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Abstract: One of the principal limitations to the size of an
engineered tissue is oxygen and nutrient transport.
Lacking a vascular bed, cells embedded in an engineered
tissue will consume all available oxygen within hours
while out branching blood vessels will take days to
vascularize the implanted tissue. One possible solution
is to directly write vascular structures within the engine-
ered tissue prior to implantation, reconstructing the
tissue according to its native architecture. The cell
patterning technique, laser-guided directwriting (LGDW),
can pattern multiple cells types with micrometer resolu-
tion on arbitrary surfaces, including biological gels. Here
we show that LGDW can pattern human umbilical vein
endothelial cells (HUVEC) in two- and three-dimensions
with micrometer accuracy. By patterning HUVEC on
Matrigel, we can direct their self-assembly into vascular
structures along the desired pattern. Finally, co-culturing
the vascular structures with hepatocytes resulted in an
aggregated tubular structure similar in organization to a
hepatic sinusoid. This capability can facilitate studies of
tissue architecture at the single cell level, and of hetero-
typic interactions underlying processes such as liver and
pancreas morphogenesis, differentiation, and angiogen-
esis. � 2005 Wiley Periodicals, Inc.
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INTRODUCTION

Tissue architecture is complex, characterized bymultiple cell

types and matrix components precisely organized in three-

dimensions. Loss of tissue architecture due to trauma or

disease leads to loss of tissue function. An important advance

in tissue engineering would be the ability to organize multi-

ple cell types in the well-defined three-dimensional archi-

tecture of their native organ, in essence reconstructing the

tissue from its cellular and matrix components (Bhatia and

Chen, 1999; Griffith and Naughton, 2002).

One approach to create such complex organization is

micropatterning (Bhatia and Chen, 1999). Laser-guided

direct writing (LGDW) is a novel micropatterning technique

able to confinemultiple cells in a laser beam and deposit them

as a steady stream on arbitrary non-absorbing surfaces,

including biological gels. LGDW has micrometer scale

accuracy and the potential to pattern cells in three-

dimensions (Chrisey, 2000; Nahmias et al., 2004; Odde and

Renn, 1999). Other cell patterning methods, such as micro-

contact printing (Dike et al., 1999) or lithography (Bhatia

et al., 1997), although offering important opportunities, are

limited to patterning in two-dimensions, or offer limited

spatial resolution (>100mm) in three-dimensions (Chiu et al.,

2000; Liu and Bhatia, 2002). The single cell resolution,

offered by LGDW, is required for the patterning of endo-

thelial capillaries (<10 mm), which were shown to be impor-

tant for tissue development, differentiation, and survival

(Cleaver and Melton, 2003).

The current inability to create a capillary network inside an

engineered tissue restricts the tissue’s size to within the

oxygen and nutrient diffusion limit (�200 mm) (Griffith and

Naughton, 2002). While some tissues can be encouraged

to develop their own vascular network within days after

implantation (Koike et al., 2004), high-metabolic-activity

tissues, such as liver and heart, cannot survive more than a

few hours without vascular support (Strain and Neuberger,

2002). One solution would be to use LGDW to establish

capillaries within the engineered tissue prior to implantation.

This technique makes feasible the creation of metabolically

active tissues, such as liver, beyond the oxygen diffusion

limit.

We have previously demonstrated LGDW’s ability to

guide embryonic chick neurons (Odde andRenn, 1999, 2000)

and multi-potent adult progenitor cells (Nahmias et al.,

2004). Here, we show that LGDW can be used to pattern

human umbilical vein endothelial cells (HUVEC) in two- and

three-dimensions. HUVEC patterned on Matrigel, a com-

monly used angiogenesis assay system (Kubota et al.,

1988; Shakado et al., 1995), self-assembled into vascular

structures along the pattern. Co-culturing the patterned vas-

cular structures with hepatocytes resulted in an aggregated

tubular structure similar in organization to a hepatic sinusoid.
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MATERIALS AND METHODS

