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Abstract: A method for the simultaneous (bio)chemical and
topographical patterning of enclosed structures in poly-
(dimethyl siloxane) (PDMS) is presented. The simultaneous
chemical and topography transference uses a water-soluble
chitosan sacrificial mold to impart a predefined pattern with
micrometric accuracy to a PDMS replica. The method is com-
pared to conventional soft-lithography techniques on planar
surfaces. Its functionality is demonstrated by the transference
of streptavidin directly to the surface of the three-dimensional
PDMS structures as well as indirectly using streptavidin-loaded
latex nanoparticles. The streptavidin immobilized on the PDMS

is tested for bioactivity by coupling with fluorescently labeled
biotin. This proves that the streptavidin is immobilized on the
PDMS surface, not in the bulk of the polymer, and is therefore
accessible for use as signaling/binding element in micro and
bioengineering. The use of a biocompatible polymer and proc-
esses enables the technique to be used for the chemical
patterning of tissue constructions. © 2011 Wiley Periodicals, Inc.
J Biomed Mater Res Part A: 00A: 000-000, 2011.
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INTRODUCTION

The construction of artificial scaffolds for the conditioning
of cellular development has been the focus of research
in numerous biomedical research fields."™ The scaffolds
should possess a defined 3D shape as well as a complex
topography and a chemical functionalization, defined at
dimensions where cells interact with surfaces. For example,
in their natural environment, cells interact with many micro
and nanostructures, provided by such scaffolds as collagen
fibrils or adjacent cells. Such an environment is also a com-
plex map of chemical signals, which, separately or in combi-
nation, drive cellular development in terms of metabolism,
differentiation, morphology, etc.

To construct 3D scaffolds with the complexity necessary
for cell-culture interactions, microfabrication techniques
inspired by those in electronic engineering have been devel-
oped. The production of structured and functionalized,
enclosed structures, such as tubes,*® would be particularly
useful. The fabrication of such enclosed 3D structures and, in
particular, the fabrication of microstructures inside tubes is
possible using a layer-by-layer approach to build the mold.”
This versatile technique, based on conventional lithography,
is able to reproduce almost any solid volume. It caused great
interest when it was first proposed for e-beam technologies
10 years ago, but fell out of favor due to the complexity of
the method (requiring the correct alignment of many electron

beam or photolithography masks), and the requirement for
specific e-beam or UV resists as the structural material. In
MEMS, layer-by-layer approaches are broadly used to fabri-
cate multilevel structures, but the characteristics of the
method made it suitable for only a few marginal applications
in the fabrication of freestanding 3D structures.

An alternative method specifically for the fabrication of
structured capillaries is the “Fabrication using Laminar
Flow” technique.® This uses the interface of two fluids in
the laminar flow regime to build 5 um structures and paths
along a microchannel. Here, production is cheap and
straightforward, but the technique suffers from a lack of
versatility, only being able to produce structures along the
direction of the channel. Additionally, the positional control
and reproducibility are almost null (i.e, structures are
formed randomly in the middle of the channel).

Chemical functionalization inside cavities is a problem
that has recently been addressed on planar structures with
positive results.” The technique enables the functionaliza-
tion of the bottom surface of large cavities (~1 mm?) in flat
surfaces fabricated by injection molding. However, to our
knowledge, there is no reported information on techniques
for the surface functionalization of enclosed 3D scaffolds or
even open surfaces with structures smaller than 1 mm?
Here, we detail a technique for room temperature produc-
tion of enclosed 3D structures, in poly(dimethyl siloxane)
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FIGURE 1. PDMS structure processing. (A) A structured chitosan tube is functionalized by rolling it over a PDMS surface coated with streptavidin
or streptavidin-functionalized latex particles. (B) The protein/beads are transferred to the raised areas of the chitosan. (C) The mold is immersed
in liquid PDMS, which is allowed to cure. (D) The chitosan mold is then exposed to water, in which it dissolves, transferring the protein to the
PDMS, and giving rise simultaneously to a structured and functionalized PDMS replica. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

(PDMS), simultaneously patterned with a predefined micro-
metric topography and chemical functionalization.

