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Mosaic Hydrogels: One-Step Formation of Multiscale
Soft Materials
Lian Leng, Arianna McAllister, Boyang Zhang, Milica Radisic, and Axel Günther*
Soft materials with a spatially non-uniform composition that is
closely linked to their function are abundant in nature. Such
materials often possess a hierarchical architecture that extends
from cell to tissue scales in several directions. Here, we demonstrate a one-step, continuous process for the scalable formation of soft material sheets while controlling their local and
global composition. A ten-layer microfluidic device enabled us
to first dynamically define mosaic hydrogels by incorporating
within a flowing biopolymer sheet a secondary biopolymer and
to retain the microstructure in a subsequent cross-linking step.
The secondary biopolymer was either a different hydrogel or it
carried a biomolecular, colloidal, or cellular payload. We continously organized hydrogel sheets to 2D and 3D soft material
assemblies with millimeter to centimeter length scales, stored
information within unsuspended hydrogel sheets, incorporated
void regions, created mosaic stiffness and diffusivity patterns,
and populated tessellations with different viable primary cells.
We envision mosaic hydrogels to become continuous, automatable, and physiologically meaningful formats for engineering
cell instructive microenvironments and for achieving 3D tissue
organization.
A number of strategies have been developed with the aim
of creating soft materials with a microscale composition that
mimics the hierarchical organization found in nature. Bottomup approaches are often based on polymer microparticles with
a homogeneous or heterogeneous composition that were continuously prepared in various shapes and compositions and
locally provide 3D microenvironments at the cellular scale.
Such particles constitute building blocks for the tissue-scale
organization in one[1–3] or two directions,[4,5] and their assembly
was demonstrated along fluid interfaces[6–11] or through confined packing within microfluidic channels.[12,13] In addition,
fibers with homogeneous and heterogeneous composition were
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continuously defined in a microfluidic format[14–16] and subsequently woven into planar or three-dimensional assemblies.[17]
Alternative top-down approaches are replica molding[18–20] and
subsequent stacking and the layer-by-layer fabrication of lithographically defined 3D biomaterials.[21] Despite the practical
relevance of 3D biomaterials with a heterotypic organization
from cellular to tissue scales[22] and the fact that several flowable formats are available to locally organize soft materials at
the cellular scale, extending these efforts to tissue scales is not
straightforward and currently relies on sequential, discontinuous approaches with limited scalability.
Here, we report an approach for the tessellation and coding
of planar soft materials that is scalable and continuous, does not
involve substrate support or moving device components, and is
compatible with a range of biopolymers and different cell types.
Figure 1 shows a schematic illustration. A microfluidic device
dynamically incorporates one or several secondary biopolymer
solutions within one layer of a base polymer. The secondary
biopolymers are either chemically distinct from the base
biopolymer or they carry a molecular, colloidal, or cellular payload. Upon exiting the device, the spatial organization within
the fluid layer is retained via diffusion-mediated ionic crosslinking and a mosaic hydrogel is formed. The presented strategy
promises a one-step process for information to be encoded,
concentration gradients of diffusing or binding molecules to be
established, directionally dependent mechanical and transport
properties to be realized and cells to be co-localized and cocultured within the same soft material substrate. Depending on
the choice of biopolymers, payloads, tessellations, and microenvironmental conditions, the mosaic hydrogel may either display time-constant or dynamically changing characteristics. 3D
bulk structures of homogeneous or organized heterogeneous
composition can be subsequently produced using the same
microfluidic platform in a single continuous step.
Mosaic hydrogels (thickness δ = 150–350 µm, width ≈ 3 mm)
were formed using a multilayer microfluidic device along with
the experimental setup shown in Figure 2. Layers were individually molded and vertically attached using a partial curing
process,[23] resulting in a 10-layer-device that was able to withstand pressures of up to 600 kPa (Supporting Information
Figure S1). The center layer (indicated in blue color in Figure 2b
and as layer #6 in Supporting Information Figure S1) carried to
the device exit via a set of parallel microchannels a time-varying
content of biopolymer solutions. Additional layers located above
and below delivered, at the device exit, focusing streams containing the crosslinker (indicated in green color in Figure 2b).
