Microfluidic patterning of alginate hydrogels

Robert M. Johann®
Fraunhofer-Institute for Biomedical Technology (IBMT), D-66386 St. Ingbert, Germany

Philippe Renaud”
Swiss Federal Institute of Technology, EPFL-STI-LMIS, CH-1015 Lausanne, Switzerland

(Received 23 February 2007; accepted 9 May 2007; published 11 June 2007)

In this article the authors present techniques which allow the microfluidic design of alginate
microgels with layer composition on a chip. The hydrogel is created by combining two laminar
flows of the gel precursor solutions—a calcium solution and an alginate solution—in a
microchannel. The alginate solution is loaded with particles and by employing a certain fluid
handling protocol involving several alginate solutions with different types of particles, a gel bar
composed of many layers, each layer filled with a certain particle type, is formed. This method
allows to produce defined lamellae of gel with extraordinarily small size and large aspect ratios. The
minimal width attainable for a single layer by this technique is determined by the experimental
conditions and for the conditions of the present article layer widths on the order of 10 um have been
realized at a gel thickness of 100 um. Another method described is based on the finding that the
degree of particle incorporation in the gel varies with the particle speed in the alginate flow. Altering
the alginate flow rate thus allows to form a gel bar with an inner structure due to varying particle
density. The authors believe that alginate gel patterning technology, which relies on easily available
equipment and involves gentle particle immobilization conditions, could offer a novel approach
toward the engineering of artificial tissues on the micrometer range or to cell micropatterning for

analytical purposes. © 2007 American Vacuum Society. [DOL: 10.1116/1.2746873]

I. INTRODUCTION

Hydrogels represent a class of polymers that is character-
ized by a high water content, a loose, porous polymer net-
work, and concomitant low mechanical strength. An interest-
ing physical property of hydrogels resulting from this
structure is the response to changes of solvent, ionic
strength,l pH,2’3 electric field,”* temperature,5 or light6 by a
reversible expansion or shrinkage of volume. This effect is
utilized in efforts to produce artificial muscles’ or for autono-
mous valves in fluidic systems.z’8 Thermoresponsive hydro-
gels are used for pumping, metering, and flow regulation in
microfluidic chips.g’10 Other microfluidic systems utilize po-
rosity and high flow resistance of the gels for analytical ap-
plications such as dialysis,11 electrophoresis,lz_15 substance
enrichment,'®"” and sample separation by a combination of
electrokinetic and hydrodynamic flows.'® Hydrogels are also
used as encapsulation matrices for microfluidic enzyme
bioreactors and sensors.' '

A very important field for the application and investiga-
tion of hydrogels is the engineering of artificial tissues. Hy-
drogels are considered very appropriate to the synthesis of
artificial tissue scaffolds due to the structural similarity to
their natural counterparts, their capability of encapsulating
cells under mild conditions, and the amenability to chemical
modification.”** Embedding cells in a hydrogel offers the
opportunity to compare cell behavior on three- with that on
two-dimensional substrates, where there is evidence for a

YElectronic mail: robert.johann@ibmt.fhg.de
YElectronic mail: philippe.renaud @epfl.ch

73 Biointerphases 2(2), June 2007

1934-8630/2007/2(2)/73/7/$23.00

. 24,25 . .
difference. Natural tissues usually have an inner structure

which is required for their peculiar function, and methods
enabling to reproduce those structures within hydrogels with
embedded cells are therefore highly useful.

A few concepts have been developed very recently which
allow to pattern a coherent piece of hydrogel containing cells
on the order of 100 wm using microfluidic devices. Albrecht
et al.®® reported the fabrication of a thin gel sheet with het-
erogeneous composition and enclosed cells by photopoly-
merization in several steps. Burdick et al.*’ and Zaari et al.®®
produced a hydrogel with continuous distribution of embed-
ded particles or molecules using a microfluidic gradient gen-
erator and photopolymerization. Other authors described the
formation of vertically stacked layers by polymerizing paral-
lel laminar flows® or by repeatedly filling a microchannel
with a hydrogel that shrinks on solidification.™

Here we present methods which enable the micropattern-
ing of particles in a thin bar of alginate gel on a microfluidic
chip. Gel formation is based on the controlled manipulation
of laminar flows of an alginate and a calcium solution on a
chip according to a previously published technique.31 The
gelling of alginate is induced by chemical reaction with cal-
cium (and other metal ions) even with very low calcium
concentrations in the absence of UV light or heat. The harm-
lessness of the employed substances and conditions and the
possibility of easily dissolving the gel make this method very
suited for the temporary encapsulation of cells, for which it
is widely employed. In the first approach a microgel bar is
constructed by attaching a number of individual layers of gel
applying an iterative flow switching procedure. The variabil-
ity in composition of the layers is not limited. Filling each
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layer with a different particle sort results in a gel bar as-
sembled of many fine lamellae, which are well defined and
can have exceptionally small widths and large aspect ratios.
The second method of gel structuring relies on the observa-
tion that the degree of particle incorporation into the gel is a
function of the speed of the particle carrying flow. Utilizing
this effect a gel bar has been patterned with one particle sort
by flow rate variation.

