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Large-Scale, Ultrapliable, and Free-Standing

Nanomembranes

Edward Kang, Jihee Ryoo, Gi Seok Jeong, Yoon Young Choi, Seung Min Jeong,
Jongil Ju, Seok Chung, Shuichi Takayama, and Sang-Hoon Lee*

Cellular epithelia maintain their structural integrity through
cell-cell and cell-extracellular matrix (ECM) adhesion. The
basement membrane (BM), a thin and amorphous sheet-like
structure of fibers that underlies the epithelium, plays several
critical roles, including filtration and the regulation of cell pro-
liferation, differentiation, and migration.l'*/ This membrane
is positioned between epithelial cells and connective tissue,
and it anatomically separates the epithelium from deeper tis-
sues. The BM also determines the spatial relationships among
various populations of cells and the space occupied by the
connective and supported tissues!** Therefore, the study of
cell-monolayers on the BM is critical for correct evaluation of
epithelia’s mechanical property in tissue. Recent technological
progress based on nano- and microscale technologies has facili-
tated in vitro evaluation of mechanical property of epithelial or
endothelial monolayer under diverse in vivo-like microenviron-
ments, 1% however, most studies are limited in single or a few
cells. For more in vivo mimicking study, the formation of cell
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monolayer on the thin BM and evaluation of its property are
critical. BMs are 30-100 nanometers thick with a Young’s mod-
ulus of 1-3 MPa, as summarized in Table S1. For practical usa-
bility, the membrane should be free-standing, thin and pliable
comparable to BM, biocompatible, robust to handling enough
to culture cells, and have a sufficiently large area (up to a few
centimeters in diameter) to permit the observation and analysis
of cell monolayer properties.

Several researchers have reported free-standing ultrathin
(FSUT) membranes made by inorganic materials, such as
silicon, metal, nanoparticles, carbon nanotubes (CNTs), or
graphene."'"1] Glucksberg et.al. have fabricated ultra-thin(UT)
PDMS membranes having integrated micro/nano patterns and
applied this freely suspended PDMS membrane for studying
mechanical properties of very soft materials such as residual
stress and young’s modulus.'® Although a few organic UT
membranes have been described, most of their surface areas
were less than 1 mm?. The present paper takes this a step fur-
ther, and develops a technique to fabricate large membranes
and demonstrates its utility as a platform for cell study. Recently,
Kunitake et al. used a spin-coating method to fabricate large UT
membranes 16 cm? in area.l'’! They subsequently developed
UT membranes using a variety of materials, including zirco-
nium oxide or thermosetting resins. Although some of these
materials were organic, their utility in replacing BMs was lim-
ited because the elasticity and biocompatibility were not com-
parable to those of a BM. Polydimethylsiloxane (PDMS) is one
of the most widely used silicon-based organic polymers, and
it is broadly applied in diverse biomedical fields.'®!] PDMS
is chemically inert, biocompatible, gas permeable, and elastic.
Relatively thick PDMS membranes have been used for valve,
sensot, and microstructure construction.?*-23l PDMS is, there-
fore, a good candidate material for fabricating BM-mimicking
FSUT membranes. Fabrication of large-scale FSUT PDMS
membranes strong enough to culture cells, however, is still
challenging due to the mechanical weakness of conventionally
prepared PDMS.

In this paper, we describe the fabrication and characteriza-
tion of large-scale (>2 cm in diameter) FSUT PDMS mem-
branes and their use in investigations of mechanical property of
epithelial cell monolayer on BM. The high-speed spin-coating
of dilute PDMS solutions yielded FSUT membranes (<70 nm
thick). Membranes were transferred to a thick PDMS ring sup-
port to facilitate easy handling. The membrane is elastic, pli-
able, and strong enough to endure high stretching because it
is supported by ring. The pliability of the ultrathin membranes
with physiological moduli were useful in cellular epithelia
studies that have hitherto been impossible.

