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Topographical Micropatterning
of Poly(dimethylsiloxane) Using Laminar Flows
of Liquids in Capillaries™*

By Shuichi Takayama, Emanuele Ostuni, Xiangping Qian,
J. Cooper McDonald, Xingyu Jiang, Phil LeDuc,
Ming-Hsien Wu, Donald E. Ingber, and

George M. Whitesides*

Structures with micrometer-sized features and patterns will
be useful in manipulating cells and studying the effect of mi-
croenvironments on cell behavior."*! This paper describes
the use of patterned flows of multiple laminar streams of etch-
ing solutions in capillaries to create topographical features
with sizes of 10-100 um in poly(dimethylsiloxane) (PDMS); it
also demonstrates the use of these topographically patterned
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capillaries as microchambers for mammalian cell culture. A
variety of topographical features can be created by adjusting
the widths of the streams, by using channels with obstacles, or
by controlling the extent of the etching. Bovine capillary
endothelial (BCE) cells show alignment when grown inside
these topographically patterned microfluidic channels. The
topographical features generated can also be subjected to
additional laminar flow patterning of the surface and of the
liquid. This two-stage patterning can be used to produce pat-
terns of proteins and cells on the topography, with alignment
between the different features and patterns. We believe that
these procedures will enable new types of studies in funda-
mental cell biology, and that they will also be useful in the mi-
crofabrication of devices that require a high-level of control
over the behavior of cells.

The technique uses multiphase laminar flow—an orderly
flow of liquids that occurs at low Reynolds numbers (Re), in
which different layers of fluids flow side by side without tur-
bulent mixing—to control the pattern of etchant flow.1*"®! The
Reynolds number (Re) is a non-dimensional parameter
describing the tendency of a flowing liquid to develop turbu-
lence (Eq. 1). Here, [ is the diameter of the channel [m], v is
the flow velocity [m/s], p is the density [g/m’], and 7 is viscosi-
ty [Pas].’! Flows with Re > 2000 are usually turbulent; flows
with low Re (<1) are usually laminar. The flow of liquids in
small capillaries often has a low Re, and is laminar, because /
is small.l®!

Re =lvply 1)

The key to the controlled etching of PDMS!”! using laminar
flow lies in choosing the appropriate solvent for etching. The
solvent must dissolve the product of the etching reaction, but
should not significantly swell the cured polymer. Water and
ethanol, for example, do not swell PDMS but cannot dissolve
etched products. Tetrahydrofuran dissolves etched species but
swells PDMS sufficiently that the conformal seal that holds
the capillary together breaks. N-Methylpyrrolidinone (NMP)
dissolves products produced by etchant but swells PDMS only
slightly; the slight swelling does not break the conformal seal.
All the experiments described in this paper use a solution of
tetrabutylammonium fluoride (TBAF) in NMP (3:1; v/v;
NMP/75 % TBAF in water) as the etchant. Satisfactory results
can also be obtained by substituting dimethylformamide
(DMF) or dimethylsulfoxide (DMSO) for NMP.

Experimental Design: Figure 1 describes a typical etching
experiment. A network of capillaries is formed by placing
a PDMS mold with embedded channel features onto a flat
slab of PDMS (glass or silicon wafers can also be used)
(Fig. 1A,B). The PDMS mold seals conformally to the PDMS
slab and contains the flowing etching solutions within the
channels. Fluids are introduced into the capillary system
through inlets, and pumped through the channels by aspira-
tion from the outlet at a constant vacuum pressure. Multiple
streams of etchant and NMP are allowed to flow side-by-side
to give etched and non-etched areas within a capillary. This
procedure patterns both the originally flat slab of PDMS and
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Fig. 1. A typical laminar flow etching experiment. A) Side view perpendicular to
the central channel and in the plane of the surface of PDMS. A PDMS relief con-
taining micrometer-sized channels molded in its surface was placed on the sur-
face of a flat PDMS slab to form a network of microfluidic channels. Fluids were
pumped by gentle aspiration at the outlet. B) Top view of the channel network.
C) A close up view of the junction shows the patterned flow of liquid that is ob-
tained by flowing NMP and TBAF from alternating inlets. D) A schematic repre-
sentation of a cross-sectional view of the channel before and after etching as seen
from the outlet looking towards the inlet. E) Optical micrographs of the PDMS
mold before and after etching. F) An optical micrograph of cross sections of the
PDMS mold before and after etching. The flat slab of PDMS, which formed the
fourth wall of the channel, was removed when taking the image in (E) and (F).