Il. EXPERIMENT
A. Materials

Sodium salt of alginic acid (from Macrocystis Pyrifera),
calcium chloride dihydrate, disodium ethylenediaminetetra-
acetic acid (EDTA), sodium chloride, and 50% (w/v) poly-
(ethyleneimine) (PEI) (M,,, 750 000) solution in water were
purchased from Sigma-Aldrich. Colored flow separation
buffer was prepared by mixing blue food dye (E131) with
water (approximately 3:1 for the used channel height). The
dye (E131) and baker’s yeast (Saccharomyces cerevisiae)
were bought in a local grocery. All substances were used as
received. 2 um large blue fluorescing polystyrene beads and
5.14 pm green fluorescent beads were obtained from Duke
Scientific, and 4 wm beads with red fluorescence from Mo-
lecular Probes.

For gel fabrication 2% (w/w) alginate solution in water
was used. The solution was prepared by dissolving the algi-
nate salt in boiling water and stored in the refrigerator at
4 °C. Before use it was filtered through 0.2 um pore size
syringe filters. Beads were added to the alginate solution in
the concentrations of 1.1 X 10% beads/ml for the 2 um sized
beads, 2.8 X 107 beads/ml for the 4 um sized beads, and
6.5%X 10° beads/ml for the 5.14 um sized beads. Calcium
chloride solution was applied with 20 or 40 mM concentra-
tion for alginate polymerization. Gels were dissolved using
aqueous 0.2 mM EDTA solution.

B. Microchip design

The component parts of the used chip are shown in Fig.
1(a). For the “plug-and-play” connection of fluid supply
tubes, a 5 mm thick slab of polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning) (A) with punched via holes was
oxygen plasma bonded to a 1 mm (40 X 26 mm?) thick piece
of float glass (B), which was cut from a standard microscope
slide (Menzel-Glidser) and provided with mechanically
drilled fluid access holes. The channel layout, which is
shown in Fig. 1(b), was cut in a 100 wm thin membrane of
PDMS (C). The membrane was prepared by spin coating the
prepolymer on a flat scratch-free surface of a polystyrene
plate, which allowed us to easily peel off the membrane after
curing. To avoid deformation of the plastic, the PDMS was
cured at 60 °C for 1 day. A piece of the membrane was cut
and placed on a clean thin cover slide (Esco, Erie Scientific)
(D). For transferring and cleaning the membrane, it may help
to spread it out on a water surface. Then the cover slide with
the membrane was laid on a printed paper template with the
channel layout, and the contour was cut into the membrane
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FIG. 1. (a) Microchip design. (A) PDMS interface, (B) glass plate with fluid
access holes, (C) PDMS membrane with channel cut, and (D) cover slip. (b)
Channel layout with separation buffer inlet (SB) and the inlet and outlet for
the calcium (Ca,i; Ca,0) and the alginate solutions (Ali; Al,o0).

under the microscope using a scalpel. The manual cutting
was sufficiently accurate because of the large channel widths
employed, which are on the order of a millimeter. Finally, the
cover slide with the membrane was aligned and pressed onto
the float glass plate after cleaning of the surfaces. Bonding
between the PDMS membrane and the glass plates was
achieved through conformal contact and proved to be so du-
rable and strong that leakage was never observed and the
cover slide could not be detached without breaking. This
chip manufacture demands some skill, but it is doable at low
cost and with standard laboratory equipment delivering a
very robust microdevice.

The use of the inlets is indicated in the layout of Fig. 1(b).
The notations will be used in the following text. SB is the
inlet for the blue dye separation buffer; the entrance on the
opposite side of the symmetric layout is plugged. On the side
of the buffer inlet there are the inlet (Ali) and the outlet
(Al,0) for the alginate solutions; on the opposite side there
are the corresponding openings for the calcium solution,
(Ca,i) and (Ca,0).