Materials

Williams medium E, M199 basal medium, penicillin/

streptomycin, L-glutamine, sodium pyruvate, and insulin were

purchased from Invitrogen Life Technologies (Carlsbad,

CA). Glycine, dexamethasone, and heparin were obtained

from Sigma-Aldrich (St. Louis, MO). Epidermal growth

factor (EGF) and growth factor reduced phenol red free

Matrigel were obtained from Fisher Scientific (Pittsburgh,

PA), endothelial cell growth factor (ECGF) from Roche

Applied Science (Indianapolis, IN), recombinant human

vascular endothelial growth factor (VEGF) and hepatocyte

growth factor (HGF) from R&D Systems, Inc. (Minneapolis,

MN), fetal bovine serum (FBS) HI from Hyclone Labora-

tories (Logan, UT), and EndoGro from Vec Technologies

(Rensselaer, NY). Immunofluorescence grade paraformalde-

hyde was purchased from Electron Microscope Sciences

(Hatfield, PA). Normal donkey serum and secondary F(ab’)2

antibody fragments, ML grade were obtained from Jackson

Immunoresearch (Bar Harbor, ME). Mouse anti-human

CD31, used at 1:10 dilution, was from Becton-Dickinson

(San Diego, CA). Rabbit anti-rat albumin, used at 1:500

dilution, was from ICN (Costa Mesa, CA).

Endothelial Cell Isolation and Culture

Human Umbilical-Vein endothelial cells (HUVEC) were a

kind gift from Dr. Robert Hebbel, University of Minnesota

(Gupta et al., 1997). Cells were cultured on 0.2% gelatin

coated T-75 flasks and split 1:3 when confluent. Endothelial

culture medium consisted of M199 basal medium, 15%

FBS, EndoGro (40–50 mg/mL), L-glutamine (0.7 mg/mL),

heparin (10 U/mL), sodium pyruvate (30 mg/mL), and

penicillin/streptomycin (100 U/mL). Cell medium was

changed every 2 days.

Hepatocyte Isolation and Culture

Hepatocytes were harvested from 4- to 6-week-old male

Sprague-Dawley rats weighing 175–275 g by a two-step in

situ collagenase perfusion technique (Seglen, 1976). Hepa-

tocyte viability after the harvest was above 80% based on

trypan blue exclusion. All animals were treated according to

protocols approved by the animal care institutional review

board. Hepatocyte purity was greater than 95%.

MAPC Isolation and Culture

Multipotent adult progenitor cells (MAPC)were isolated and

cultured as previously described (Reyes et al., 2001, 2002;

Schwartz et al., 2002). Briefly, bone marrow was obtained

from Sprague-Dawley rats. Mononuclear cells were depleted

for CD45 and glycophorin A positive cells using micro-

magnetic beads (Miltenyi Biotec, Sunnyvale, CA), seeded on

fibronectin (Sigma) and cultured in MAPC expansion

medium (Reyes et al., 2001, 2002; Schwartz et al., 2002).

Preparation of Chamber Slides for LGDW

Chamber slides were coated with a collagen thin layer,

collagen gel, or Matrigel. Briefly, collagen solution (1 mg/

mL) was absorbed for 1 h at 378C and carefully washed with

PBS. Collagen gelling solution was prepared according to

manufacturer instructions, layered on ice-cold glass chamber

slides (0.5 mm thickness, 4 cm2) and incubated at 378C for

30 min to allow the gel to form. Matrigel aliquots (200 mL)
were thawed overnight at 48C, layered on ice-cold glass

chamber slides (0.5 mm thickness, 4 cm2) and incubated at

378C for 30 min to allow the gel to form. For the co-culture

experiment, freshly isolated hepatocytes were added at a

density of 40,000 cells/cm2 in 1 mL of co-culture medium.

Co-culture medium consisted of Williams Medium E,

HEPES, pen/strep (100 U/mL), and insulin (20 mU/mL),

which was stored for up to 4 weeks in 48C. To use in culture
experiments, the medium was supplemented once a week

with 2% FBS, L-glutamine (0.3 mg/mL), dexamethasone

(10�8M), ECGF (20 mg/mL), heparin (10 U/mL), EGF, and

VEGF (10 ng/mL). Cells were allowed to attach over night at

which time themediumwas replacedwith 1mL of co-culture

medium.