The produced biopolymer sheet flowed into a liquid-filled reservoir which contained the same solution as the focusing streams
(Figure 2a). To reduce the unwanted effect of flow instabilities
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at the device exit and to ensure a uniform sheet thickness, δ,
two co-flowing fluids were delivered from above and below the
soft biopolymer sheet in a flow-focusing configuration.[24,25] The
focusing fluids carried cross-linking ions and induced gelation
of the sheet. In a case study, we used a 2 wt% alginate solution,
a biopolymer with well known biocompatibility[26] and ionic
crosslinking mechanism.[27] To increase the fluid viscosity and
render the produced biopolymer sheet neutrally buoyant with
respect to the focusing fluids, glycerol was added to both the
biopolymer and focusing streams, with the latter containing
CaCl2 as the crosslinker. The focusing fluids were continuously
supplied by an annular gear pump (mzr-2921, HNP Mikrosysteme, Parchim, Germany) at a rate of 8 mL min−1. At a location approximately 50 mm downstream of the device exit, the
sheet was manually attached to a collection drum (21.3 mm
in diameter) that rotated at a constant tangential velocity, UP
(Figure 2a). The focusing fluid was subsequently stopped while
the hydrogel sheet continuously exited the device and was collected by the drum. Although the shear stress exerted by the
focusing fluid alone (Supporting Information Figure S2) was
sufficient to consistently form hydrogel sheets, we relied on
the rotating drum as this configuration allowed the continuous
formation, image-based inspection, and collection of mosaic
hydrogels. The sheet thickness δ was dynamically controlled by
varying the flow rate of the base biopolymer, QB, using a syringe
pump (model PHD, Harvard Apparatus, Massachusetts, USA)
and by varying UP (Figure 2d). The employed base biopolymers and their pore sizes (Figure 2e,f) along with the increased
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Figure 1. One-step formation of mosaic hydrogels. Schematic illustration of presented approach. Solutions of two distinct biopolymers with
the option of preloading the second with microparticles, biomolecular,
or cellular payloads are organized into a planar uncrosslinked fluid network using a microfluidic device (outlined with dashed lines). At the
device exit, a mosaic hydrogel with a well-defined spatial composition is
formed upon cross-linking (e.g., ionic exchange). The mosaic hydrogel
properties (e.g., elasticity, diffusivity of different molecular payloads)
can be tailored by controlling its microscale composition. The ability to
controllably define planar biomaterials with heterogeneous properties
enables the predictable time dependent diffusion of molecular payloads.
Bottom-up stacking or continuous collection of mosaic hydrogel sheets
onto a rotating drum enables the formation of multilayered soft materials
with compositional control in three dimensions, as well as millimeter- to
centimeter-scale tubular structures.

alignment of the polymer fibers due to the axial stress imposed
by the pulling drum affected the elastic moduli of the produced
sheets (Supporting Information Figure S9).
The continuous collection of the biopolymer sheet onto the
rotating drum provides an avenue to spatially organize soft
materials in three dimensions. For the purpose of conveniently imaging the architecture of produced bulk material, a
two-layered hydrogel sheet was produced by adding an additional layer (blue layer in Figure 2b) to the microfluidic device,
resulting in a 11-layer-device. The primary biopolymer layer
feed a 2 wt% alginate solution containing a payload of red fluorescence microbeads, while the secondary layer feed a 2 wt%
alginate solution containing green fluorescence microbeads.
Figure 2g shows a confocal scan of the hydrogel roll.
We now discuss how our experimental strategy allows the
various secondary biopolymers to be incorporated within a
planar, unsupported hydrogel sheet, at a spatial resolution of
approximately up to 130 µm (Figure 2e). The ability to precisely
control the incorporation of the secondary hydrogel in the lateral direction and in time allows us to consistently define a
variety of tessellations in the (x,y) plane. Until now, the ability
to controllably form heterogeneous soft materials in a one-step
process was limited to microparticles[28–30] and coded fibers.[15]
Recently, a stepwise approach was developed to incorporate
within a 200 µm thick paper substrate a secondary biopolymer
that consisted of Matrigel containing a payload of cells.[31] The
paper substrate was photolithographically patterned. Subsequently, the cell-loaded Matrigel wicked through spaces
between the cellulose fibers, in areas that were not protected by
the photoresist.
Computer-controlled solenoid valves (The Lee Company,
Connecticut, US) (Figure 2h–j and Supporting Information
Figure S3) initiated the outflow of secondary biopolymers from
one of the seven on-chip reservoirs during a time period tV
at which the head pressure was raised from the atmospheric
pressure level P1 to P2. A biopolymer spot was then predictably
incorporated within the hydrogel sheet and cross-talk between
different reservoirs was prevented.
