mounted on a TEM grid for subse-
quent elasticity evaluations.

ILM proteomics

Protein composition analyses were conducted on the
ILMs from three donors (see Table 1 for details). For
proteomics, we relied on a previously established pro-
cedure of a simplified LC/MS/MS technique for the
LC and DM [16,17]. Of all proteins detected, only
ECM proteins were selected as possible BM compo-
nents, and only proteins that were detected in two of
the three ILM samples were considered reliable ILM
constituents. The relative abundance of the individual
proteins per sample is illustrated in the pie charts in
Tables S1-S3, and the mean relative abundance values
of all three samples are shown in Fig. 2. These record-
ings suggest that the collagen trimers make up around
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Fig. 1. ILM from adult human eye. The ILM
in situ is shown in panel (A) (R, retinal cells;
U, undulations), and an isolated segment is
shown in panel (B). Isolated ILMs, floating
freely in PBS, are transparent sheets that
curl in a side-specific manner (C). ILMs can
be mounted onto TEM grids, on which they
cover the open squares without breaking
(D). Bars A and B: 250 nm; C: 500 pm; D:
60 pum.

Table 1. Samples used for the LC/MS/MS analysis of the ILMs.
The table lists age of the donors, their gender, cause of death, the
peptide yields after collagenase and trypsin digestion (in pg), the
total number of detected proteins, the number of ECM proteins
and the percentage of ECM proteins relative to the total number of
proteins. COPD, chronic obstructive pulmonary disease; ICH,
intracerebral hemorrhage.

ECM
Cause of Peptides Proteins  proteins ECM

Age, gender  death (ng) (n) (n) (%)
38 years m Anoxic 52 57 30 53

brain

injury
39 years m ICH 137 109 48 44
b4 years f COPD 33 82 34 41
Mean 74 83 37 46
SD 45 21 8 5

30% of the total proteome, and the laminin trimers
contribute to around 30%. The abundances of laminin
and collV are therefore comparable and together com-
prise approximately 60% of the total ILM proteome.
This derived proteome is in line with previously
published data [14], which were based a more elabo-
rate sample preparation. This included the pre-
separation of the BM proteins by SDS/PAGE and
the extraction of proteins from 17 cut-out gel seg-
ments for each sample, which each required an indi-
vidual LC-MS/MS run. For our analyses, this would
have meant a total of 51 LC-MS/MS runs as com-
pared to only 3 runs using the current procedure.
When comparing the data from both sample prepara-
tions side-by-side, the relative abundance of laminin
and collV family members are about equal for the
ILM, with both proteins representing the most
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prominent components. Further, the laminin and
collV chain compositions are identical in both ana-
lyses. A major difference was the number of protein
hits: in difference to the present analysis with up to
40 ECM protein IDs, the previous analysis resulted
in over 200 IDs, whereby the majority of the hits
were proteins in minute quantities [14]. 16% of all
proteins in the previous analysis were ECM proteins
as compared to 46% in the current analysis.

Elasticity, ionic strength and hydration

In a first step, we probed the ILMs’ elasticity and
expandability by indenting freely suspended mem-
branes with an AFM tip (Fig. 3). Membrane sidedness
was visualized by immunostaining for collV and lami-
nin (Fig. 3A) before mounting them on TEM grids
with a single hole aperture of 50 pm (Fig. 3B). This
assured that they were suspended over an open space
for indentation with a constant force of 1 uN
(Fig. 3C). A film of nitrocellulose (Parlodion, NC)
with a thickness of 100 nm was used as a reference
material.

When air-dried, the ILM exhibited a very steep
stress—strain slope (Fig. 3D), indicating an ultralow
elasticity, while the nitrocellulose film slope was
slightly less steep. Conversely, the stress—strain curves
were substantially shallower on an ILM immersed in
PBS, while the nitrocellulose film remained unchanged
(Fig. 3E). Moreover, this ILM could be pressed down
without rupture for more than 3 pm. While the effec-
tive point of rupture was never reached (i.e., due to
the limited range of the AFM piezo), the ILM still
expanded by at least 33% without visible damage and
returned to its original conformation once the load
was withdrawn. This process could be repeated over
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Fig. 2. The proteome of the adult human ILM. The concentrations of individual protein components are shown in percent to the total ILM
proteome. CHADL, chondroadherin-like protein; Coll, collagen; LN, laminin; LOXL4, lysyl oxidase-homologe 4; LRTI, leucine-rich repeat and
immunoglobulin-like domain and trans-membrane—containing protein 1; PRDX, peroxiredoxin; Som-protein, somatomedin and trombospondin
type 1-domain containing protein; TINAG, tubulointerstitial nephritis antigen; VEGFR1, VEGF receptor 1; VWAT1, von Willebrand Factor A-
containing protein. The error bars represent the standard deviation of the mean value (n = 3).