Laser-Guided Direct Writing System Design

A laser diode beam (model, 5431, SDL; 200 mW, 830 nm

wavelength, TEM00 mode) was expanded vertically through

an anamorphic prism pair to create a circular beam. The beam

was focused through a low numerical aperture guidance lens

(0.1NA, focal length 60 mm, Edmund Scientific, Barrington,

NJ), and reflected by a 458 gold-coated mirror (Edmund

Scientific) into a sealed glass chamber slide set on an inverted

(Axiovert S100TV, Zeiss, Thornwood, NY) microscope

(Fig. 1). Images of the developing pattern were taken using a

high-resolution CCD camera (Sony XC-75, Edmund Scien-

tific) and digitally captured through a frame grabber board

Figure 1. Laser-guided direct writing (LGDW) system. The beam path is

highlighted schematically in red. A: Laser-guidance focusing lens (12 mm

diameter), (B) 458 angle gold-coated mirror, (C) sealed glass chamber slide,

(D) side-on imaging lens for monitoring particle path.
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(LG-3, Scion Corp, Frederick, MD). Awide angle telescopic

4� lens mounted perpendicular to the beam axis was used to

monitor the trapping and movement of the captured particles

(Fig. 1).

Laser Guided Direct Writing Experiments

HUVEC were cultured to a confluent monolayer on a 0.2%

gelatin coated dish.Once the cells reached confluence, 50mL

of VEGF linked polystyrene beads (4.5 mm diameter,

Polysciences, Warrington, PA) were added to the cell’s

culture medium. The VEGF beads rapidly adhered to the

cells after an hour in culture. Following 1 h incubation with

the VEGF beads, the culture was carefully washed with

HBSS to remove non-adherent beads. Finally, the cells were

quickly trypsinized off the surface to create a cell-bead

suspension. An extracellular matrix-coated chamber slide

(either collagen, or Matrigel) was prepared in advance (see

above). One milliliter of Percoll solution (40%) was added to

the chamber to prevent cells from settling under gravity.

Finally, the HUVEC-bead suspension was carefully layered

on top of the Percoll solution. The entire setup was done

under sterile conditions and the chamber was sealed with a

glass coverslip. The chamber slide was subsequently moved

to the LGDW system shown in Figure 1. Cells were radially

trapped by the beam and axially pushed through the Percoll

layer to the extracellular matrix-coated surface below. Cells

that were not trapped by the beam remained floating above

the density-matched Percoll layer. Following cell patterning,

the chamber was incubated for 20 min to allow the cells to

adhere and then carefully washed with HBSS.

Transmission Electron Microscopy

The cells were fixed in 2.5% glutaraldehyde in 0.1M

cacodylate buffer (pH 7.4) containing sucrose at room

temperature for 30 min, postfixed in 2% osmium tetroxide in

the buffer, and embedded in situ in Epon 812. Semi-thin and

ultra-thin sections were cut on Reichert Ultracut E and RMC

MT-7000 ultramicrotomes. The semi-thin sections were

stained with toluidine blue and examined with a light micro-

scope. The adjacent thin sections were stained with uranyl

acetate followed by lead citrate and examined at 60 KV with

a JEM transmission electron microscope (JEOL, Tokyo,

Japan).

Immunofluorescence Microscopy

Chamber slide samples were washed three times with PBS,

and fixed in 4% EM-grade paraformaldehyde for 10 min at

room temperature. Slides were then washed with PBS and

incubated in 100 mM glycine for 15 min to saturate reactive

groups. Samples were permeabilized for 15 min with 0.1%

Triton X-100, blocked for 30 min with 1% BSA, 5%Donkey

Serum at room temperature followed by staining with

primary antibodies overnight at 48C. After additional washes
with PBS, samples were stained with fluorescently tagged

secondary antibodies for 45 min at room temperature.

RESULTS AND DISCUSSION

General Analysis of the LGDW System

LGDW utilizes a weakly focused beam to radially trap and

axially deliver particles to a non-absorbing surface. By

translating the surface relative to the beam, the particle

stream can be directly written onto the surface. We have

previously demonstrated the ability of LGDW to guide metal

droplets, silica and polymer beads, bacteria, and animal cells

(Odde and Renn, 2000; Renn et al., 1995; Renn and Pastel,

1998). In addition, we demonstrated patterning of embryonic

chick neurons (Odde and Renn, 1999) and multi-potent adult

progenitor cells (Nahmias et al., 2004).

However, patterning endothelial cells proved to be a

greater challenge due to the cells’ low refractive index

(1.35� 0.01 by index matching), which limited the optical

force. Dimensional analysis of theoretical optical forces is

presented in Table I following Nahmias et al. (2004). The

theoretical analysis shows that a 4% decrease in refractive

index from that of MAPCs (1.40) to that of endothelial cells

(1.35) will result in a fourfold decrease in the relative

trapping force and a 25-fold decrease in the pushing force.