the PDMS mold that has channel features in it (Fig. 1D). The
corners produced by the original surface and the etched
grooves (Fig. 1F, arrow with solid line) are sharp, but the cor-
ners inside the etched grooves (Fig. 1F, arrow with dashed
line) are rounded. The slower etching of the corners inside the
grooves, compared to the corners at the original surface, prob-
ably reflects mass transport. The chemical compositions of the
PDMS surfaces before and after etching with the TBAF/NMP
solution are indistinguishable by X-ray photoelectron spec-
troscopy (XPS) (PDMS before etching C: 44 %, O: 31 %, Si:
25 %, F: 0 %; PDMS after etching C: 47 %, O: 29 %, Si: 24 %,
F: 0 %). No significant fluorine peak appears in the XPS spec-
trum of the surface of etchant-treated PDMS. The lack of a
fluorine peak in the XPS spectrum of the treated surface sug-
gests that most of the fluoride-containing species dissolve and
are carried away. We cannot, however, rule out the possibility
of surface rearrangement.'>"? The fluorine-containing side
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chains of the polymer may migrate into the bulk polymer so
that it is not detected by XPS. The advancing contact angle of
PDMS is similar both before and after etching (PDMS before
etching 109 + 5°; PDMS after etching 107 £ 3°). The receding
contact angle of PDMS, however, is significantly smaller after
the etching procedure (PDMS before etching 98 + 3°; PDMS
after etching 87 £ 4°); we do not know the origin of this differ-
ence in the values of the receding contact angles.
Topographical Features That Can Be Created: Figure 2A
and B shows how topography of different sizes can be gener-
ated by controlling the width of the different fluid streams
(the PDMS mold used here was the same as the mold shown
in Fig. 1E). The widths of these streams are determined by the
relative influx of fluids from each inlet into the main channel.
In our setup, the influx of fluids is adjusted by changing the po-
sitions of the inlet reservoirs and hence the lengths of the inlet
channels; according to the Hagen-Poiseuille law (Eq. 2) for

A
TBAF T
<
v‘“/ i e — | . ’
B ’ ——

— 300 pm

7 —

Fig. 2. Examples of features created using laminar flow etching. A) Features of
different sizes were created by adjusting the relative volumetric flow rates of
the flows from the inlet channels. The etchant (TBAF) and non-etching solution
(NMP) were allowed to flow from the designated inlets. In A) and B), the chan-
nels were of the same size as the channel in Figure 1; however, the width of the
central stream of etchant was wider (A) or narrower (B) than the outer streams
of NMP. C) Features created in a channel that had posts fabricated along the
center of the main channel. D) Topographical features created in a channel with
seven inlets. E) Multiple-level features created by simultaneously controlling
both the spatial patterning of the etchant as well as the amount of time the etch-
ant was allowed to flow.
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steady, laminar, fully developed flow in a pipe, volumetric flow
rate, Q [m?/s], is inversely proportional to the length of a chan-
nel, given the other parameters are the same.®)

APR*
e @

0 x

Here, AP is the pressure drop across the channel [N/m?], R is
the radius or equivalent radius of the channel [m], L is the
length of the channel [m], and # is the viscosity of the medium
[N s/m?]. Since the initial geometry of all the inlet channels and
the pressure drop across the inlet reservoirs and the point at
which the inlets converge are all the same, and the viscosity of
NMP and TBAF/NMP (1:3) are similar (that is, APR*; " = con-
stant), the relative volumetric flow rates of fluids flowing into
the main channel from each inlet are inversely proportional to
the length of the inlet channels (Q ~ L™). In the experiment
that generated the feature shown in Figure 2A, the length of
the middle inlet channel (4 mm) is shorter than that of the out-
er inlets (9 mm). This results in a higher volumetric flow rate
and a wider width of flow in the middle stream. The theoretical
ratio of the widths of the different fluid streams calculated
from the inlet channel lengths is 1:2.3:1 and the ratio of the
widths of the features that were actually obtained is 1:2.4:1. In
the procedure resulting in the features shown in Figure 2B, the
length of the middle inlet (9 mm) is longer than that of the out-
er inlets (3 mm). This geometry results in a lower volumetric
flow rate and a narrower width of flow for the middle stream.
The theoretical ratio of the widths of the different fluid streams
calculated from the inlet channel lengths is 3:1:3 and the ratio
of the widths of the features that were actually obtained is
2:1:2. Because channel geometry changes as etching proceeds,
the widths of the etched features do not match the calculated
ratios exactly. The trends, however, are clear and useful for
creating topography of different sizes. The differences between
the shapes of the etched grooves in Figure 2A through E are a
result of the different flow profiles generated during the etch-
ing of the grooves; we have not, however, imaged or analyzed
these profiles and cannot be certain about their shapes.