20 times without rupturing the material, highlighting
its elastic nature and to what degree water
influences it.

In a second step, we conducted side-specific nanoin-
dentation experiments to narrow down these consider-
ations (Fig. 4). Initial trials in PBS revealed a stiffness
distribution pattern similar to previously reported
results (i.e., the epithelial side of the membrane being
approximately twice as stiff as the stromal side,
Fig. 4A) [29-31]. We then incubated the same mem-
brane in glutaraldehyde to evaluate the remaining level
of non-cross-linked material, i.e., by measuring to
what degree the material stiffness changed (Fig. 4B).
Surprisingly, stiffness values remained unchanged,
suggesting that all BM components are already cross-
linked to a maximum degree or—arguably—that addi-
tional cross-linking does not significantly contribute to
overall material stiffness. However, varying the ionic
strength of the solvent—a basic measure to study
water content and distribution—yielded intriguing
results (Fig. 4C): membrane stiffness substantially
increased when the membrane was immersed in

hypertonic solutions, whereas hypotonic concentra-
tions led to a minor degree of softening. The most
captivating point of the trials however was that this
effect only occurred on the epithelial side of the mem-
brane, whereas the stromal side remained unaffected.
This is indicative that other BM-specific, water-binding
components (i.e., proteoglycans) are predominantly
located on the epithelial side of the membrane.

We therefore explored the overall impact of water
on BM structure in more detail (Fig. 4D). Other BMs
(i.e., the LC and the DM) were included into these
examinations, and their respective thicknesses were
determined by sensing the top of the BMs and the
underlying glass surface with the AFM tip. The LC
was by far the thickest BM, followed by the DM and
the ILM. All BMs were then dehydrated either in an
increasing series of dilutions of alcohol (i.e., as it
would be used in standard TEM sample preparation
protocols) or by air-drying. Independent of the dehy-
dration process, all membranes shrank by 68-85%.
Intriguingly, this process was reversible, with a rehy-
dration of the very same samples leading to a complete
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Fig. 3. Sidedness and elastic micro-indentation measurements of the ILM. Prior to analysis, the ILM (A) was immunostained with antibodies
to laminin (red) and collV a3,4,5 (green). Both the retinal (red) and the vitreal sides (green) were exposed. This ILM was mounted over a
single-hole TEM grid (diameter = 300 um, B), again showing the retinal (red) and the vitreal sides (green). An AFM cantilever, which is
clearly visible next to the 50 um hole of the support grid (C), was used to indent the suspended membrane. Stiffness measurements on an
air-dried ILM and a nitrocellulose film (NC) show very steep stress/strain curves (D). When immersed in PBS, the nitrocellulose curve
remains consistent, while the hydrated ILM becomes hyper-extendable (i.e., by over 3 um), with an increase of its surface area by 33%

without rupturing (E). Bars A: 500 pm.

recovery of their original thicknesses within minutes.
These values are also relatable to those derived from
fluorescence super-resolution microscopy images of a
fully hydrated ILM (Fig. 4E).