The experimental configuration shown in Figure 3a was used
to assess the spatiotemporal control of the process. The seven
reservoirs were typically filled with a secondary biopolymer that
consisted of an alginate solution with different payloads (see
Experimental Section). A custom computer interface allowed
us to individually incorporate localized spots of the secondary
biopolymer on demand. In the first case we substituted the
secondary biopolymer with a density-matched aqueous solution with a composition identical to the focusing fluids (i.e., it
contained 100 mM CaCl2). A planar soft material sheet with an
array of void areas was obtained (Figure 3b), at the following
experimental conditions Up = 10 mm s−1, QB = 200 µL min−1,
inlet pressure P = 3.5 kPa, and tv = 65 ms. Ultimately, the combination of void spaces with the ability to produce millimeter
thick multilayers of hydrogel sheets as illustrated in Figure 2g,
provides a strategy towards 3D vascularized soft materials.
In a second case, we investigate the extent to which the
incorporated biopolymer replaced the base biopolymer by first
considering fluorescently labelled microspheres as the payload. We performed confocal microscopic scans and found the
smallest ellipsoidal spot (lengths of semi-principal axes: 100 µm

3651

www.advmat.de

COMMUNICATION

www.MaterialsViews.com

Figure 2. Continuous formation of hydrogels sheets: experimental setup and device designs. a) Experimental setup consisting of a microfluidic device
with inlets for a base biopolymer solution (supplied by a syringe pump) and focusing fluid (supplied by a gear pump). The extruded soft material sheet
is collected on a drum with diameter D. b) Rendered image and c) photograph of device exit section. d) Control over planar soft material thickness
by varying drum rotation speed UP, with base biopolymer flow rate QB = 80 µL min−1 (!), 120 µL min−1 ("), and 160 µL min−1 (#). e,f) SEM images
showing the pore structure of planar biopolymer of homogeneous composition: e) 2 wt% alginate, and f) 1 wt% pectin-1 wt% alginate. g) Confocal
fluorescence scan of multilayered biopolymer sheets obtained by collecting onto the rotating drum a continuous sheet composed of two layers of
biopolymers (green and red). Final bulk dimensions of 5 mm [w] × 3.5 mm [δ] (thickness δ obtained by ≈18 double layers 200 µm thick) with a total
volume of 2 mL. h) Rendered image and photograph (i) of multilayered microfluidic device used for the formation of mosaic hydrogels. The device
supplied biopolymer solutions 1–7 from on-chip reservoirs. Individual computer-controlled solenoid valves selected reservoir head pressures between
the states P1 and P2. j) Schematic illustration of valve actuation. Scale bars are 1 mm (b,c), 2 µm (e,f), 500 µm (g), and 5 mm (h,i).

(w), 130 µm (L), 130 µm (δ)) that completely replaced the base
hydrogel across the entire sheet, as shown in Figure 3c. The
spot was produced with the conditions Up = 12 mm s−1, QB =
160 µL min−1, inlet pressure P = 3.5 kPa, and tV = 50 ms.
3652
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In a third case, we selected viable cells as the payload. Consequently, the secondary biopolymer was modified to improve cell
viability and functionality, since alginate alone is insufficient
to promote cell proliferation, attachment, and migration[32,33]
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Figure 3. Dynamically encoded information in planar hydrogels. a) Illustration of encoding information by dynamically incorporating spots of a
secondary (fluorescently labelled) biopolymer into a base biopolymer and subsequently decoding the information contained in the hydrogel sheet.