Figure 2C shows how obstacles fabricated inside a channel
will alter the flow of liquids to create curved features. In this
experiment, the PDMS mold has channel features with posts
protruding into the channel. In areas of the channel that do
not have posts, the flow of etchant creates patterns that are
similar to those in the experiment described in Figure 1. In
the areas of the channel where there is a post, the flow of lig-
uids has to go around the post; this pattern of flow results in
etched features that are curved.

Figure 2D indicates that topographical features can be gener-
ated in a seven-inlet capillary. There is no theoretical limit to the
number of laminar streams there can be inside of a channel.
Channels with large widths should still be able to sustain laminar
flows as long as the height of the channel is small.”) Practical con-
siderations in the size of the channels and the number of inlets
that can be fabricated will, however, eventually impose a limit.

An advantage of using laminar flows to create topographi-
cal features is the ability to generate multiple-level features in
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one step. Figure 2E shows staircase-like features that were
created by flowing etchant for different durations in different
lanes. The amount of time an etchant is allowed to flow over
an area determines the amount of etching in that area. A 3:1
NMP/TBAF solution flowing at a rate of 400 uL/min through
a rectangular channel (300 x 50 um) etches PDMS at a rate of
3-5 um/min. The “exposure time” is adjusted by replacing the
TBAF solution in the inlet reservoirs with NMP after the
designated amounts of time.

Use of PDMS Capillaries with Topographical Features as
Microchambers for Mammalian Cell Culture: Cell shape af-
fects cell growth, gene expression, extracellular matrix metab-
olism, and differentiation."'¥l Thus, topographical features
that can regulate cell shape have potential applications in the
study of fundamental cell biology and in cell-based devices
that require the control of cellular behavior.>>"!8) We tested
some of the topographically patterned capillaries as chambers
for mammalian cell culture. BCE cells cultured inside capil-
laries with topographical features elongate along the grooves
and ridges of the topography (Fig. 3B,C). Cells cultured inside

Fig. 3. Alignment of BCE cells on topographical features created by laminar
flow etching. A) Control experiment. BCE cells were grown in a channel with
no topographical features. Note the random orientation of the cell body as well
as the actin stress fibers. B) BCE cells grown in channels with ~60 um wide
ridges and grooves. C) BCE cells grown in channels with ~10 um ridges and
~80 um grooves. The left-hand micrograph is a phase-contrast image of the cells
after they were fixed and stained with phalloidin to visualize the actin cytoskel-
eton. The right-hand micrograph is an epi-fluorescence image that shows the
actin fibers of the same cells. The cell bodies, as well as the actin stress fibers,
align at the edge of the ridges. These micrographs were taken with the focus in
the grooves. D) The same BCE cells as in (C) except in these micrographs the
focus is in plane with the ridges.
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capillaries with flat surfaces spread equally in all directions
(Fig. 3A). When we compare cells growing on different parts
of the topographical features, we find that BCE cells attached
to the ridges show more alignment, compared to cells in the
grooves. This enhanced orientation is probably because the
ridges have sharper corners compared to the grooves.

Living cells simultaneously detect multiple stimuli such as
topography, surface adsorbed proteins, soluble chemicals in
the media, and neighboring cells. Laminar flow etching and
patterning is a convenient method for patterning multiple
stimuli inside a capillary.*"! Figure 4A shows a pattern of
wheat germ agglutinin labeled with a fluorophore (fluorescein

*FITC-WGA™

Fig. 4. Patterning adsorption of proteins and attachment of cells in topographi-
cally patterned capillaries. The lanes that had been etched are designated by a
*. A) Patterned adsorption of protein in a groove created by laminar flow etch-
ing of PDMS. Left: Schematic representation of the flow of protein solution.
Middle: Optical micrograph of a topographically patterned PDMS channel.
Right: Fluorescent micrograph of the pattern of protein (wheat germ agglutinin
that was labeled with fluorescein) that adsorbed onto the topographically pat-
terned channel. B) Patterned adsorption of RBCs in grooves created by laminar
flow etching. Left: Schematic representation of the flow of RBCs. Middle: Opti-
cal micrograph of a topographically patterned PDMS channel. Right: Fluores-
cence micrograph, with low backlighting, of a pattern of RBCs that adsorbed
onto the topographically patterned channel. The RBCs were stained with a
fluorescent nucleic acid stain (Syto 9, 15 uM, Molecular Probes).