RESULTS AND DISCUSSION

Microtopography transfer from 3D chitosan scaffolds
Tubular chitosan scaffolds, incorporating microstructures on
the outer surface, have been used to produce tubular chan-
nels in PDMS, which are completely covered with micro-
structures (Fig. 1). The technique to produce the chitosan
scaffolds has been reported previously.'® Briefly, topography-
patterned chitosan films are produced by polymer casting of
2% (w/v) chitosan solution in 1% (v/v) acetic acid over a
microstructured silicon mold. After solvent evaporation, the
films are neutralized in a 4% (v/v) solution of NaOH to avoid
further dissolution. The resulting chitosan films are hydrated
to a point where they lose rigidity while retaining their
topography. The flexible chitosan sheet is then molded over
the desired shape (a needle in this case) and dried. This
results in a scaffold that retains the microstructured 3D
shape, while also being water soluble.

The PDMS is cured around the chitosan mold at room
temperature for ~36 h. The rate of cross-linking, and hence
the speed of curing, can be increased by heating the PDMS
at ~80°C. However, our requirement to simultaneously
transfer a protein limits the process to room temperature
curing to conserve the protein bioactivity. After PDMS cur-
ing, the chitosan mold is rinsed with water in which it
dissolves [Fig. 1(C,D)].

Figure 2 presents images, of increasing magnification, of a
PDMS tube (1 mm in diameter and 2 cm long) with holes (5
x 5 ym? and 1 pm deep) on its inner wall. The images show a

section, made by a scalpel, which was used to expose the chi-
tosan to water for dissolution. At low magnification (A), the
circular opening of the tube can be seen: the vertical marks
are the result of the scalpel cut. At higher magnifications (B-
D), the wall of the tube can be seen to fully replicate the 1 um
tall posts on the chitosan mold. The replication results are
similar to those obtained previously on planar and “open” 3D
structures, where the limit in structural resolution is given by
the topography of the chitosan mold. This has been demon-
strated to be possible below 100 nm.*

Protein transfer to microstructured PDMS

Transfer of chemical species to the surface of the struc-
tured PDMS can be completed in two different ways; by
direct transfer of the species to the PDMS surface or by
using a carrier particle, which is itself coated with the mol-
ecule of interest. The first case is commonly used in micro-
contact-printing processes, where an inked mold is driven
into conformal contact with the surface to be functional-
ized.'? The transfer occurs, because the ink finds the adhe-
sion to the substrate more energetically favorable than to
the stamp.

When a carrier (e.g, a micro or nanobead) is used, two
advantages present themselves. First, considerations about
the affinity between the species to be transferred and the
substrate surface may to some extent be neglected, because
the molecules to be transferred are held on the carrier sur-
face and this to the scaffold surface. Second, the use of a
carrier opens the possibility of including engineered physi-
cal properties in the carrier particle (e.g., electrical conduc-
tivity or magnetic susceptability) or a drug-delivery element
for a controlled chemical release.

FIGURE 2. Tubular PDMS replica. SEM images of increasing magnification of a 1 mm diameter PDMS tube microstructured throughout with
25 um?, 1 um deep holes. Scale bars are (A) 600, (B) 500, (C) 300, and (D) 50 um, respectively.
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FIGURE 3. Conventional and sacrificial transfer. Fluorescence microscope images showing the simultaneous transfer of Texas-Red labeled strep-
tavidin and topography to PDMS using chitosan molds. The images show PDMS surfaces patterned using (A) conventional soft lithography,
where the chitosan mold is simply peeled off the PDMS and (B) dissolution of the mold. In each case, 1 um tall, 5 x 5 pm? posts are faithfully
transferred to the PDMS surface (Bars = 80 um). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 compares the results of the simultaneous chem-
ical and topographic transfer (SCTT) method on PDMS using
(A) conventional soft lithography, where the microstruc-
tured mold and the replica are mechanically separated (i.e.,
by lift-off) and (B) the dissolution of the mold. In each case,
the chitosan mold is structured with 1 pm deep, 25 pm?
holes, giving rise to PDMS posts of the same dimensions.
The mold is also used to transfer Texas-Red-labeled strepta-
vidin. Figure 3(A) shows the result of conventional soft
lithography in an area where some transfer occurred; no
clear pattern can be seen, and only a small amount of ran-
domly distributed aggregates of fluorescent streptavidin are
observed. The streptavidin has a greater affinity for the
mold than the replica, and most of the protein remains on
the mold surface. In contrast to the lack of protein transfer,
however, optical examination of the PDMS surface reveals a
well-defined topography.