b) Hydrogel sheet with array of void areas as imaged by confocal fluorescence (top) and SEM (bottom). c) Confocal fluorescence image illustrating
dimensions and shape of spots created by incorporating a secondary biopolymer with a payload of fluorescently labelled microspheres at conditions
P = 3.5 kPa, QB = 160 µL min−1, UP = 12 mm s−1, tv = 50 ms. Insets represent the (x,y) plane (center location of sheet). d) Confocal fluorescence image
((x,z) plane) of cardiomyocytes incorporated within a planar biomaterial. The planar material of thickness δ is outlined by dashed lines. e) Confocal
fluorescence image of a patterned spot of fibroblasts incorporated at a cell density of 10 million cells/mL (40×, Day 5). f) 5× magnification confocal
fluorescence scan of fibroblasts spot shown in (e) (40×, Day 5). g) Fluorescence image and corresponding intensity curves of 100 µM 40 kDa FITCdextran loaded in 2 wt% alginate and incorporated into the same base material. Images captured at times 0 and 3 h. h) Diffusivity of 4 kDa, 10 kDa,
and 40 kDa dextran in 2 wt% alginate (#), 1 wt% pectin-1 wt% alginate (#). i) Line camera intensity scan (top) and fluorescence image (bottom) of
encoded letters. j) Fluorescence image of pattern formed with 10 million/mL cardiomyocytes in 1.2 wt% alginate and in 0.08 wt% collagen type I from
rat tail (Day 0). Approximately 25 000 cells were incorporated, operating conditions: P = 3.5 kPa, QB = 160 µL min−1, UP = 12 mm s−1, valve 65 ms
open. k) Fluorescence line scan of binary code (top) and schematic of valve actuation with white sections corresponding to valve open (bottom) (n =
7 binary characters). l) Sample fluorescence line scan of the UN charter in ASCII code (n = 1–1047 binary characters including space). Scale bars are
500 µm (b), 150 µm (c), 200 µm (d), 50 µm (e), 10 µm (f), 100 µm (g), and 2 mm (i–k).
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(Supporting Information Figure S7). Briefly, a payload of neonatal rat cardiomyocytes at a density of 10 million cells/mL
was suspended in a peptide-functionalized hydrogel solution
(see Experimental Section for details). Confocal microscopic
scans revealed a uniform distribution of cardiomyocytes across
the hydrogel sheet (Figure 3d) in a configuration that is not
attainable in a single step using conventional top-down patterning approaches. The cell-loaded secondary biopolymer pattern clearly extended throughout the entire cross-section (Supporting Information Figure S4) of a sheet sufficiently thin (δ ≈
250 µm) to be adequately penetrated by oxygen and nutrient
molecules contained in the culture solution.[34] The fact that δ is
at least tenfold greater than the average size of the incorporated
cells renders mosaic hydrogels a candidate format for 3D cell
culture. Although the described approach can be extended up
to δ ≈ 700 µm (Supporting Information Figure S2), sheet thicknesses δ > 250 µm were not considered for cell immobilization as they would require internal vascularization to guarantee
viability of the cellular payload throughout the cross section.
Similarly, the fibroblasts were suspended in the same secondary
biopolymer as the cardiomyocytes and were incorporated as patterned spots at a cell density of 10 million cells/mL. Confocal
fluorescence images of the patterned spots were obtained on Day
5, demonstrating the cells ability to attach onto the biopolymer
(Figure 3e,f). Patterned sheets were fixed and immunostained
following the protocol described in the Experimental Section.
In a fourth case, the secondary biopolymer constituted of
alginate containing fluorescently labeled diffusible molecules
(concentration 100 µM, molecular weights 4 kDa and 40 kDa
FITC-dextran, and 10 kDa rhodamine-dextran, Sigma-Aldrich,
Missouri, US). Spots of the secondary biopolymer (≈4 nL)
were incorporated in either 2 wt% alginate (I) or in 1 wt%
pectin-1 wt% alginate (II) and the diffusive release of the fluorescent marker was followed in time sequences of fluorescence
microscopy images. Figure 3g shows two fluorescence images
that were taken from such a sequence for a spot with a 40 kDa
FITC-dextran payload, the first one right after gelation and the
second one 3 h later. The diffusivity of the three dextran molecules in the base hydrogels (I) and (II) was determined by fitting similarly measured intensity distributions to an analytical
solution of the concentration field (Figure 3h and Supporting
Information Information). For all considered molecular payloads, a higher diffusivity was consistently obtained for hydrogel
(I) as compared to hydrogel (II), an effect that we attribute to
the larger average pore size of hydrogel (I) that was confirmed
by scanning electron microscopy (SEM) images (inset in
Figure 2e,f). As expected, the diffusivity in both base hydrogels
decreased with increasing molecular weight of the payload.
The ability to incorporate isolated spots of a secondary
biopolymer into unsupported soft material sheets allows information to be encoded in a compact manner. The secondary biopolymer
alginate contained fluorescent microspheres as the payload.