Combining compositional with mechanical
attributes

To follow up on these observations, further nanomecha-
nical measurements were conducted on these and other
BMs, such as CAP- and epidermal BMs: Stiffness values
from materials originating from the same donors were
measured in one round to maximize comparative mean-
ingfulness (Fig. 5), and both BM sides were examined
whenever possible. Results showed that for the epithelial
sides the DM (mean = 670.4 + 91.4 kPa, n =3, 758
force curves) was the stiffest of all investigated BMs, fol-
lowed by the ILM (mean = 445.0 + 26.4 kPa, n = 3, 760
force curves). The LC (mean = 187.6 + 37.2 kPa; n = 3,
573 force curves; only segments of the frontal part of the
lens were probed) expressed a lower stiffness profile,
whereas Bruch’s membrane (mean = 88.7 = 17.7 kPa,
n=2, 363 force curves) and the epidermal BMs

(mean = 49.2 + 17.3 kPa, n = 2, 287 force curves) were
the softest. For the stromal sides of the tested BMs, the
ILM was the stiffest (mean = 195.9 + 46.4 kPa; n = 3,
515  force curves), followed by the DM
(mean = 160.8 + 65.9 kPa, n = 3, 807 force curves), the
LC (mean = 80.3 + 3.6 kPa, n = 3, 8329 force curves),
the Bruch’s membrane (mean = 57.7 + 15.2 kPa, n = 2,
326 force curves) and the vascular BM
(mean = 46.9 + 36.8 kPa, n = 3, 543 force curves). For
comparison, we also assayed fiber cartilage from human
meniscus (mean = 149.0 kPa, n =1, 119 force curves),
which was slightly softer than the LC. All investigated
BMs expressed the same side-specific stiffness distribution
as previously observed on multiple occasions.

To identify possible root causes of these variations,
we conducted comparative proteomic analyses on these
same BMs and correlated stiffness data to composi-
tional attributes. For this, a unified analysis technique
was applied to reveal what proteins are shared or
altered between the materials (Fig. 6) [16,17]. The
resulting data showed that high stiffness, as seen in the
DM and ILM, rather correlates inversely with high
collV concentrations. Namely, the BM with the
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Fig. 4. Cross-linking and hydration. When probing both ILM surfaces of the same membrane (n = 1, 576 force curves per surface), the stro-
mal side is softer (A, red columns) that the epithelial sides (A, black columns). treatment does not affect these properties (B). Major
increases in stiffness are seen when the membrane is incubated in hypertonic solvents, while hypotonic ones lead to stiffness reduction (C,
a modulation that is only observed on the epithelial side of the membrane). Measurements on original, dehydrated and fully hydrated DMs
(n=3), ILMs (n = 3) and LCs (n = 3) show how massively overall thickness changes once water is removed, and how the original state is
regained when added (D). A fully hydrated ILM is seen by fluorescence super-resolution microscopy in (E). Note that the undulating and
smooth outlines of the respective stromal and epithelial surfaces were identical to those seen by TEM (i.e., to be compared with Fig. 1A,B).

Each column represents the average calculated for each BM, and the error bars represent the standard deviation of the mean value.

highest collV concentration (i.e., the LC with 70%)
was softest, while the BM with the lowest concentra-
tion (i.e., the DM with 11%) was stiffest. Nonetheless,
it should be noted that the trimer composition may
play a role in the overall stiffness profile, as collagen
IV a3.4,5 was by far the dominant collV trimer in the
DM and ILM. In this context, previous reports have
shown that collV a3.,4,5 is mechanically more robust
than the classical al,1,2 trimer [18], the composition
typically found in the other BMs. A further correlation
between stiffness and protein composition was appar-
ent in the proteoglycan content [16,17], where a
decreasing stiffness profile correlated with an increas-
ing perlecan concentration. This is in agreement with
previous studies, where de-glycosylation of heparan

sulfate proteoglycans resulted in significantly reduced
BM thickness and increased stiffness [24,26]. These
measurements explain our observations with regards to
ionic strength and hydration, and underline water as
an essential structural component and main driver of
membrane mechanics.

Discussion

The biophysical properties of the ILM, and BMs in
general, are defined by many factors. In this article, we
piece together how some of them — notably nanome-
chanical and proteomic properties — affect these prop-
erties, and show how specific BM factors play a more
distinct role than might first meet the eye.
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Fig. 5. The nanomechanical profiles of human BMs. The highest stiffness values (in kPa) are found in the DM (n = 3), followed by the ILM
(n = 3), the LC towards the anterior chamber (LC Ach, n = 3), Bruch's Membrane (n = 3) and finally the capillary (CAP-BM, n = 3) and epi-
dermal BMs (n = 2). The stromal side of the membrane (red columns) is recurrently softer that the epithelial side (black columns) in all
examined membranes where side-specific measurements were feasible. For capillary BMs, only the stromal side of intact capillaries was
accessible. For epidermal BMs, the stromal sides remained inseparably attached to a layer of dermis, therefore only allowing the probing of
the epithelial side of these BMs. Cartilage from human meniscus (n = 1) is included as a comparative tissue (blue). Each column represents
the average elastic modulus calculated for each BM, and the error bars represent the standard deviation of the mean value.