Figure 3(B) (where the chitosan mold was dissolved)
shows a faithful transfer of the streptavidin to the PDMS sur-
face. The nonuniform protein transfer (i.e. variations in the in-
tensity) is caused by an irregular coating of the chitosan mold
as a consequence of an inhomogeneous primary coating or a
defect on the chitosan or silicon mold (e.g, a blocked cavity or
a missing post). The posts are faithfully fabricated on the
PDMS surface over an area of 1 cm? The lower surface of the
PDMS is coated with fluorescent streptavidin while the posts
themselves are free of any functionalization [dark spots at
Fig. 3(B)]. This raises the possibility of incorporating a second-
ary functionalization (e.g, a different protein), on the top
surface of the posts, using inverted microcontact printing.'®

The results of protein transfer using the dissolved chito-
san suggest that the transfer does not occur until the mold
is dissolved. Rather, transfer occurs by surface absorption to
the PDMS when the chitosan dissolves, a process that could
be defined as the delivery of the functionalization by the
pH-sensitive mold. This process has a high-spatial resolution
and, due to the close proximity of the protein to the PDMS
surface, minimizes surface diffusion.

Figure 1 shows how the chitosan is functionalized by
contact printing onto a structured chitosan scaffold. Trans-
fer of the topography and the chemical functionalization to
the PDMS is similarly completed in the same step, but at
different points in time. Transfer of the topography occurs
when the PDMS is cured [Fig. 1(C)], whereas the final trans-
fer of the chemical species occurs when the chitosan mold
is dissolved [Fig. 1(D)]. This process prevents the chemical
species to be transferred from being immersed in the curing
liquid PDMS. Such immersion could mask its chemical char-
acteristics (i.e, reactivity). The immobilized streptavidin
molecules on the chitosan (and possibly penetrating into
the polymer matrix) are transferred only when the chitosan
is dissolved and immobilized on the adjacent surface of the
PDMS. This provides functionalized surfaces that may be
used for in vitro experiments involving drug delivery or for
studies on cell-surface interactions.

Protein bioactivity
We have previously reported on the process of constructing
microstructured 3D chitosan scaffolds,'® where the chitosan
was used directly as a scaffold for cell-culture experiments
in aqueous environments. In that case, to prevent premature
dissolution of the chitosan in the culture medium, the posi-
tive charge of the polymer was neutralized. Here, we use
the chemical resistance of the PDMS to allow us to selec-
tively dissolve the embedded chitosan. The chitosan is used
as a sacrificial mold for simultaneously transferring topogra-
phy, shape, and (bio)chemical functionalization to the PDMS.
Because of the chemical inertness of the PDMS to a vari-
ety of solvents,'* there exist a number of options for selec-
tively dissolving the chitosan, which is pH sensitive. How-
ever, this variety is limited by our wish to transfer
biochemical species to the surface of the PDMS at the same
time. To ensure the bioactivity of the molecules, and the
generalization of the technique to other molecular species,
water has been used as the chitosan solvent. The chitosan
scaffolds used here were not neutralized and consequently
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FIGURE 4. Topography and chemical transfer to PDMS replicas. In both cases, fluorescence microscopy images are presented using different
excitation wavelengths to highlight the position of the fluorescent species on a PDMS surface containing 25 pm?, 1 um deep square holes. The left
panel shows the position of the transferred species, and the right panel shows the position of the Oregon green-labeled biotin after incubation.
The center image shows superimposed images of the molecules and their correlated positions. (A) Direct transfer of streptavidin (Texas red).
Image area = 100 x 100 um?. (B) Transfer of latex beads coated with Nile blue labeled streptavidin. Image area = 300 x 300 pmZ. The bioactivity
of the streptavidin after the transfer is clearly observed by the co-localized attachment of the green-labeled biotin. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

have an overall positive charge, which makes them soluble
at neutral pH.