At a location downstream of the device exit, the encoded information was continuously projected onto a line camera using a
fluorescence imaging configuration. The word “TORONTO”
was patterned in 14 s into a sheet of an alginate base polymer
that was supplied at a flow rate QB = 160 µL min−1, and subsequently imaged (Figure 3i). Valves were actuated at a pressure of P2 = 5 kPa with opening and closing times of 75 ms
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and 1000 ms, respectively. The velocity of the drum was
UP = 12 mm s−1. Each letter was represented by 7–20 individual
spots and occupied an area of approximately 6.25 mm2. Similarly, cardiomyocytes as a payload were pre-labelled (CellTracker
Green, Molecular Probes, Invitrogen, Canada) and predictably
incorporated in multiple spots that represented the letters “T”
and “O” (Figure 3j). The base biopolymer was 2 wt% alginate
and the secondary biopolymer was a suspension of 10 million cells/mL in the same peptide-functionalized hydrogel as
described previously for cardiomyocytes.
The density of the encoded information was increased 19 fold
by employing the 7-bit American Standard Code for Information
Interchange (ASCII) where each of the seven solenoid valves
was assigned to one bit. The intensity values recorded from the
formed hydrogel sheet were interpreted by a custom computer
program, translated back into text and validated against the
original text. In ASCII format, “TORONTO” was incorporated
within a 37.5 mm long hydrogel sheet during approximately
7.5 s at QB = 160 µL min−1 and UP = 8.25 mm s−1 (Figure 3k).
To demonstrate the ability of consistently writing and reading
information, article 1, chapter 1 of the UN Charter (165 words
and 1047 characters including spaces) was encoded in the same
format (see Figure 3l and Supporting Information Figure S5).
We produced a 5.6 m long sheet within 18.8 min and subsequently validated the encoded information with 100% accuracy.
The ability to dynamically control the local material composition provides an effective means of altering local and bulk material properties, such as the permeability and the elasticity, and
of creating soft materials with directionally dependent properties. We formed and characterized, using confocal and widefield fluorescence microscopy, mosaic hydrogels with a variety
of tessellations including square tiles (Figure 4b), stripe patterns of variable width (Figure 4c), axially inter-connected spots
(Figure 4d) and uniform-width stripe sections (Figure 4a,e–h).
In cases where the base hydrogel and the secondary biopolymer
were chemically distinct from each other (i.e., they did not
differ by the presence or absence of a payload only), we investigated how the different tessellations affected the bulk elastic
modulus. Homogeneous and mosaic alginate sheets were
formed via cross-linking with three CaCl2 concentrations, 50,
100, and 150 mM, and tensile tests were conducted (Custom
840LE2 tensile tester, Test Resources Inc., Minnesota, USA)
(Figure 4j, see Experimental Sectionfor sample fixation procedure). Two homogeneous hydrogel samples with the previously
described compositions (I) and (II) were prepared, along with
mosaic hydrogels with the tessellations shown in Figure 4d,f.
Figure 4i summarizes the elastic moduli that were obtained for
the different crosslinker concentrations. The values obtained
for mosaic hydrogels fall in between the ones corresponding to
homogeneous samples. A comparison between the two mosaic
hydrogels suggests that axially aligned tessellations (Figure 4f)
resulted in higher elastic moduli than laterally aligned ones
(Figure 4d). All samples exhibited an increase in the bulk elastic
modulus when the crosslinker concentration increased from
50 mM to 100 mM. As the concentration of CaCl2 increased, the
crosslinking rate increased proportionally. As a result, a mosaic
hydrogel with a locally increased stiffness in proximity of the
sheet surface was formed, limiting the diffusion of CaCl2 into
the hydrogel and thereby creating weaker internal polymer

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2012, 24, 3650–3658

www.advmat.de

www.MaterialsViews.com

COMMUNICATION
Figure 4. Mosaic hydrogels. Confocal and wide-field fluorescence images of mosaic hydrogels with various tessellations. Two to three distinct material
compositions are illustrated. Insets represent schematic of desired patterns including: two parallel stripes of distinct materials (a), squares (b), alternating wave pattern (c), axially connected spots (d), and multiple parallel stripes (e–h). Continuous inlet gas pressures ranging from 2–14 kPa were
used, with a range of valve opening times starting from 50 ms to infinity (for continuous stripe pattern). g) SEM image of striped heterogeneous material (see Supporting Information for SEM sample preparation). h) Wide-field fluorescence image of two parallel stripes containing 10 million cells/mL of
cardiomyocytes (green) and fibroblasts (red). i) Modulus of elasticity of homogeneous and heterogeneous planar materials with CaCl2 concentrations
of 50, 100, and 150 mM: 2 wt% alginate (#), 1 wt% pectin-1 wt% alginate (#), 2 wt% alginate with patterns of 1 wt% pectin-1 wt% alginate ( ) as