isothiocanate FITC-WGA) that was generated inside a capil-
lary subsequent to generation of topography. In this experi-
ment, a FITC-WGA solution was allowed to flow from the
middle inlet, and a non-fluorescence-labeled protein (bovine
serum albumin, BSA) was allowed to flow from the outside
inlets. This pattern of flow produces a capillary, in which
FITC-WGA adsorption is aligned with the grooved region in
the middle portion. Figure 4B shows a pattern of chick red
blood cells (RBCs) on topographical features. Here, we al-
lowed a suspension of RBCs to flow from the designated
inlets. The alignment of patterns of adsorbed protein and posi-
tions of attached cells on the topographical features is
straightforward with laminar flow patterning. The only “align-
ment” necessary is to add the protein solutions or cell suspen-
sions into the appropriate inlet reservoirs and to control the
relative flow rates from each inlet.

The ability of multiphase laminar flows to pattern topo-
graphical features, protein patterns, and cell positions conve-
niently with alignment between the different features and pat-
terns provides biology with a broadly useful capability.
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Although limited in the types of features and patterns that the
method can generate, laminar flow etching and patterning has
three features that make it complementary to photolithogra-
phy and to soft lithographic techniques such as microcontact
printing, micromolding in capillaries, and replica molding:*")
i) It can control multiple features and patterns without com-
plicated registration steps. Although a number of methods
exist for patterning cell stimuli individually in the micrometer
scale, their use in generating multiple-component patterns is
not straightforward due to the problem of registration of fea-
tures and patterns. ii) It produces features and patterns inside
capillaries and is therefore directly compatible with microflu-
idic devices, sensors, and labs-on-a-chip. The capillary is
sealed conformally. If necessary, the capillary can also be
peeled apart to give direct access to the features, patterns, and
cells inside. iii) It uses PDMS, a material with several proper-
ties that make it attractive for biological applications. It is
non-toxic, gas-permeable, and optically transparent. These
properties are crucial for culturing cells and for performing
optical microscopy.

We believe that laminar flow etching and patterning will en-
able the fabrication of systems useful in studying, simulta-
neously, the effect of multiple extracellular stimuli—such as,
topographical feature of the substrate, molecular structure of
the substrate, the nature and position of neighboring cells, and
the composition of the surrounding fluid—on cell behavior;
these methods will also be useful in the development of mi-
crofluidic systems for cell-based assays and cell-based sensors.

Experimental

Device Fabrication: PDMS molds were formed by curing prepolymer (Syl-
gard 184, Dow Corning) on a silanized Si master having a positive relief
(~55 um) of the capillary channels formed in photoresist (SU-8-50, MicroChem
Corp.) on its surface [11]. Inlet and outlet reservoirs were defined by creating
holes in the PDMS mold using a pipe with sharpened edges (5 mm diameter).
PDMS molds with embedded channel features and reservoirs were placed on
flat slabs of PDMS resulting in formation of the capillary channels. The PDMS
pieces sealed against each other conformally.

Creating Topography: Initially, all reservoirs and channels were filled with a
non-etching solvent (NMP). Solvent in select inlet reservoirs was replaced with
etchant (3:1; v/v; NMP/75 % TBAF in water). Fluids were pumped by aspiration
from the outlet at initial volumetric flow rates of ~50-200 uL/min. The volu-
metric flow rates increased as the etching proceeded and the cross-sectional
area of the channel increased. This range of flow rates was optimal for obtaining
sharp features; the flow needed to be fast enough to minimize lateral diffusion
of etchant molecules but not so extremely fast that the formation of eddies and
chaotic advection became significant. After etching for the desired amount of
time (3 min unless noted otherwise) the etchant was diluted with non-etching
solvent. NMP was pumped through the system for an additional 10 min to
ensure removal of all etchant. Micrographs of the features were taken after
peeling apart the PDMS pieces. To obtain cross-sectional micrographs, etched
PDMS molds were cut in a direction perpendicular to the length of the channel
with a scalpel, and the newly exposed surface was viewed with a microscope.