Mechanical measurements show that the DM is by
far the stiffest BM of all tested samples. As its main
function involves supporting the cornea by protecting
the eyeball from trauma, it is plausible that it should
be exceptionally stiff. Second in line on the stiffness
scale was the ILM, followed by the LC, while Bruch’s
membrane—which separates the highly vascularized
choroid from the retinal pigment epithelium—and
both the epidermal and CAP-BMs were last in line. In
contrast to the DM, elasticity is essential to these
membranes, as they need to retract and expand fre-
quently and repeatably. On the other hand, insufficient
Bruch’s membrane stiffness predisposing to breaches
in membrane integrity may play a role in the develop-
ment of exudative age-related macular degeneration.

These same measurements show an inversely propor-
tional to the respective collV concentrations, and that
glutaraldehyde treatment does not induce any apparent
mechanical effects. This further questions whether such
membranes are already fully crosslinked or that BM
stiffness is significantly related to covalent crosslinking
in general. Conversely, water content correlates to an
exceedingly high degree with both membrane mechanics
and elasticity. This is apparent in the mechanical

stiffening induced by hypertonic solutions and reversal
under opposite conditions. These assumptions are fur-
ther underlined by the measured changes in BM thick-
ness once water is actively removed. As only the
epithelial side of the membrane is susceptible to changes
in tonicity, we surmise that the charged components of
the BM, namely its water-binding proteoglycans, are
predominantly located there. This remains plausible
when pondering their role as liaisons between laminin
and collV. In return, lower BM stiffness trends directly
correlate with elevated proteoglycan concentrations,
consequently attesting that water is a key player and
contributor to BM structure and elasticity.

Taken together, these results highlight BMs as lay-
ered, elastic and adaptable materials, and offer an
incremental step in deeper understanding how the
properties they require to fulfill their roles come to be.

Materials and methods

BM sources and preparation

Human donor eyes and skin samples were obtained from
CORE, the Center of Organ Recovery and Education in
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(A) | BM stiffness
Coll l at-
Coll IV at-
Coll IV a2-
Coll IV a3-
Coll IV a4-
Coll IV a5-
Coll IV a6- Mean
Coll Vl a1- -
Coll VI a2- .
Coll VI a3- °
LN at-
LN a2-
LN a5-
LN b1-
LN b2-
LN g1-
(B) Fig. 6. Compositional comparisons between
Perlecan- the basement membrane proteomes. The
compositional percentages of the collagen
Agrin- IV and Igminin family members are listed
o along with those of proteogylcans. The
s stiffest BM is on the left (i.e., the DM), and
Keratocan- 5o the softest one on the right (i.e., the CAP-
= BM). The LC, with the highest overall
Prolargin- concentration of collagen IV (over 70% of
the entire ECM proteome), is not the
stiffest BM in this selection, whereas the
Biglycan- stiffest BMs (i.e., the DM and ILM) contain
exclusively collagen IV a3,4,5. A closer look
Lumican- at the proteoglycans shows that higher

Pittsburgh, USA, and from the Institute of Medical Genet-
ics and Pathology of the University Hospital and Univer-
sity of Basel, Switzerland. The use of human eyes for this
project was approved by the Internal Review Board of the
University of Pittsburgh (IRB protocol #0312072) and by
the Ethics Commission of Northern and Central Switzer-
land (IRB protocol #279/11). Written consent for tissue
usage for research was given by the participants during
their lifetime or by their next of kin.