illustrated in (d), and ($) in (f). j) Millimeter-scale 3D organization of heterogeneous soft materials. Obtained by stacking, with alternating orientation,
hydrogel sheets with patterns as illustrated in insert (brightfield image) and (f). k–n) Centimeter length tubular structures obtained by rolling onto a
translating capillary tube. Confocal fluorescence images of tubes with homogeneous (k) and heterogeneous (l,m) composition (contain fluorescent
microbeads as payload). n) Stereomicroscopy image of tubular structure. o) Single (top) and multiple (middle and bottom) cell incorporation into a
base planar material. Top and bottom figures are fibroblasts (red) and endothelial cells (green) at a cell density of 10 million cells/mL. Middle figure
consists of fibroblasts (red) and cardiomyocytes (green) at a cell density of 2 million cells/mL. Images were captured on Day 0. p) Combination of
multiple cell types incorporation along with 6-bit barcoding of a planar material. Scale bars 500 µm (a–h, k–m,o, p), 1 mm (i), and 2 mm (n).
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networks.[35] We associate the decrease in elastic modulus that
was observed at 150 mM with this effect. Elasticity only serves as
one illustration for the acquired ability of tuning a macroscale
property with a tailored microscale material composition, and
can be extended to a wide range of other material properties.
The obtained mosaic hydrogel sheets may be stacked-up to
produce millimeter-size 3D assemblies with a heterotypic composition. As an example of this approach, five hydrogel sheets
with the tessellations indicated in Figure 4f were stacked in
an alternating orientation (90° offset between layers). In order
to decrease absorbance of the 3D assembly during confocal
imaging, only one of the biopolymers contained a payload of
fluorescence microspheres. The resulting 3D structure had
dimensions 5 mm (w) × 5 mm (L) × 1.5 mm (δ) (Figure 4j).
Alternatively, the presented platform can be employed for the
tubular assembly of hydrogel sheets. As an illustration, the
rotating drum was replaced by a rotating capillary tube (22690-943, Fisher Scientific, Canada) which was manually translated to collect a continuously extruded hydrogel sheet with
50% overlap in the sheet surface area. The overlap ensures the
tubular architecture to be retained upon the removal of the capillary tube. Homogeneous and heterogeneous hydrogel tubes
with inner diameters of approximately 1.5 mm and lengths of
up to several centimeters were produced (Figure 4k–n).
In a case study, we form mosaic hydrogels by locally incorporating single or multiple cell types as a payload within the
secondary biopolymer. In tissue engineering applications it is
necessary to authentically represent the physiological environmental milieu of a particular tissue or organ. Resembling the
structure and function of tissues and organs requires multiple
cell types and ECM molecules to be co-localized in two or three
dimensional patterns at length scales that exceed several millimeters. Currently available cell patterning methods allow to
either incorporate multiple cell types in microparticles and subsequently organize them in one or two directions[36–39] or achieve
co-localization along one direction within a fiber,[15] but do not
yet provide dynamic control over the matrix composition and the
incorporation of multiple cell types in two or more directions.
Here, we demonstrate continuous two-directional patterning
of cardiomyocytes, endothelial cells, and fibroblasts, all major
components of the native heart,[40,41] at a resolution of ≈400 µm
and at length scales of several millimeters. The cellular payloads
suspended in the biopolymer streams are exposed to shear
levels less than 2 dyne cm−2 while passing through the microfluidic device (Supporting Information Figure S6), which is
within physiological ranges[42–44] and well below shear stresses
of 167–200 000 dyne cm−2 commonly associated with directprinting[26] and ink-jet printing strategies.[45–47] Neonatal rat
fibroblasts were incorporated at a concentration of 10 million
cells/mL and the conditions Up = 12 mm s−1, QB = 160 µL min−1,
inlet pressure P = 3.5 kPa, and tV = 65 ms (Figure 4o, top
panel). Cell survival of fibroblasts within 15 days of culture and
neonatal rat cardiomyocytes within 7 days of culture was investigated using a Live/Dead viability/cytotoxicity kit for mammalian cells (L3224, Invitrogen, Canada). On Day 15, fibroblasts
had a 88.7% survival, and on Day 7, neonatal rat cardiomyocytes were observed to have 93.1% (Supporting Information
Figure S8). The co-localization of two cell types (cardiomyocytes or endothelial cells with fibroblasts) within separate tes-
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sellations within a mosaic hydrogel was illustrated by patterning parallel stripes (Figure 4h) or islands (Figure 4o, center
and bottom figures). The ability to pattern multiple cell types in
close geometrical proximity offers the potential of systematically
exploring cell–cell interactions via secreted factors as well as the
interrogation of heterotypic and homeotypic cell interactions.