wileyonlinelibrary.com 2167

o
o
3
=
G
2
a
-
o
=



http://doi.wiley.com/10.1002/adma.201204619

=
o
<
9
=
=
=
s
0
1%

2168 wileyonlinelibrary.com

ADVANCED
MATERIALS

MoK

www.advmat.de

~- 1

PDMS nano membrane

PDMS Ring

www.MatenaIsVnews.com

Applied force

Adhesion force
| |

Figure 1. Fabrication of nanomembranes under shear force (a) Schematic of the PDMS nanomembrane supported by PDMS Ring. The PDMS free-
standing nanomembrane was transparent, and this membrane could be fabricated on a large scale. (b) Optical image of a transparent 100 nm
membrane; (c) Stretching/elongation of the membrane in the vertical direction. The stretched length was 3.5 cm. (d, e) Photograph of an ant walking
on a membrane. The membrane depressed longitudinally, as captured by a CCD camera. (f) Top-view image of a PDMS nanomembrane, imaged by
SEM; (g) Side-view image of a PDMS nanomembrane on an Anodisc, imaged by SEM. The scale bars indicate 10 mm in (b), 5 mm in (c,e), 500 nm in

(f) and 50 nm in (g).

As shown in Figure S1(a), FSUT PDMS membranes were
fabricated by spin-coating a Sylgard 184 PDMS solution diluted
with hexane and deposited on a 3” silicon wafer. A sacrificial
layer (photoresist, AZ 1512) was pre-coated to a thickness of
1 um prior to PDMS spinning to permit the easy separation
of the membrane from the substrate. The spinning speed was
fixed at 6000 rpm, and the thickness was determined by the
dilution ratio only. The spin-coated thin PDMS membrane was
transferred to a PDMS ring which played a key role to detach
the FSUT membrane from the wafer without damage and to
handle the membrane easily (Figure 1(a)). Details of the mem-
brane detaching process are summarized in Figure S1 (b) and
Video(V1). Table S2 summarizes the optimized conditions for
fabricating thin membranes, including the dilution ratio and
the size of the PDMS ring. The transfer of membranes thinner
than 100 nm remained a challenge, and fewer than 50% of
membranes survived in the transfer process. The membrane
size was limited by the membrane thickness because the rate of
successful transfer without failure decreased as the membrane

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thickness decreased. Membranes 6 cm in diameter could be
detached from the substrate, provided that the minimum mem-
brane thickness was 150 nm. In contrast, the thickness limit
for a 3.5 cm diameter membrane was approximately 100 nm.
A dilution ratio exceeding 1:120 (PDMS: hexane) yielded 2 cm
membranes that could be successfully detached, and their
thickness varied in the range of 60-80 nm. Figure 1(b) shows
an optical image of an optically transparent 1:100 membrane
(diameter: 3.5 cm) supported by a PDMS ring. The 1:100 PDMS
membrane displayed a high elasticity, as shown in Figure 1(c).
As a demonstration of the elasticity, paper tissue was adhered to
the surface of the PDMS membrane, then, slowly pulled away.
The attachment point of the membrane stretched upward by
3.5 cm, indicating a high elasticity, mechanical strength, and pli-
ability of the FSUT PDMS membrane (Video(V2)). Figure 1(d)
provides another demonstration of the extreme elasticity and pli-
ability of the membrane. An ant (Lasius Niger, weight: 1.4 mg,
length: = 2.5 mm) was placed on the 1:100 membrane,
and interestingly, the membrane under the ant’s leg extended
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Figure 2. Characterization of a PDMS nanomembrane (a) AFM height image (Scan size 10 um x 10 um) of the edge of a 1:120 PDMS membrane; (b)
height analysis of the profile indicated in the AFM image. A high mixing ratio yielded an ultrathin and uniform PDMS membrane. (c) ATR-FTIR spectra
of the bulk PDMS, 500, 200, and 100 nm thick PDMS membranes. (d) Images of the water droplet contact angle on a 500 nm thick membrane after
oxygen plasma treatment; (e) Graph of the water contact angle as a function of the aging time for PDMS membranes submitted to oxygen plasma

treatment. The scale bar indicates 1 mm in (d).