The time intervals between death and organ harvesting ran-
ged between 2 and 7 h, with their delivery to the laboratory
taking place the following day after testing for HIV and hepa-
titis. LCs, DMs from corneas, ILMs and CAP-BMs were iso-
lated from donor eyes as described previously [14,16,17,24].
Bruch’s membranes were isolated from the retinal pigment epi-
thelium by incubation in Triton X-100 followed by 0.5%
deoxycholate overnight. The epidermal surfaces of skin BMs
were exposed by incubating skin samples in 1 M salt or 0.5 m

concentrations of perlecan correlate with a
decreasing BM stiffness.

EDTA and peeling off the epidermis, resulting in the BMs
resting on the underlying dermis [38]. Upon isolation, the BMs
were stable and stored in PBS supplied with 0.01% sodium
azide at 4 °C until analyzed. Cartilage samples from meniscus
were de-cellularized by incubating them in 2% Triton X-100
and deoxycholate overnight. We only analyzed samples from
donors of similar age given age-dependent variations in pro-
tein compositions [14]. The cartilage and one of the skin sam-
ples were obtained during a meniscus surgery and a mole
removal by a dermatologist.

Proteomics

Isolated ILMs were spun down at 1000 g (RCF) for 3 min
and washed three times. The pellet was collected in 150 pL of
PBS. Fifty microliter of collagenase (1000 U-mL™"; type VII;
Sigma-Aldrich, St. Louis, MO, USA) were added, and the
sample incubated for 24 h at 37 °C. Next, the proteins were
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reduced with 10 mm DTT at 37 °C for 1 h and alkylated with
50 mm iodoacetamide for 15 min at room temperature. Pro-
tein digestion was performed by incubation of the sample
with 1 pL trypsin (sequencing grade; Promega, Madison,
WI, USA) at 37 °C overnight. This digestion regime resulted
in complete BM solubilization. The digest was then desalted
on a C18 microspin column (The Nest Group, Southbor-
ough, MA, USA) according to the manufacturer’s recom-
mendations. Peptide absorbance was measured at 280 nm
and peptide concentration was calculated according to Wis-
niewski et al. [39]. Six micrograms were sufficient for the
three technical LC-MS/MS replicate runs. LC-MS/MS anal-
ysis was performed on either an Orbitrap Elite or Orbitrap
Classic (Thermo Scientific, Reinach, Switzerland) interfaced
with an EASY-nLC 1000 pump connected to a C18 column
(75 pm x 15 cm) packed with 2.4 pm Reprosil beads [39].
For each analysis, equal peptide material (2 pg) was injected
in triplicates onto the capillary column. Chromatography
and mass spectrometric parameters corresponded to the pre-
viously described methods [40].

The LC/MS/MS data were searched against the SWISS-
PROT protein sequence database (www.uniprot.org, as of
September 2023). The Mascot and Sequest HT search
engines were run via PROTEOME DISCOVERER 1.4 (Thermo
Scientific). Search parameters were set to carbamidomethy-
lated cysteines as fixed modification, whereas oxidized
methionines and protein N-terminal acetylation were set to
as variable modifications. For peptide identifications, a
false discovery rate of 1% was set. Label-free protein quan-
tification was done by integrating for each identified pep-
tide the ion intensity under the elution curve, and the total
intensity for a given protein was calculated using PROTEOME
DISCOVERER 1.4 [41]. Each data set was analyzed in three
technical replicates. Biological sample replicates comprised
three pairs of eyes.

The evaluation of the proteome data for the ILM fol-
lowed a previously established procedure that was used for
the analysis of the LC, the DM and vascular BMs [16,17].
Of all proteins detected, only ECM proteins were selected
as possible BM components, and only proteins that were
detected in two of the three ILM samples were considered
reliable ILM constituents.

For relative protein quantification, the ion intensity for
the identified peptides was integrated as area under the
curve from which the total intensity for a given protein was
calculated using PROTEOME DISCOVERER 1.4, a standard pro-
cedure for label-free protein quantification in mass spec-
trometry [41]. The abundance of a given BM protein in
each sample was expressed as percentage relative to the
total ECM protein of each sample that was set to 100%.