Figure 4p illustrates how the incorporation of different cell
types can be combined with the ability to record the associated
experimental parameters in the form of a barcode that can be
tracked throughout the duration of cell culture. We co-localized
patterns consisting of cardiomyocytes (green) and fibroblasts
(red) by using four on-chip reservoirs. The remaining three reservoirs were dedicated to a 6-bit computer-readable code where
a 2 wt% alginate with a payload of fluorescence microspheres
was used as the secondary biopolymer.
We demonstrated a flowable format for the continuous tessellation of mosaic hydrogels. We further explored some of the
key advantages of our approach that go beyond the encoding of
information and include a) the ability to predictably, accurately
and dynamically control the composition of a soft material in
two dimensions, b) the continuous and scalable soft material
formation at high throughput, and c) the mask-free patterning
approach. These capabilities exceed previously demonstrated
lower-dimensional heterogeneous soft materials that were
formed using an in-flow lithography technique[48–50] and lead to
barcoded polymer particles with a high information density or
to coded fibers.[15] The mosaic tessellations created using our
approach can be composed of chemically distinct hydrogels
or may differ by the type or concentration of the payload they
carry: diffusing or binding molecules, microscale particles, or
cells. Spatiotemporal control over the hydrogel composition
allowed the encoding of information in the soft material at a
resolution of approximately 130 µm and 50 ms.
We demonstrated the effect of tessellations on local and bulk
material properties such as permeability to three dextran molecules of varying sizes, as well as bulk elastic moduli of mosaic
sheets. In the cell patterning case studies, the ability to incorporate dense cell populations within an unsupported soft material
sheet with precise spatiotemporal control was demonstrated.
We selected neonatal rat cardiomyocytes to show the compatibility of our method with patterning a primary cell type that is
highly sensitive to adverse culture conditions, including factors
such as supra-physiological shear stress[51,52] and hypoxia.[53]
Additionally, as cardiomyocytes are a terminally differentiated
cell type that lacks the ability to proliferate, the achieved spatiotemporal control and the compliance of our strategy with high
cell densities is critical in establishing a physiologically relevant
functional tissue. The presented strategy may enable a fullyautomated and continuous format for culturing cells in physiologically relevant microenvironments, the systematic investigation of cell–cell and cell–matrix interactions and, ultimately,
define 3D functional tissues.

Experimental Section
Materials: Alginate (alginic acid sodium salt) and calcium chloride
were purchased from Sigma-Aldrich (St. Louis, MO, US). The alginate
sample contained 2 wt% alginate in a solution of 60% v/v glycerol in DI
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vertically clamped between tensile grips for testing. A ramp of 0.1 mm s−1
was applied using a 1000 g load cell until failure.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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water. The pectin-alginate solution was obtained by incorporating 1 wt%
pectin (Sigma-Aldrich) into an aqueous solution containing 1 wt%
alginate and 65% v/v glycerol. The crosslinking solutions consisted of
50 mM, 100 mM, and 150 mM CaCl2 in DI water containing 65%, 63%,
and 61% v/v of glycerol respectively. The density of all solutions was
1.168 g mL−1. Two types of fluorescence microbeads were used either
for continuously projecting wide-field fluorescence images of the formed
hydrogels from an upright fluorescence microscopic setup (Nikon Eclipse
E600, Nikon, Japan) onto a line camera (LC1-USB, Thorlabs, Newton,
NJ, USA) or for off-line characterization using laser-scanning confocal
microscopy (Olympus IX81 Inverted Microscope with FluoView FV1000,
Olympus, PA, USA). Specifically, microspheres with mean diameter of
1 µm with excitation/emission of 505/515 nm and 535/575 nm were
purchased (F8852 and F8819, Invitrogen, Canada). Microbeads were
added to the biopolymer solutions at a ratio of 1:200, followed by
20 min sonication (B5510-MT, Branson Ultrasonics, Danbury, CT, USA)
to minimize aggregation.