partially, as indicated by the arrow in Figure 1(d, e), similar to
the water surface deformation observed under a water strider
(Video(V3)). For better visualization, FSUT PDMS mem-
branes were transferred to porous alumina discs (Anodisc 25,
Whatman International Ltd). Figure 1(f) shows a top-view SEM
image of the membrane on the alumina disc (mean pore size:
100-150 nm). The porous area indicates the surface of the disc,
and the nanomembrane covered half of the porous disc without
producing any defects or cracks. A cross-sectional scanning elec-
tron microscopy (SEM) image of the nanomembrane allowed
direct measurement of the membrane thickness (Figure 1(g)).
The surface profile of the FSUT membrane was varied by a
few nanometers along the porous disc, indicating its ultra-plia-
bility. The measured minimum thickness was 33.1 nm, and the
average thickness was 50-60 nm, which differed slightly from
the thickness measured by atomic force microscopy (AFM).
These FSUT membranes were strong enough to endure high
extensions because the long PDMS polymer chains (0.7 nm in
diameter) which is coiled like tangled spaghetti were stretched
by the high shear stress.*

All thickness values were measured using AFM, and 6-10
samples per each dilution ratio were prepared for each case
(Figure S2). The fabrication processes were carried out in a
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clean room with control over the temperature and humidity.
At a 1:40 dilution ratio, the membrane thickness was 350 nm,
and the thickness decreased logarithmically. The thickness
decreased to approximately 70 nm for a dilution ratio of 1:120.
As the dilution ratio decreased below 1:120, the success rate
of separation was less than 30%. Figure 2(a) displays a large-
scale (10 um x 10 um) topographic AFM image of the edge of
a 1:120 PDMS membrane. The height of membrane between
arrows was measured, and Figure 2(b) illustrates the corre-
sponding height profile. To measure the height, the specimen
on the wafer was locally scratched with a sharp needle to create
an edge. The surface profile of the membrane was smooth and
the thickness was constant within an accuracy of 99% over the
whole membrane, indicating the silica fillers in Sylgard 184
PDMS are homogeneously distributed.?”! The curing temper-
ature was 80 °C, and the curing time exceeded 6 hours. The
membranes became more stable and provided higher rates of
transfer success with increased curing times (>6 hr). We inves-
tigated whether the chemical composition of the membrane
was the same as that of the bulk PDMS using ATR-FTIR spec-
troscopy. As illustrated in Figure 2(c), no significant differences
were observed between the thin and bulk PDMS, which indi-
cated that the chemical properties of PDMS were not affected
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Figure 3. Mechanical properties of a PDMS nanomembrane (a, b) Images of an 80 pL droplet on the membrane, IPA, water respectively; (c-f) Side-view
optical images of a membrane extended under the weight of different liquids: (c, e) water, (d) IPA, (f) mercury; (g) Young’'s modulus of the membranes
with different thicknesses under the weight of water or IPA. (h) Residual stresses as a function of thickness under the weight of IPA. The scale bars

indicate 1 mm in (a) and 5 mm in (f).

by the dilution and thinning processes. The surface proper-
ties of the thin membrane were analyzed using a goniometer.
Prior to oxygen plasma treatment, the water contact angles of
all samples ranged from 108° to 119°, and no significant differ-
ences were observed relative to the water contact angle of the
bulk PDMS (115°). Immediately after oxygen plasma treatment,
all samples displayed hydrophilic surface properties. A photo-
graph of a droplet on the 500 nm membrane is presented in
Figure 2(d) (70 nm membrane and bulk PDMS: Figure S3(a)),
and the contact angles measured over 14 days of recovery for
all samples, after plasma exposure, are plotted in Figure 2(e)
and Figure S3(b). The bulk PDMS surface recovered its orig-
inal hydrophobic properties, but the recovery angle for the
nanomembranes was much lower than that of the bulk PDMS.
Hydrophobic recovery after plasma treatment results from the
migration of uncured PDMS oligomers from the bulk to the
surface.?®! The slower and lower hydrophobic recovery prop-
erties may indicate less migration of the uncured PDMS oli-
gomers or other unknown factors.

