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This Communication describes the use of patterned elastomeric A Replica molding
stamps to fabricate three-dimensional (3D) microstructures of
hydrogels. Hydrogels are indispensable for many chemical and M
biological applications, including electrophoretic separation, chrom- | At
atography, drug delivery, biosensing, and tissue engineéfing. Gel precursor
ability to pattern the topologies of gels at the microscale is desirable
in these applications, because microscale structures are often mor¢B ““,"N,i ht
sensitive and versatile than their macroscale counterparts are. Tc it
date, patterning of gels at the microscale has relied primarily on
photopolymerization of liquid precursofg;this strategy cannot be
used with many types of gels, such as those made of proteins or
sugars. Here, we introduce a general strategy for microfabrication
of gels: the use of poly(dimethylsiloxane) (PDMS) stamps to mold,
release, and stack gels into 3D structures, and the use of surface + Glass
modification to promote the release or adhesion of molded gels to

/-‘, > =+ Collagen
a substrate. o (..

Our work builds upon the studies of Whitesides and others in “\O/—‘\—so um
soft lithography, which use patterned PDMS stamps to generate o )
grapny P P 9 Figure 1. Schematic diagram of the micromolding of hydrogels against a

m'crf’sca'_? structures in photoresist, polymers, and métafge modifiec® PDMS stamp, and the resulting phase-contrast optical micrographs
fIrSt Idel"ltlfled Surface treatments fOI’ PDMS that a”OWed release of molded Co||agen ge|sl The shaded regions represent ge|s and their ||qu|d

of a molded gel from a stamp, because gels that were molded againsprecursors. (A) Replica molding: Connected, upright pyramids (400
untreated PDMS often adhered to the stamps and deformedon a side, 10&im peak-to-base) on a glass coverslip. (Inset) Linesn®

irreversibly upon separation from them. Of the surface treatments ide: 5um thick, 5um spaced) (B)TM: An array of hexagons (10am
on a side, 10@m thick) on a glass coverslip. (Inset) Hexagonal free-standing

that we teste_d, only modification of PDMS stamps by hexa(ethylene ge|s that detached from a coverslip coated by an adsorbed layer of BSA.
glycol)-terminated self-assembled monolayers (SAMs), or by (C) MIMIC: A hexagonal mesh (5@m on a side, 5@&m thick) on a glass
adsorbed monolayers of bovine serum albumin (BSA), allowed coverslip. In each image, scattering from collagen fibers contributes to the
distortion-free separation of stamps from gels molded against&hem. "oughness of the regions where gels are present.

These treatments greatly reduce nonspecific adsorption of protein; to control the 3D arrangement of cells in gels would provide new
we suspect that their ability to promote release of gels results from tools for biological research. Thus, we have developed methods
a decrease in adsorption of soluble gel precursors onto treatedo fabricate 3D composites from gels (Figure 2). These composites
stamps. consisted of (1) patterned arrays of cells in gels, (2) coplanar arrays
Modification of PDMS stamps with these treatments allowed of distinct populations of cells, and (3) stacked layers of gels. In
the application of standard soft lithographic techniguesch as  each case, appropriate surface treatments enabled molded gels to
replica molding, microtransfer molding TM), and micromolding adhere or detach selectively from substrates.
in capillaries (MIMIC), to the microfabrication of gefsFigure 1 We useduTM or MIMIC to generate isolated (Figure 2A, left)
shows images of microstructures molded in collagen, using modified and interconnected (Figure 2B, left) microstructures of collagen
PDMS stamps; we obtained similar results when molding other gels, respectively, in which human fibrobld3tsvere suspended
protein-based gels, such as gelatin and the tumor extract Matrigel,(~10° cells/mL). We subsequently used these arrays of gels to
as well as sugar-based gels such as agarose. Replica maftivig, generate a coplanar composite, by placing a dropét(L) of a
or MIMIC of liquid precursors generated monolithic gels (with  suspension of cells in liquid collagen precursors at a corner of the
surface relief), isolated microstructures, or interconnected networks, array, and by sandwiching the droplet between a BSA-coated glass
respectively, with a spatial resolution g6 um (Figure 1A, inset). coverslip and the array (Figure 2A). The liquid suspension filled
Microtransfer molding against substrates that promoted or resistedthe space between the gelled collagen structures by capillary force
the adhesion of gels generated supported arrays of collagen gelsand was confined to the same height as the array by the glass
and a suspension of free-standing gels, respectively (Figure 1B).coverslip. Gelation of this suspension resulted in a coplanar
These gels were dimensionally stable for several days in saline atcomposite of an array of isolated gels and an interconnected mesh,
4 °C. both of which contained separate populations of é&(ifustrated
Many potential applications of microstructured gels require the in Figure 2A by prelabeling the cells with red and green fluorescent
development of structures that are more complex than the uniform dyes4).
gels shown in Figure 1. For instance, the ability to generate  To generate a bilayered collagen gel that was embedded with
multilayered gels that contain living cells may enable the engineer- cells, we stacked a patterned layer of gel (at a relative angle of
ing of spatially complex biological tissué$Likewise, the ability ~30°) onto another patterned layer that was molded onto a substrate

C MIMIC vacuum
+
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A Molded gel BSA-coated glass as a stack of two layers; we believe that, just as in the fabrication
+ cells . . . . . .
of 3D microfluidic deviced;'®the repeated application of overlaying
/'_LL_‘-,-\ - S —— and stacking has the potential to generate multilayered 3D
+ cells Corglass composites with complex topologies in gels. Cells in these gels

remained viable and were able to spread in the gels witHird.
These microstructures enable control over the initial arrangement
of cells and may be used for the study of remodeling and cell
migration in 3D.

Using treated PDMS to mold, overlay, and stack individual layers
represents a general strategy for 3D microfabrication of gels and
is broadly applicable to thermosetting, polymerizable, or ion-
sensitive hydrogels. Our results suggest that surfaces that resist
nonspecific adsorption of protein readily allow detachment of
B Collagen precursor BSA-coated PDMS molded hydrogels. Conversely, surfaces that do not resist nonspe-

FJ_F3, o]+ Uncoated PDMS cific adsorption promote adhesion of gels, most likely via an

l polystyrene adsorbed monolayer. Extension of our results to the microfabrication
of nonaqueous organog&ld® may require the use of stamps that

resist nonspecific adsorption of polymers from organic solutions.
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