Neonatal Rat Heart Isolation: Neonatal Sprague–Dawley rats
(1–2 day old) were euthanized according to the procedure approved by
the University of Toronto Committee on Animal Care. The cells from the
heart ventricles were isolated by treating with trypsin overnight (4 °C,
6120 U mL−1 in Hanks’s balanced salt solution, HBSS) followed by serial
collagenase digestion (220 U mL−1 in HBSS).[54] The supernatant from
five collagenase digests of the tissues was centrifuged at 750 rpm (RCF =
94 × g) for 4 min, resuspended in culture medium, and pre-plated into
T75 flasks (Falcon) for 1 h intervals to separate the adherent cells (nonmyocyte) from the non-adherent cells (enriched cardiomyocyte). Primary
cardiac fibroblasts were obtained by cultivating for up to 7 days the
cells adhered to the T75 flask during the pre-plating. Culture medium
for both cardiomyocyte and fibroblast consisted of Dulbecco’s modified
Eagle’s medium (DMEM) with 4.5 g L−1 glucose, 4 mM L-glutamine, 10%
certified fetal bovine serum (FBS), 100 U mL−1 penicillin, 100 µg mL−1
streptomycin and 10 mM 4-2-hydroxyethyl-1-piperazineethanesulphonic
acid buffer (HEPES) (Gibco, Invitrogen, Canada).
Human umbilical vein endothelial cells (HUVEC) were purchased
from Lonza, Canada.
Cell Patterning: Cell were suspended in a 1:1 ratio of cell suspension
solution and RGDS (arg-gly-asp-ser) peptide-functionalized alginate
solution. The cell suspension solution consisted of 12.3 v/v%
DI water, 1.2 v/v% glucose solution (0.3 g mL−1), 7.7 v/v% 10×
Medium 199 (Sigma-Aldrich, Canada), 1.1 v/v% NaOH solution
(1 N), 2.0 v/v% NaHCO3 solution (0.075 g mL−1), 0.8 v/v% HEPES
(Invitrogen, Canada), 19.1 v/v% Matrigel, and 55.9 v/v% collagen type
I from rat tail (3.66 mg mL−1, BD Biosciences, Canada). The peptidefunctionalized alginate solution consisted of 1.5 wt% RGDS-alginate and
0.08 wt% collagen type I from rat tail. Peptide-functionalized alginate
was obtained following a previously described procedure.[55] Briefly,
RGDS peptide (American Peptide 44-0-14) was conjugated to alginate
using carbodiimide chemistry with N-hydroxysulfosuccinimide ester
(sulfo-NHS) stabilizer (Pierce, Fisher 24510). The resulting solution was
purified by dialysis, dried by lyophilize, and stored at –20 °C until use.
Cell Tracking: CellTracker Red CMPTX (C34552, Molecular Probes,
Invitrogen, Canada) was used for fibroblasts and CellTracker Green for
cardiomyocytes (C2925, Molecular Probes). A 10 mM concentration
of CellTracker dyes in DMSO was further diluted in serum-free culture
medium (DMEM) to create a working concentration of 10 µM. The cells
were incubated in 1 mL of dye solution for 30 min at 37 °C in 5% CO2.
Following the incubation step, the dye-cell suspension was centrifuged
and the pellet was washed two times with DMEM.
Immunofluorescence Staining: Cell samples were fixed in 4%
paraformaldehyde in PBS at room temperature for 15 min followed by
incubation in mouse anti-vimentin (Sigma, 1:100 dilution) overnight at
4 °C. Samples were then incubated with anti-mouse Alexa 488 (Sigma,
1:100) at room temperature for 1 h and imaged with confocal microscope
(Olympus FV5-PSU confocal with IX70 microscope, Canada).
Tensile Test: Samples were cut to lengths of approximately 20 mm
and fixed with a cyanoacrylate adhesive (Krazyglue Advanced Formula,
Elmer’s Products, Columbus, OH, USA) to cardboard strips, which were
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