C. Channel treatment

A typical feature of hydrogels is their weak adhesion to
surfaces. Also the adhesion of calcium alginate gel on glass
is weak. However, in order to be able to control the gel
growth and to avoid uncontrolled reaction between alginate
and calcium by leakage flows between the gel bar and the
glass walls on bottom and top, it is necessary that the formed
gel tightly adheres to the channel walls. The rigid chip con-
struction (Fig. 1) is expected to promote the adhesion of the
gel in the channel and to minimize leakage flows. The adhe-
sion of the alginate gel to the glass is strongly improved by
coating the channel surfaces. The channels were first coated
with a layer of PEI by filling the chip with a solution of
0.5 wt % PEI and 1M NaCl in water after oxygen plasma
treatment of the dried chip. In multilayer deposition tech-
niques PEI is often used as the first layer to mediate the
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adhesion of the following layers on the substrate.*** The
solution was left to stand in the chip for at least 30 min.
Afterward, the channels were rinsed with water, and a
1 wt % alginate solution was introduced and left to stand for
the same time. Alginate is a negatively charged polymer and
expected to deposit on the positively charged PEL*** The
gel will polymerize and adhere on the outer alginate surface
layer by means of the calcium ions. Firm attachment of the
gel to the glass is indicated from the stable position of the gel
bar and a regular and reproducible shape, which is deter-
mined by the diffusion controlled reaction between calcium
and alginate.31 When gel adhesion is weak, bending and
shifting of the gel bar is observed in the initial phase of gel
formation, and leakage flows between gel and channel walls
result in an irregular gel shape (videos 1-3 of the supporting
information).” The surface treatment assures strong gel ad-
hesion for about five gel productions, before it has to be
renewed. Evidently, the polymer layer is degrading with each
gel formation and dissolution process.

D. Gel formation

Formation and subsequent dissolution of an alginate gel
bar encapsulating yeast cells on a chip is shown in Fig. 2. In
the beginning three parallel laminar flows of calcium solu-
tion [inlet (Ca,i) in Fig. 1(a)], alginate solution (ALi), and
colored liquid (SB) are set up in the central channel [Fig.
2(a)]. The SB is in the middle and serves to keep the pre-
polymer flows separate and be a visible guide for adjusting
the flows. In this case the SB contains EDTA to enable also
gel dissolution without using a new liquid. Due to the vis-
cosity of the alginate solution, the flows need a certain time
to stabilize. The fluids are driven by pressure, which is regu-
lated independently for the three inlets by using three com-
mercial pressure reducers connected to a laboratory gas tap.
The flows are adjusted such that no portion of the calcium
stream is leaving except the outlet (Ca,0), also the outlet
channel (Al,0). Since the gel grows into the alginate flow,
this may result in the blockage of the outlet (Al,0). Then the
separation flow is switched off. Upon contact of the prepoly-
mer flows, the gel starts to grow at the border of the two
laminar flows [Fig. 2(b)]. By exchanging the alginate for the
SB/EDTA solution, gel growth is interrupted [Fig. 2(c)] and
the gel bar is dissolved completely [Fig. 2(d)]. The embed-
ded cells are released and returned into the liquid. Afterward,
a new gel can be formed in the same channel again. When
the gel is firmly attached in the channel, regular gel bars with
uniform width are obtained [Figs. 2(b) and 2(c)]. Slightly
wedge shaped gels as the one presented in Fig. 1(d) of Ref.
31 can be attributed to the ion depletion of EDTA in the
alginate flow down the channel.

E. Image analysis

Image sequences for evaluating gel growth were acquired
with a QICAM camera (cooled, 10 bit, Quantitative Imaging
Corporation) using VIDEO SAVANT 4 (Io Industries) as the
camera interface software. The frames captured periodically
were processed in ADOBE PHOTOSHOP for measuring gel
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FiG. 2. Formation of an alginate microgel bar with embedded yeast cells on
a chip. (a) Parallel laminar flows of an alginate solution with cells, a calcium
solution, and colored separation buffer (here with EDTA) are introduced in
a microchannel (the arrows indicate the flow direction). (b) Gel formation
between the alginate and the calcium flow is induced upon removal of the
buffer flow. (c) Gel growth is stopped and (d) immediately dissolved by
introducing the blue EDTA solution. (yellow) Sodium alginate solution with
yeast cells, (green) colored separation buffer solution with EDTA, (orange)
calcium chloride solution, and (brown) calcium alginate hydrogel. Size of an
image: 530X 700 um?.