The thin PDMS membrane was ultra-elastic and displayed
the ultra-pliable properties of larger solid membranes. Two
types of liquid (water and isopropyl alcohol (IPA), 80 UL each)
were dropped onto a 70 nm thick membrane, and the mem-
brane extension was monitored (Figure 3(a) and Figure 3(b)).
Water droplets beaded up and locally deformed the membranes
due to the high surface tension and contact angle (Figure S4).
As the volume of water increased, the membrane underlying
the droplet extended anisotropically to form a pendant droplet
under the force of gravity (Figure 3(c), Video(V4)). In contrast,
the lower surface tension and lower contact angle of the IPA
extended the membrane isotropically (Figure 3(d)). Figure 3(e)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and Figure 3(f) show images of the 70 nm membrane exten-
sion under 0.8 g water or 0.47 g mercury. As the density and
surface tension of the liquid increased, the anisotropic exten-
sion toward the gravitational direction increased, and the curva-
ture of the extended membrane became sharper. The modulus
of the nanomembrane was calculated by measuring the exten-
sion of the membrane (Figure SS). The modulus of a 70 nm
thick membrane was 50% larger than the modulus of a 500 nm
thick membrane (Figure 3(g)), which was slightly larger than
the modulus of a 30 um thick membrane. The modulus of
the 30 um thick membrane was measured using an ASTMD
412 test.2l We further calculated the residual stresses as a func-
tion of thickness and the result is plotted in Figure 3(h).l"% The
higher moduli of the thinner membranes are attributed, at least
in part, to the polymer strand stretching during the spin coating
process.l?’l Plasma treatments alter the wetting and mechanical
properties of ultra-thin membranes. After plasma exposure onto
membrane surface, the residual stress and young’s modulus of
nanomembrane were calculated by measuring the extension of
the membrane (Figure S4(c)). As the exposure time of plasma
increased, the length of curvature of the membrane became
reduced, which indicated that the plasma treatment increase the
stiffness of membrane compared to non-treated membrane.
The ability to analyze the mechanical properties of epithelia
on BM is important in understanding organogenesis and tissue
homeostasis.?®! Taking advantage of the FSUT membrane, we
directly measured the modulus of an epithelia layer formed by a
kidney cell line. In this procedure, MDCK cells (density: 2 x 10%)
were seeded (Figure 4(a) upper and Figure 4(b)) and cultured to
confluence (Figure 4(c)) on 70 and 500 nm thick membranes
over 3 days. These epithelia formed nice cell-cell junctions, as

Adv. Mater. 2013, 25, 2167-2173
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Figure 4. Mechanical properties of cell-monolayer (a) A schematic diagram of the MDCK cell monolayer on a membrane (top) and on a deflected
membrane (bottom); (b) Phase contrast images of MDCK cells after seeding and (c) after 3 days (scale bar: 50 um); (d) Staining image of the tight cell
junctions on the nanomembrane; (e) Fluorescent image of the damaged cell junctions after a large deflection (80% stretching test); (f) Stress—strain
curves for a bare membrane, a cell monolayered membrane, and a trypsin-treated membrane (thickness: 70 nm or 500 nm); (g) 2D schematic diagram
showing the monolayer thickness at the cell-cell junctions and at the center of a cell; (h) tensile stress and strain for a cell monolayer derived from
the difference between the bare and monolayered membrane; (i) Young’s modulus of an MDCK cell-monolayer; (j) plot of the strain—stress curves for
repeated 10%, 20%, 30% and 40% stretching tests of a cell monolayer grown on a 100 nm thick membrane. (k) 3D confocal image and (l) confocal
overlay image of a MDCK cell monolayer undamaged by water force (initial strain 20%). The scale bars indicate 50 mm in (b,c), 25 um in (d,e) and

15 um in ().

visualized using anti-ZO-3(green) staining (Figure 4(d)). These
junctions became disrupted after subjection to 20 minutes of
an 80% stretched state Figure 4(e). The modulus of epithelia
monolayer was analyzed in detail by subjecting the constructs
to a defined stress by dropping defined volumes of cell culture
media onto the membranes and measuring the deflection to
obtain strain. Figure 4(f) shows the stress—strain curve for a
bare membrane without cells, a membrane with a confluent cell
monolayer, and a membrane with cell monolayers that had been