One approach to achieving reasonable trapping and guiding

forces for endothelial cells is to attach polystyrene particles

to the cells (optical handles). As the optical forces should be

additive, it is estimated that between 2 and 5 polystyrene

particles attached to an endothelial cell will significantly

improve system performance and enable us to pattern

endothelial cells on arbitrary surfaces.

To test this hypothesis, we added VEGF-linked polystyr-

ene beads (4.5 mm diameter, 1.55 refractive index), which

rapidly adhered to the cells. In accordance with theory, the

Table I. General analysis of optical force for biological and non-biological particles.

Particle type Radius (mm) Refractive index ~�� b Relative radial force Relative axial force

MAPC 6 1.40 1.2 12.49 0.88 5.50

Chick neuron 6 1.38 1.2 12.49 0.63 2.84

Endothelial 5 1.35 1.0 6.02 0.21 0.22

Polystyrene 2.25 1.55 0.45 0.25 1 1

Dimensionless parameters, ~�� and bwere calculated as previously described (Nahmias et al., 2004) for beam waist at the focal point 5 mm, and wavelength
830 nm. Relative radial and axial forces were calculated relative to 4.5 mm diameter polystyrene particles, and by using the relationship that the axial force is
proportional to ðm2�1

m2þ2
Þ2, while radial force is proportional to ðm2�1

m2þ2
Þ.
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HUVEC-bead suspension was easily trapped and rapidly

delivered to the surface. Similar results were obtained for

collagen and laminin-linked beads, while plain beads failed

to adhere to the cells. The cells exhibited no discernable

reaction to the beads. Beads became dilute as the cells

migrated and proliferated and were released over time in

culture (�10% per day). The widespread use of magnetic

beads of similar diameter (4.5 mm) to purify endothelial cells

from tissue (Bicknell, 1996), suggests that inert polystyrene

beads should not affect the biological function of our

cultures.

Endothelial Cell Viability Following LGDW

Figure 2 shows a three-line pattern of HUVEC 24 h after

LGDW. The cells were normal and well spread, forming the

usual cobblestone morphology in areas where sufficient cell

density exists. Endothelial viability after laser guidance was

measure by trypan blue exclusion to be 89%� 7% (mean�
standard deviation). Endothelial viability was not statisti-

cally different from cell viability during regular passage

(97%� 1%). As expected, the cells migrated off the pattern

and proliferated a few days after guidance. This result, in

agreement with our previous results for chick neurons

(Odde and Renn, 1999) and two decades of laser trapping

experiments (Ashkin, 1997), suggests that LGDW has no

overt negative effect on the patterned cells, in stark contrast to

the adverse effects of ultraviolet radiation used in photo-

patterning (Liu and Bhatia, 2002).

Three-Dimensional Cell Writing With LGDW

Several groups have demonstrated the importance of three-

dimensional culture for the preservation of cellular pheno-

type (O’Brien et al., 2002). For example, hepatocytes

cultured in a gel ‘sandwich’ configuration retained their

polarity and liver specific function for weeks in vitro (Dunn

et al., 1991). Similar culture systems stimulate endothelial

assembly into vascular structures (Deroanne et al., 2001).

These results suggest that the three-dimensional environment

is important for proper tissue function. As LGDW can be

applied to arbitrary non-absorbing matrix, cellular patterns

can bewritten on top of previous patterns encased in gel. This

would allow the consecutive building of three-dimensional

structures as shown schematically in Figure 3.

Using this approach, a three-dimensional pattern of

HUVECs is presented in Figure 4. Three lines of HUVEC

were written on a collagen-coated surface and allowed to

adhere. The media was aspirated and a collagen gel (0.5 mm

high) was carefully layered on top of the first pattern. An

additional pattern of three lines of cells was written, oriented

perpendicular to the first pattern, on top of the gel to create a

three-dimensional pattern. Currently, LGDW is the only cell

patterning technique able to pattern cells with micrometer

precision on biological gels. In addition to LGDWability to

pattern cells on biological gels, we demonstrate its ability to

place one cell on top of another in a true three-dimensional

pattern. Figure 4C shows three cells patterned on top of each

other, viewed at right angle to the deposition axis. We

conclude LGDW can deposit cells on arbitrary surfaces

including biological gels and living cells.