widths. The average velocity of the particle carrying flow
was approximated from particle velocities.

lll. RESULTS AND DISCUSSION
A. Gel patterning by fluid exchange

The fluidic setup for creating layered microgels is pre-
sented in Fig. 3(a). The liquids are supplied by pressure from
gas tight reservoir vessels. The setup corresponds to that for
the formation of homogeneous gel bars according to the pro-
cedure described above, except that instead of a single algi-
nate solution several vessels with different compositions are
used, which are connected to the same pressure. The solu-
tions are exchanged by means of a multiport rotary valve. To
minimize the exchange time with the present setup, the dis-
tance between the valve and chip inlet is chosen as small as
possible (=4 cm) and a small inner diameter tube
(=250 wm) is used. The fluids are allowed to exchange for
at least 20 min, in order to rinse out all the particles from the
former alginate/bead solution. A modified chip layout, where
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FiG. 3. (a) Fluidic setup for preparing layered microgels. H,O represents a
cleaning solution, and P; the pressure inlets. (b) Fluid manipulation steps.
The growth of a gel bar with embedded particles at the interface between the
streams of a calcium and an alginate solution (A) is interrupted by introduc-
ing separation buffer (SB)(B). After exchanging the alginate solution (C)
and removing the separation buffer, a new gel layer is formed.

all the alginate solutions are connected directly to the chip
and the number of separate inlets is increased correspond-
ingly, would allow to reduce the exchange time even more.
However, in this case a switch for each solution would be
necessary. A short exchange time would, for instance, be
particularly advantageous when working with cells.

The procedure for forming lamellae is sketched in Fig.
3(b). First a narrow gel strip is grown, as described in Sec.
IIT A. When the desired width has been reached, the separa-
tion buffer is injected between the gel bar and the alginate
flow, and the gel growth interrupted (B). While the buffer
flow is maintained, the alginate solution is exchanged for a
new one with a different particle sort. The new alginate so-
lution is introduced with the same pressure to prevent the
suppression of the separation flow and the contact between
the alginate and gel, before the alginate solutions have been
completely exchanged (C). When all previous beads have
been rinsed out and solution exchange is complete, the sepa-
ration buffer is switched off and the gel growth resumes, as
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soon as the alginate flow touches the gel (A’). A new layer of
gel with a composition different from the initial strip is
formed. Multiple layers are created by repeating these steps.

The image series of Fig. 4 is taken from an experiment
(see video 3) and illustrates the formation of a single gel
layer of defined width during the preparation of a multilayer
gel bar. In Fig. 4(a), gel growth has been stopped with the aid
of the blue separation flow, and the alginate solutions—that
from which the gel top layer has been made and that for the
layer to come—are being exchanged with each other. When
the exchange process has finished, the separation buffer is
removed (b), and the alginate containing yellow-green fluo-
rescent beads solidifies upon contact with the gel border (c).
Propagation of the gel is stopped and the borders of the new
layer are defined by introducing the separation flow [(d) and
(e)]. Figure 4(f) shows the corresponding fluorescence image
of the gel bar with two layers more than in Fig. 4(e) and a
total of ten layers. This technique offers high flexibility in gel
structuring, as it allows to arbitrarily vary the number and
sequence of the gel layers as well as their width and compo-
sition.

Another layered gel bar is shown in Fig. 5, where a thin
layer with 30 wm width is indicated. It will be shown in the
following that this value is on the order of the smallest width
attainable under the given conditions. The rationale is done
under the premises that gel width increases only by the re-
action of alginate with the calcium that diffuses through the
gel and that variation of gel width by expansion or shrinkage,
which could be induced upon a change of the liquid environ-
ment, e.g., when the separation buffer is introduced, is dis-
abled. Both conditions are assured with firm adherence of the
gel to the channel walls.

In order to control and also to minimize the width of a
layer, gel growth needs to be interrupted immediately. This is
achieved by detaching the alginate flow from the gel by
means of the separation buffer. It is also conceivable to de-
tach the calcium flow by introducing the separation flow
from the inlet which has been plugged [see Fig. 1(b)]. How-
ever, in this case the gel growth would continue until all the
calcium, which is left in the gel body, has diffused out into
the alginate. The calcium concentration in the gel body is
then expected to decrease with time according to Fig. 6. The
corresponding calcium flux from the gel into the alginate is
shown in the inset. The width Aw of the gel (w is the abso-
lute width), which is formed from the remaining calcium in
the gel body, is obtained by integration of this flux,