Although the transfer method has shown to precisely
locate the streptavidin within the PDMS microstructures,
the functionality of the protein must not be compromised
by the transfer. During the molding and transfer process,
the conformation of the protein may be lost, or the protein
may be buried in the PDMS, making it inaccessible. A solu-
tion for the potential problem of immersion of the trans-
ferred species has been examined with the transfer of strep-
tavidin-loaded nanoparticles, rather than direct transfer of
the streptavidin.

The bioactivity of the transferred streptavidin, using
both of these methods, has been tested by the introduction
of fluorescently labeled biotin. The biotin-streptavidin cou-
ple is one of the strongest, noncovalent bond systems found
in nature, and it is broadly used in purification or detection
of various biomolecules, including DNA.*®

PDMS surfaces containing 1 um deep, 25 pm? holes (in
contrast with the posts produced in Fig. 3) with Texas red-
labeled streptavidin or Nile blue-labeled streptavidin-loaded
nanoparticles immobilized on the bottom surface of the
holes have been immersed in a solution of Oregon green-
labeled biotin. Nonspecific biotin attachment was prevented
by blocking unspecific binding sites with bovine serum
albumin (BSA). Figure 4 shows the co-localization of the flu-
orescence of each molecule. The left panel in each case
shows the immobilized streptavidin, while the right panel
shows the immobilized biotin. The center panel shows the
co-localization of the fluorescent labels, and hence the biotin
and streptavidin. The well-defined pattern found for the bio-
tin immobilization demonstrates the bioactivity of the strep-
tavidin, to the point that, in all cases, where the biotin is
not observed (i.e, there is an absence of a green fluorescent
square), streptavidin is similarly absent [Fig. 4(A)].
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In the case of the transfer of nanoparticle-coated strep-
tavidin [Fig. 4(B)], even though the majority of the protein
is in the holes, the surrounding area is partially covered by
the streptavidin, possibly due to a loose attachment
between the beads and the surface of the chitosan mold
and/or the PDMS replica, or between the streptavidin and
the beads. In the central image (where the images are
superposed), some fluorescent beads are present where
there is no correlation with biotin fluorescence. This phe-
nomena, not observed in the direct transfer case, is the
result of a failure in the streptavidin functionality, which is
either inaccessible or nonreactive with the biotin.

3D simultaneous chemical and topography transfer

The transference of functionalization and topography is an
independent process that can be produced separately. How-
ever, 3D SCTT has been attempted to produce forms of
PDMS containing structured surfaces and patterns of strep-
tavidin in a single process. Unfortunately, the complexity of
the scaffolds and the dimensions of the structures, ranging
from the micrometer scale of the topography to the centi-
meter scale of the whole scaffold, do not allow the imaging
of the results in a single image. Figure 5 presents several
confocal microscopy images of a 1 mm diameter PDMS tube,
with 1 pm deep, 25 pm? holes on its inner wall, and func-
tionalized with Texas red-labeled streptavidin at the base of
the holes [the full PDMS structure is depicted in Fig. 1(D)].

A low-magnification image of the structured PDMS tube
is given in Figure 5(A). Background fluorescence appears to
be high because of the diffusion of the light through the sur-
rounding PDMS; however, the patterned streptavidin is
clearly observable. When the structures are examined at
higher magnification, the discrete fluorescent spots are eas-
ily differentiated [Fig. 5(B)]. The image is focused on the
top of the tube through the upper portion of PDMS, which
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FIGURE 5. Optical and fluorescence images of a PDMS tube. The tube has 1 um deep, 25 um? holes on its inner wall, functionalized with Texas
red-labeled streptavidin at the base of the holes. (A) White-light optical image (left) aligned with a fluorescence image of the adjacent area (bar
= 500 um). (B) Magnified fluorescence image of the tube showing the pattern produced by the streptavidin immobilized in the topography (bar
= 200 pum). (C) Magnified white-light optical image (bottom) aligned with a corresponding fluorescence image (top) highlighting the spatial rela-
tion between the functionalization and the topography (bar = 70 um). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

is the reason why, using a high-magnification lens, most of
the tube is out of focus. Consequently, the image blurs, at
the top and bottom of the image, as the distance between
the topography and the focal plane increases. Using a higher
magnification, and compiling several images through the
focal plane of the structures, it is possible to obtain clear
images of topography and fluorescence from the streptavi-
din, which, when placed side by side, confirms the spatial
correlation between the fluorescent species and the topog-

raphy [Fig. 5(C)].