Directed Writing of Endothelial
Vascular Structures

A key step of tissue engineering would be the construction

and maintenance of a three-dimensional structure. The

limiting factor in this endeavor is frequently one of oxygen

and nutrient transport (Griffith and Naughton, 2002). One

approach would be to directly write endothelial vascular

structures within the engineered structure, thus reconstruct-

ing the tissue according to its native architecture. This

method has the advantage of retaining the natural heterotypic

cell–cell interactions of the native tissue, which have been

Figure 2. Three line pattern of HUVECs written on a collagen-coated

surface by LGDW. Twenty-four hours after guidance, cells appear healthy

and well spread. HUVECs patterned in this way continued to migrate and

proliferate as normal after LGDW. Bar¼ 100 mm.

Figure 3. Use of LGDW for three-dimensional tissue engineering.

Endothelial lines are patterned on a two-dimensional surface and then self-

assemble into vascular structures. A thin gel is layered on top of the first

pattern. Another pattern can now be created on the top surface.
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previously shown to be important in tissue function (Bhatia

et al., 1999; Goulet et al., 1988).

Utilizing the ability of endothelial cells to rapidly form a

tube-like network when cultured on Matrigel, a commonly

used angiogenesis assay (Auerbach et al., 2003), we

patterned three lines of HUVEC on Matrigel using LGDW.

The endothelial cells elongated and formed tube-like

structures along the pattern, demonstrating the capability of

LGDW to pattern vascular structures in vitro (Fig. 5). These

results demonstrate our ability to pattern endothelial vascular

structures in vitro with micrometer accuracy. However, the

stabilization and maturation of these vascular structures into

fully functional capillaries would undoubtedly require a

more precise control of their microenvironment (shear,

matrix, growth factors) in addition to their co-culture with

cells of their native environment (Koike et al., 2004).

Directed Writing of Sinusoid-Like Structures

One of the structural elements of the liver is the sinusoid,

composed of a fenestrated vascular structure decorated with

hepatocytes. In the adult liver, sinusoids are radially aligned,

running from the lobule periphery to the central vein (Arias

et al., 1988). The sinusoidal organization is important to the

function of the liver. In order to recreate sinusoid-like

organization and control its alignment, we patterned two

lines of HUVEC 200 mm apart on Matrigel using LGDW.

Five hours later, the cells elongated into two parallel

structures (Fig. 6A). We subsequently added 40,000 cells/

mL rat hepatocytes which rapidly adhered to the endothelial

structures creating two parallel sinusoid-like structures

in vitro (Fig. 6B). Liver sinusoids develop from endothe-

lial-hepatic aggregates over a period of many weeks in vivo.

Therefore,we do not expect fully developed liver sinusoids to

form after a few days of in vitro culture. However, our results

suggest that vascular structures can form the backbone for

ex vivo liver morphogenesis, a phenomenon we can control

byLGDW.Our ability towrite sinusoid-like structuresmakes

feasible the reconstruction of three-dimensional liver tissue

in vitro.

Ultrastructural Analysis of Random Cultures
and Co-Cultures on Matrigel

Although LGDWallows us to pattern cells with micrometer

resolution on biological gels, and to form advanced structu-

res, it is limited in its current form (a single beam) to hundreds

of cells per hour. This prevented us from studying these

cultures under transmission electron microscopy which

requires bulk tissue samples.

To gain more insight into the development of endothelial-

hepatic aggregates in vitro, we analyzed samples that were

Figure 4. LGDWin three-dimensions.A,B: Three vertical lines of HUVECwerewritten on a collagen-coated surface (red pseudocolor), and a collagen gel

overlaid. A pattern of three horizontal lines was written on top of the first pattern (blue pseudocolor). A: Image is focused on the bottom vertical (red) lines of

cells. B: Image is focused on the top horizontal (blue) lines of cells. Images were taken 2 h after LGDW.Bar¼ 200 mm.C: Three cells (arrows) deposited on top
of each other, image taken perpendicular to the axis of deposition. The red line denotes the position of a collagen-coated surface. Bar¼ 50 mm.

Figure 5. LGDW of vascular structures. A: Three lines of HUVEC were written on a Matrigel by LGDW. B: After 24 h, the pattern developed into

three separate elongated structures, a single cell in diameter. Bar¼ 200 mm. C: A high magnification image of two tube-like structures written on Matrigel.