Adv. Mater. 2013, 25, 2167-2173
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trypsin-treated to disrupt the cell-cell and cell-ECM interac-
tions. As expected, the deflection of the membrane was affected
by the cell-monolayer spread on the membrane (Figure 4(g)).
The 70 nm thick membrane deflected more than the 500 nm
thick membrane. After treatment with trypsin, the mechan-
ical effects of the cell monolayer disappeared for both the
70 and 500 nm thick membranes. By subtracting the mechan-
ical response of the bare FSUT membrane, the modulus of the
living cell monolayer was obtained (Figure 4(h)). Figure S6(c)
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shows the strain-stress curve of cell monolayer at the lower
strain range, and even at this range, strain of cell monolayer
is sensitively changed. The Young's modulus of the intact cell
monolayer itself, irrespective of the thickness of the membrane
on which the cells were cultured, was ~20 kPa (Figure 4(i)).
This may be the first direct measurement of the modulus of a
cell monolayer. We further performed 10, 20, 30 and 40% cyclic
stretching tests using the 100 nm thick membrane where the
stretching was repeated 4 times (Figure 4(j)). Under 10% and
20% stretching conditions, the stress-strain relation of the cell
monolayer membrane remained unchanged over the 4 stretches
(3D Confocal image in Figure 4(k-l)), indicating that the cell-
cell tight junctions in the continuous tissue were preserved.
The 30 and 40% stretching conditions led to gradual change
in the stress-strain relation, suggesting that the junctions were
degraded as stretching was repeated. The ability to measure the
modulus of cell monolayers directly provides new opportunities
for monitoring epithelial function and structure non-invasively
and in near real-time. As the epithelia and endothelia in many
organs are exposed to physiological stretching under normal
and diseased conditions, this capability should be broadly useful
for studies of many cellular systems.

In summary, we describe an optimized method for fabri-
cating large-area FSUT PDMS membranes, and we character-
ized several properties of the membrane, particularly its high
pliability. To our knowledge, such large-area, highly pliable,
and biocompatible FSUT membranes are unprecedented. We
also demonstrated the use of these membranes for analyzing
mechanical property of epithelia. The FSUT membrane—cell
models open new opportunities to enhance our understanding
of mechanical cell injury, and mechanotransduction to the
extent that such factors can contribute to disease treatment and
tissue engineering. The ultra-pliability of the membrane may
also be useful in non-cellular applications, such as the con-
struction of highly sensitive sensors for measuring pressures,
magnetic forces, or biochemical interactions, by integrating the
membranes with appropriate metals, magnets, or biological
materials.

Experimental Section

Materials: Hexane (mixture of isomers - ACS reagent, > 98.5%) and
PDMS (Sylgard184) were purchased from Sigma-Aldrich and Dow
Corning, respectively. AZ1512 (photoresist) was obtained from AZ
Electronic Materials. Anodisc25 (pore size ~ 0.15 um, diameter 20 mm)
was purchased from Whatman International Ltd. The PTFE Syringe filters
(0.45 um, diameter 13 mm) were purchased from Whatman Schleicher
& Schuell.

Fabrication of free-standing PDMS nanomembranes: The fabrication
of ultrathin (UT) (< 70 nm) PDMS nanomembranes was carried out
as follows (Figure S1(a)). First, a 1 um thick sacrificial layer of AZ1512
was spin-coated onto a clear silicon wafer. Because small particles
affect the production of the membrane, the silicon wafer should be kept
clean. Secondly, PDMS solutions were diluted with hexane prior to spin-
coating. The ratio of hexane to PDMS (wt%) was an important factor
that controlled the membrane thickness. A PDMS prepolymer to curing
agent ratio of 10:1 was used. Prior to spin-coating, impurities were
filtered from the hexane-PDMS solution using a glass syringe with a
PTFE syringe filter. The PDMS-hexane solution (800 LLL) was spin-coated
onto a sacrificial layer at 6000 RPM for 3 min. At least 12 hours curing
time and 80 °C temperatures were required for curing on the hotplate.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The PDMS block (diameter >2 cm, height >5 mm) was bonded using
an intermediate pre-polymerized PDMS, then cured for 2 hours on a
hotplate (Figure S1(b, left)). The next step was detachment. Acetone was
spread across the membrane surface only within the PDMS block area
(Figure S1 (b, right-i)). Spreading the acetone on the membrane partially
dissolved the sacrificial layer and enabled the smooth detachment of
the PDMS nanomembrane in methanol (Figure S1 (b, right-ii)). The
membrane was shaken in methanol then carefully removed (Figure S1
(b, right-iii)). The hexane-PDMS membrane is shown in Figure S1 (b,
right-iv). After detachment, the wafer was cleaned using two methods:
piranha cleaning, which can be used to prepare a wafer for reuse after the
fabrication process, and chemical washing, which involves washing the
wafer with acetone, methanol, and IPA, sequentially. Acetone, methanol,
and IPA were spread across the wafer to remove the AZ1512 and PDMS
residues. The wafer was then blow-dried using a nitrogen gun.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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