Immunohistochemistry

ILM segments were spread onto 1.5 mm thick glass cover
slips (Fisher Scientific, Waltham, MA, USA) coated with

Compositional and biophysical properties of BMs

5 ugmL™" poly-lysine (Sigma-Aldrich). For firm attach-
ment of the BM sheets, the cover slips—resting on glass
slides—were centrifuged at 112 g (RCF) for 5 min. The
whole mounts were washed twice with 1% BSA, 0.01%
Triton-X-100 and stained with two polyclonal antisera to
collagen IV (Rockland, Gilbertsville, PA, USA and ICN/
Cappel, Aurora, CO, USA), laminin (Sigma-Aldrich), and
a mouse monoclonal antibody to the 7S domain of collagen
IV a3 (Mab J3-2; kindly provided by N. Sundarraj) [42].
The specified antibody is also available from Sigma-Aldrich
(SAB4200500). Y. Sado provided rat monoclonal anti-
bodies raised against chain-specific NCI peptides of collV
[43]. The secondary antibodies were Cy3, AMCA- or
Alexa-Fluor 488-labeled goat anti-rabbit, goat anti-mouse,
or mu-chain-specific goat anti-mouse antibodies (Jackson
ImmunoResearch, West Grove, PA, USA; and Life Tech-
nologies, Carlsbad, CA, USA). For each antibody step, the
suspended BMs were incubated overnight. Micrographs
were recorded with an Olympus FluoView 1000 confocal
microscope (Olympus Corporation, Tokyo, Japan).

Three-dimensional structured illumination microscopy
(3D-SIM) was performed on a DeltaVision OMX-Blaze V4
system (Cytiva, Marlborough, MA, USA). Images were
acquired using a Plan Apo N 60x, 1.42 NA oil immersion
objective lens (Olympus Corporation) and 4 liquid-cooled
sCMOS cameras (pco.edge 5.5, full frame 2560 x 2160;
PCO). Exciting light was directed through a movable opti-
cal grating to generate a fine-striped interference pattern on
the sample plane. The pattern was shifted laterally through
five phases and three angular rotations of 60° for each Z
section. The laser lines were used during acquisition and
the optical Z sections were separated by 0.125 um. Laser
power was attenuated to 10% and exposure times were typ-
ically between 3 and 100 ms, and the power of each laser
was adjusted to achieve optimal intensities of between 5000
and 8000 counts in a raw image of 15-bit dynamic range at
the lowest laser power possible to minimize photobleaching.
Multichannel imaging was achieved through sequential
acquisition of wavelengths by separate cameras.

Atomic force microscopy

DMs, LCs, ILMs, Bruch’s membranes, epidermal and
CAP-BMs were spread onto poly-lysine-coated Superfrost-
plus glass slides (Fisher Scientific) as described [14,16,17]
and firmly attached onto the substrates by centrifugation.
ILM samples were also mounted onto one-hole gold TEM
grids (Gilder grids, GA50-G3 with a 50 pm aperture, Micro
to Nano, Haarlem, the Netherlands). For the elasticity
measurements of the freely suspended ILMs, the edges of
the grids were glued onto splinters of 1 mm glass cover
slip, and the ILM preparations were kept incubated in
PBS. Measurements were performed using a JPK NanoWi-
zard 4 AFM (Bruker Nano GmbH, Berlin, Germany).
Sharp silicon tips with radii of around 10 nm mounted on
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standard monolithic silicon beam-shaped cantilevers with
nominal spring constants of 3 N-m~! were used, and their
spring constants were determined in PBS prior to every
experiment by using the Sader method [44]. Force spectros-
copy was generally performed with a load of 2 nN, with
indentation depths ranging between 50 and 400 nm, and
thus in accordance with Buckle’s one-tenth law (i.e., inden-
tation depth < 10% of total material thickness) to mitigate
any influence of underlying layers [45]. The loading and
unloading speed was set to 2 pm-s~'. Three samples of
each BM were probed, and force-displacement curves were
recorded at three different locations on both epithelial and
stromal sides (whenever possible) with a scanning area of
10 x 10 um. From these data, the elastic moduli were cal-
culated with the JPK DATA PROCESSING software (Bruker
Nano GmbH) by using the Hertz model.

Skin samples tested by AFM were from a non-mole area
of the skin and exposed to high-salt or EDTA concentra-
tions prior to AFM testing [38]. They were tested for their
stiffness on the exposed epidermal sides.
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proteome, and selected ECM proteins are listed in
Sheet 2.
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