A C 2+
A _ 16712 D

w [Caz+]gel | (1)
where [Ca®*], is the calcium concentration in the flow and
[Ca2+]gel the concentration of the chemically bound calcium
in the gel. Accordingly, when taking 20 mM for [Ca®*], and
a value of 50 mM for [Ca®*],,,* the gel width should still
increase by almost 10% when the calcium flow is detached
from the gel. Hence, in order to produce fine structures, the
interruption of gel growth by removal of the alginate flow is
required.
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FiG. 4. Formation of a single gel layer. The image series is taken from video
3 of the supporting information. In (a) the borders of the gel bar are indi-
cated by a pair of hatched lines and the liquid flows (just arriving from the
chip entrances) by black arrows. The clear alginate solution with beads is
flowing on top, the blue separation buffer beneath, and the calcium solution
(20 mM) on the bottom of the image. When (b) the separation flow is
removed, (c) the alginate flow gets into contact with the gel and starts to
solidify growing into the alginate flow (white arrow). In (d), separation
buffer is introduced again to stop the layer growth. When the alginate has
been removed, (e) the freshly formed gel stripe is clearly discerned. The
corresponding fluorescence image with two more layers (alginate and
alginate/red beads, ten layers altogether) than in (e) is displayed in (f). The
bar is 100 um. Times (a) 0's, (b) 14 s, (c) 29 s, (d) 142 s, and (e) 157 s.

Biointerphases, Vol. 2, No. 2, June 2007

FIG. 5. Patterning of fine lamellae (left: bright field image; right: fluores-
cence image). With a calcium concentration of 20 mM, the smallest attain-
able layer width is calculated to be on the order of 10 um. The gel was
grown from top to bottom.

To estimate the smallest widths, which are enabled by this
technique, two factors have to be taken into account. The
first is the time it takes to stop the gel growth by introducing
the separating buffer and to completely remove the viscous
alginate from the gel front. The second factor is the growth
rate of the gel. In Ref. 31 it has been shown that the gel
growth can be satisfactorily described as a diffusion con-
trolled process. Applying Fick’s law, one can derive that the
width of gel formed within a certain time span is propor-
tional to the calcium concentration in the calcium flow,

Aw _D [Ca™]y

At w[Ca ]y’

)

where D is the calcium diffusion constant in the gel. Conse-
quently, easy control over the stripe width is obtained by

c/cy

06

x/w

FIG. 6. Calculated decrease of the calcium concentration in the gel body (the
initial distribution is shown by the red line) when the calcium flow is de-
tached from the gel (Ca flow/gel boundary at x=0). The resulting calcium
flux from the gel body at the gel/alginate interface (x=1) is shown in the
inset. The plots are derived from the corresponding diffusion equation in
Ref. 35. w: gel width; c¢: concentration of mobile Ca in the gel; ¢,: Ca
concentration in the flow; j: Ca flux; D: Ca diffusion coefficient in the gel;
and #: time.
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adjusting the calcium concentration [Ca®*],, and very low
calcium concentration should allow to grow an extremely
thin layer of gel. The gel width w in Fig. 5 is about 500 wm
and [Ca?*], is 20 mM. According to Fig. 4, the shortest time
to grow a layer is nearly 30 s (see video 3). Taking 50 mM
for [Ca®*]ye and 7 X 10719 m? s™! for D, the smallest attain-
able layer width Aw calculated from Eq. (2) for the present
conditions is 10—-20 wm.

As gel growth occurs by calcium diffusion over all the gel
face, layer width is not restricted by the gel (or channel)
height. This means that lamellae with extraordinarily large
aspect ratios are feasible, a feature which is unique compared
to other methods. With photopatterning, for instance, the
resolution of gel microstructures is determined by the optical
limitations (degree of depth penetration, collimation, and dif-
fraction) and the polymer properties (reaction propagation,
diffusion of radicals beyond the illuminated region, and
swelling) and is compromised by the need to preserve cell
vitality.*"2%%

B. Gel patterning by flow rate variation

It has been found that particle incorporation in the gel
during growth is suppressed when the flow rate of the algi-
nate solution is strongly increased. This has been utilized for
gel microstructuring simply by flow speed variation. Figures
7(a)-7(c) illustrate the formation of a gel bar, in which three
layers with high density of yeast cells are alternating with
three layers of pure gel: during the growth of a gel bar with
particles being embedded [Fig. 7(a)], the speed of the algi-
nate flow is abruptly increased, which has the effect that the
gel continues to grow without incorporating particles [Fig.
7(b)]. When the flow speed is reduced, the particles are
trapped again. In Fig. 7(d), the gel bar is being dissolved and
the embedded cells are released after introducing the EDTA
solution. Figure 7(e) shows the growth curve of the gel bar
during the structuring steps of Figs. 7(a)-7(c). The corre-
sponding change of the alginate flow rate is given below. The
calcium flow was kept constant. The growth curve reveals
that the gel grows much quicker at low flow rates
(60—100 wm s7'), when layers with cells are produced, than
at higher rates (>300 wm s~'), when empty layers result.
The respective cell density in the gel (hatched line) is found
to vary oppositely to the flow rate.