EXPERIMENTAL

Materials

Medium molecular weight chitosan (75-85% deacetylated
and 200-800 cps viscosity), derived from crab shell, was
purchased from Aldrich (Sigma-Aldrich Chemical Co., USA)
and prepared in dilute glacial acetic acid solution as previ-
ously reported.’® PDMS (Sylgard 184) was purchased from
Dow Corning Co. (USA) and prepared in a 10:1 (base:cross-
linker ratio) as per the manufacturers specifications. Strep-
tavidin and biotin were purchased from Aldrich () and pre-
pared into 100 and 250 pg/mL PBS solutions, respectively.
Streptavidin-functionalized latex beads (250 nm diameter,
Nile-blue labeled) in 1% v/v solution were purchased from
Aldrich and diluted at 0.2% for the experiments.

Chitosan scaffold preparation

Microstructured, three-dimensional (3D) chitosan scaffolds
based on tubular structures were prepared using a method
described previously.'®'® The tubes were structured on their
outer walls with 25 pm? 1 pm tall/deep microstructures.
The structures were selectively coated with streptavidin or
streptavidin-functionalized latex beads, using a roll-on
inverse microcontact-printing technique [Fig. 1(A)]. Streptavi-
din solution or streptavidin-functionalized latex bead solution
was deposited on a flat piece of PDMS and allowed to dry.
The structured chitosan tube was then lightly rolled over the

PDMS, causing the upper surfaces of the structures on the
chitosan surface to become coated with the streptavidin or
the functionalized latex particles [Fig. 1(B)].

Simultaneous chemical and topography

transfer to PDMS

The chitosan tubes are immobilized ~1 mm from the base of
a Petri dish using cured poly(dimethyl siloxane) (PDMS) pieces,
and the entirety is submerged in liquid PDMS [Fig. 1(C)].
The PDMS is cured at room temperature for ~36 h, after
which the solid PDMS, containing the chitosan scaffold is
removed from the container. The PDMS is then cut with a
scalpel to expose part of the chitosan. The entirety is subse-
quently immersed in water, which dissolves the chitosan,
and leaves a PDMS replica of the tube containing the micro-
structures and transferred chemical functionalization
[Fig. 1(D)]. The period of time that the polymers need to be
immersed depends on the dimensions of the chitosan
exposed to the water. The streptavidin can be transferred
directly to the PDMS surface or by using the protein-loaded
nanoparticles. To transfer the beads to the surface of the
chitosan, 200 pL of diluted bead solution (0.2% v/v in
water) was deposited on a flat PDMS surface and trans-
ferred in the same way [Fig. 1(A)]. The bioactivity of the
transferred streptavidin has been tested by immersion of
the patterned PDMS, for 10 min, in a solution of Oregon
green-labeled biotin (0.25 mg/mL). Nonspecific attachment
of the biotin was prevented by blocking unspecific binding
sites with BSA (2.5% v/v in the biotin solution).

CONCLUSIONS

The enclosed microstructured and chemically patterned
structures produced here in PDMS can be used in a variety
of new applications in both engineering and biomedicine
applications.””*® It may also be used as a method to
improve current technologies, where topographical and
chemical patterning is limited to a single face of the
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microengineered device. In addition, the possibility of
immobilizing beads allows the possibility of spatially con-
trolled transfer of localized electrical and magnetic charac-
teristics as well as drug-delivery elements.

The use of a biocompatible material (broadly used as
drug carrier) and water as solvent make the STCC technique
a reliable method for the micrometric patterning of biochemi-
cal signals/drug delivery, for example, in tissue constructs.

The internal topography and chemical functionalization
may be used to disturb laminar flow regimes,'® or guide
cell-culture growth independently from the flow direction.?®
The fabrication of such structures from a single piece of
PDMS simplifies the fabrication, improves the mechanical
properties of such microfluidic devices, and reduces leakage.
Sensor devices may achieve improved efficiency by the use
of multiwall patterning to increase surface area. Direct
immobilization of DNA samples (via the biotin/streptavidin
bonding) enables the fabrication of microfluidic polymer
chips for the self-assembly of DNA conjugates.”!
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