Bar¼ 100 mm.

NAHMIAS ET AL.: DIRECT WRITING VASCULAR STRUCTURES IN 3D 133



randomly seeded with either HUVEC or HUVEC and

Hepatocytes. To detect whether HUVEC vascular structures

contain a lumen, we analyzed randomly seeded endothelial

structures on Matrigel using transmission electron micro-

scopy after several days of culture. Figure 7A shows an

endothelial cell enclosing a lumen. The formation of lumen-

inclosing endothelial vascular structures on Matrigel has

been previously reported (Kubota et al., 1988). A similar

analysis of our HUVEC-Hepatocyte sinusoid-like structures

(Fig. 7B) shows an endothelial lumenwith closely associated

hepatocytes. The organization of endothelial vascular

structures decorated by hepatocytes has not been described

previously. It is important to note that the space of Disse has

not formed, suggesting these structures are not fully deve-

loped sinusoids. However, several studies suggest that the

space of Disse forms between 4 and 12 weeks after liver

development invivo (Couvelard et al., 1996;McCuskey et al.,

2003), our cultures might follow a similar differentiation

path. In addition to ultrastructural analysis our results show

that sinusoid-like structures retain cytochrome P450 gene

expression and activity as well as stable albumin gene exp-

ression and secretion for over 2 months in vitro (Nahmias

et al., 2005).

Alternative Approaches for the Formation of
Vascular Structures

An alternative approach to patterning differentiated endothe-

lial cells for vascular formation is to pattern the differentia-

tion ofMAPC invitro.MAPC have been previously shown to

differentiate into endothelial cells following VEGF stimula-

tion (Reyes et al., 2002). LGDW can potentially pattern

VEGF-coated beads on a monolayer of MAPC to induce

endothelial differentiation along the pattern while commit-

ting all the other cells to another phenotype. We find that

LGDW is capable of such spatially controlled delivery

of factor-coated particles to progenitor cells, as shown in

Figure 8. However, while our ability to deliver growth factor-

linked particles with micrometer accuracy to stem cells is

clearly shown, our preliminary results suggest MAPC

differentiation into endothelial cells (assayed by CD31 stain-

ing at day 14) following such stimulation was limited. Future

work will focus on using various methods of delivery of

growth factors to stem cells, including the LGDW of

biodegradable particles loaded with VEGF. LGDW is

currently the only method able to pattern particles on living

cells with micrometer precision.

Figure 6. LGDWof liver sinusoid-like structures in vitro.A: HUVECswere patterned by LGDWin two horizontal lines onMatrigel. After 5 h in culture, the

cells elongated along the pattern. B: Hepatocytes were added and 24 h later stained by immunofluorescence for endothelial cells (CD31, red) and hepatocytes

(albumin, green). Hepatocytes aggregated around the patterned vascular structure to form a liver sinusoid-like structure in vitro. Bar¼ 200 mm.

Figure 7. Transmission electron microscopy cross-sections of random culture and co-culture onMatrigel.A: Avascular structure forms onMatrigel a week

after seeding. Bar¼ 5mm.B: An endothelial vessel surroundedby aggregatingHepatocytes. Bar¼ 10mm.Vessel lumen (Lu), nucleus (Nu). The dark regions on

the top of each image are the metallic grid on which the sample lies.
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CONCLUSION

Our results demonstrate that LGDW can be used to pattern

HUVEC with micrometer precision on biological gels.

This ability allowed us to direct the formation of vascular

structures in vitro, and an aggregate with liver sinusoid-like

organization on Matrigel. To the best of our knowledge,

LGDW is currently the only technique capable of patterning

cells with micrometer precision on biological gels. Cell

culture onmechanically compliant gels (3D culture) has been

shown to be more physiologically relevant than those

cultured on rigid surfaces (O’Brien et al., 2002). Thus we

conclude that LGDW is uniquely suited for the study of self-

assembly of tissues and heterotypic cell–cell interactions in

3D culture systems and on compliant matrices. This ability

will pave the way for studying the functional significance of

tissue architecture and mechanical properties at single cell

resolution, and the effects of heterotypic cell–cell interac-

tions underlying processes such as liver and pancreas

morphogenesis (Cleaver and Melton, 2003), differentiation,

and angiogenesis.
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