Since in this experiment the calcium flow remained un-
changed, strong adhesion of the gel to the channel walls is
indispensable in order to withstand the pressure, which is
exerted on the gel on the alginate side with increased speed
of the alginate flow.

The behavior of the gel growth rate as a function of the
alginate flow rate in Fig. 7(e) probably results from the pres-
sure change accompanying the change in the alginate flow
rate. The increase of pressure on the alginate side when en-
hancing the alginate flow rate might reverse osmosis and
cause a transport of water from the alginate through the gel,
which is impermeable for the alginate molecules, reducing
the amount of calcium arriving from the opposite side and
consequently gel growth rate. Another reason could be that
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FIG. 7. [(a)-(c)] Gel microstructuring by flow speed variation. Depending on
the flow rate of the alginate, particles (yeast cells) are either incorporated or
excluded from the gel (G) as it grows. The arrows indicate the flow direc-
tions. The flow rate of the calcium solution (40 mM) was kept constant.
Reversibility of particle immobilization is illustrated in (d), where the gel is
dissolved upon feeding in EDTA solution (E). The bar in (d) is 100 um [the
scale in (d) is slightly different from (a)—(c)]. (¢) The gel growth rate (open
circles) is influenced by the flow rate of the alginate (below), and the cell
density in the gel n(g) [hatched line, normalized against the density in the
solution n(fl)] varies oppositely to the flow rate.
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the gel is compressed at the gel-alginate border by the pres-
sure becoming thus less permeable for the calcium ions. The
rise of gel growth rate each time the flow speed is dropped
indicates reversibility of this process.

The alginate flow rate in Fig. 7(e) was increased or re-
duced rapidly to a value where exclusion of particles from or
their incorporation into the gel was noticed. The values of
flow rate in Fig. 7(e) are therefore arbitrary and do not nec-
essarily coincide with the thresholds, below which cells are
embedded in the gel (low rates) or beyond which the cells
are excluded from the gel (high rates). There may be a nar-
row transition range or a definite point of transition from
particle incorporation to particle exclusion situated between
the low and high flow rates in Fig. 7(e). If there is a transi-
tion range, it is conceivable that therein the density of incor-
porated particles varies gradually with the alginate flow rate.
The nature of the transition and the dependence of particle
entrapment probability on alginate type and concentration,
calcium concentration, the alginate flow rate or particle
speed, and possibly the particle surface properties are inter-
esting subjects to be investigated.

IV. CONCLUSIONS

Controlled algination and particle encapsulation on a mi-
crofluidic chip can be done with relatively simple and readily
available equipment. Feasibility and versatility of this
method are demonstrated in the present work by the manu-
facture of microstructured gel slabs with lamellar architec-
ture. Width and composition of a lamella are individually
variable, and with the choice of proper conditions lamellae
with extremely small widths and large aspect ratios are at-
tainable. The maximal size of a gel slab derives from the
physical prerequisite to be able to produce laminar flows.
This condition is fulfilled for channel heights and hence gel
thicknesses on the order of a millimeter for the small flow
rates applied. For the gel width there is no limiting condition.
With the second technique introduced particle patterning in
the gel is achieved by alternating the speed of the particle
carrying flow between two extreme values. This procedure is
based on the phenomenon that the capability of the gel to
capture particles from the flow is dependent on the speed of
the fluid. Whether this effect is related to the speed of the
particles, to the growth rate of the gel, or to the gel density is
yet to be elucidated.

An envisaged application of the presented techniques is
the fabrication of high density gel micropatterns embedding
a number of different cell types for drug screening, drug
release, or cell culture studies.”® The geometry with the par-
ticles or cells immobilized in the microchannel center and
the fluid streams on either side of the gel is very advanta-
geous for such purposes.25 A prospect for the near future is
the extension of the present technique to pattern gels in both
vertical and horizontal directions.
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