Patterning Proteins and Cells: We used PDMS replicas of etched features to
ensure that the patterning of proteins and cells was not influenced by differ-
ences in the surface chemistry produced by the etching procedure. Molds of the
topographical features were prepared by curing an epoxy resin (Epo-tek, Epoxy
Technology, Billerica, MA) against the original etched features. PDMS replicas
were obtained by curing prepolymer against this epoxy mold. The replicas were
sealed against a flat slab of PDMS to produce channels with topographical fea-
tures.
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Bovine adrenal capillary endothelial (BCE) cells were cultured and har-
vested as previously reported [20]. In brief, cells were cultured under 10 % CO,
on Petri dishes (Falcon) coated with gelatin in Dulbecco’s modified eagle’s me-
dium (DMEM, Gibco) containing 10 % calf serum, 2 mM glutamine, 100 ug/
mL streptomycin, 100 pg/mL penicillin, 1 ng/mL basic fibroblast growth factor
(bFGF). Cells were dissociated from culture plates with trypsin/ethylenedi-
amine tetraacetate (EDTA) and washed in DMEM containing 1 % w/v BSA
(BSA/DMEM). These cells were suspended in medium (10 % calf serum/
DMEM) [20], and introduced into capillary networks (pretreated with 50 pg/
mL fibronectin for 1 h) from the reservoirs and incubated in 10 % CO, at 37°C
for 6 h. Cells were fixed with paraformaldehyde (4 % in phosphate buffered
saline, PBS, Electron Microscopy Sciences), treated with detergent (0.5 % triton
X-100 in PBS, Sigma) for 2 min, and stained for actin (phalloidin-Alexa 594,
Molecular Probes, for 2 h). The PDMS pieces were peeled apart and the sample
mounted with Fluoromount G (Electron Microscopy Sciences) and a glass
coverslip. Micrographs were taken through the glass coverslip (Fig. 3).

Protein solutions (1 mg/mL FITC-WGA in PBS, Sigma; 10 mg/mL BSA in
PBS, Sigma) were pumped at volumetric flow rates of ~50-200 uL/min by as-
piration from the outlet. RBC suspensions (12 day old chick erythrocytes, 5 mL
cells in 165 mL Alsever’s solution, SPAFAS, Preston, CT) were pumped at
volumetric flow rates of ~5 uL/min by hydrostatic pressures created by differ-
ences in fluid levels between the inlet and outlet reservoirs. After patterning for
the desired amounts of time (10 min for proteins and 5 min for erythrocytes)
the channels were washed with PBS for 10 min. Micrographs of the protein and
erythrocyte patterns were obtained through PDMS, with PBS present in the
channel, and without peeling apart the PDMS pieces that make up the channel
(Fig. 4).
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Hybrid Langmuir-Blodgett Films Formed by
Alternating Layers of Magnetic Polyoxometalate
Clusters and Organic Donor Molecules — Towards
the Preparation of Multifunctional Molecular
Materials**

By Miguel Clemente-Leon, Eugenio Coronado,*
Pierre Delhaes, Carlos J. Gomez-Garcia, and
Christophe Mingotaud*

Polyoxometalates (POMs) constitute a wide class of inor-
ganic compounds with remarkable chemical, structural, and
electronic versatility that have applications in areas such as
catalysis, medicine, and materials science.! In view of the
ability of these molecular metal-oxide clusters to act as elec-
tron acceptors and to accommodate magnetic transition metal
centers in their structures, they have been used as inorganic
components in the construction of hybrid organic-inorganic
functional materials. For example, in crystalline solids based
on tetrathiafulvalene (TTF)-type organic donors, the mag-
netic moments localized in the POM clusters coexist with the
conducting electrons of the organic network.”! Other organ-
ic-inorganic hybrids are those in which POMs are embedded
in conductive polymer films, such as polypyrrole, polyaniline,
or polythiophene.m A third class of hybrids are the Lang-
muir-Blodgett (LB) films based on POMs.*l Recently, we
have shown that these polyanions can be organized as mono-
layers when they are in the presence of a positively charged
monolayer of an organic surfactant, such as the dimethyldioc-
tadecylammonium (DODA) cation spread on water. In these
organized lamellar structures, the monolayers of POMs alter-
nate with bilayers of DODA to afford centrosymmetrical LB
films. This is a general method and has been used to insert a
variety of POMs of increasing nuclearities between the organ-
ic layers.”! Thus, monolayers of magnetic POMs of the type
[CO4(H20)2(PW9O34)2]10_ and [CO4(H20)2(P2W15056)2]16_
that encapsulate a Co,O44 ferromagnetic cluster,[G] and the
giant POM  [Coo(OH);(H,0)s(HPO4),(PWo05,)5]'*" and
[Nig(OH);(H,0)s(HPO4),(PW,034)3]'® based on a nonanuc-
lear MyO34 magnetic cluster have been constructed. More
recently, Volkmer and co-workers have combined DODA
molecules with the high nuclearity heteropolyoxomolyb-
dates [H3M057V6(NO)60183(H20)18]21’ and [Mo13,037-
(CH3COO)30(H20)72]42', obtained from Miiller’s group, to
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