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ificial microvascular networks
(LIAMN) for three-dimensional cell culture†

Rong Fan,a Yihang Sunb and Jiandi Wan*a
Construction of vascular architecture capable of distributing oxygen

and nutrients is critically important for 3D cell culture. Here, we

demonstrate leaf-inspired artificial microvascular networks (LIAMN)

that serve as an effective perfusion system for 3D cell culture in

hydrogel constructs. Because cell-containing hydrogel constructs

with desired thickness can be constructed using embedded LIAMN

layers, our strategy paves a new avenue to engineering effective

vascular transport system for 3D cell culture and the development of

functional artificial organs.
Effective vascularization in engineered tissues is critical to the
development of living organs and remains one of the highest
priorities in tissue engineering.1–4 Without a vascular network,
for example, the maximal thickness of an engineered tissue is
approximately 150–200 mm due to the limited oxygen diffusion.5

As a result, large three-dimensional (3D) engineered tissue
constructs quickly develop necrotic regions.6 Thus, an effective
transport system including both large vascular vessels and
microvascular networks is required to sustain the biomimetic
functions of thick, complex tissue constructs. To date, tissue
engineered large and small blood vessels have been demon-
strated by using porous scaffolds7 and cell sheet technology.8

However, controlled formation of complex, hierarchical micro-
vascular networks, such as the degree of branching, capillary
density, and connecting microvascular networks with large
vascular vessels is challenging.

Recent advances in micro-fabrication technology have
enabled the generation of microvascular networks in tissue
constructs. Microuidic-based systems, for example, have been
developed to control the fabrication of vascularized patterns in
a variety of bio-substrates where endothelial cells can be seeded
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and form monolayers.9 In particular, the development of
biodegradable microuidics and 3D vascularized microuidic
scaffolds10,11 highlights the potentially implantable 3D micro-
uidic tissue constructs. 3D bioprinting, on the other hand, is
essentially a microuidic technology1 and has been emerged
rapidly as an effective bottom-up approach to fabricate vascu-
larized 3D tissue constructs.12,13 A rapid prototyping bioprinting
method for scaffold-free small diameter vascular reconstruction
has been demonstrated for the fabrication of single- and
double-layered small diameter vascular tubes (OD ranging from
0.9 to 2.5 mm).14 Vascularized cell-laden tissue constructs have
also been fabricated by 3D printing a fugitive ink (Pluronic
F127) in cell-containing gelatin methacrylate hydrogels.15

Furthermore, 3D printed lament networks of carbohydrate
glass16 and agarose template bers17 have been used as cyto-
compatible sacricial templates to generate vascular networks
in engineered tissues. Improved mass transport, cell viability
and differentiation within the cell-laden tissue constructs have
been observed. Formations of microvascular architectures
using methods such as direct writing18 and electrical
discharge19,20 have also been demonstrated. In addition, studies
using micropatterning and microuidics have been investi-
gated to fabricate vascularized hydrogel for 3D cell culture, such
as grid networks and hollow hydrogel bers.16,21,22 The majority
of the studies, however, failed to demonstrate the rationale of
the construction of hierarchical networks, e.g., how the diam-
eter of the channel and the degree of branching change with
hierarchical levels, in order to maintain the maximum ow
efficiency in the network. This is particularly of interest when
maximum ow efficiency for material delivery at a given input
pressure or ow rate is required or becomes a concern.

Evolutionary innovations in the venation patterns of leaves,
on the other hand, allow the effective transport of water,
nutrients and carbon throughout the entire leaf,23–25 and thus
might provide an alternative approach to overcome the
supplying difficulties in 3D cell culture and enable an effective
distribution of nutrient and oxygen. Indeed, hydraulic analysis
of water ow through leaves of sugar maple (Acer saccharum)
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Schematics of the fabrication of leaf-mimicking and leaf-
inspiredmicrofluidic devices for 3D cell culture. (A) Fabrication process
of a leaf-mimicking microfluidic device. A leaf skeleton with pinnate
venation (Hevea brasiliensis) is used as the master and molded with
cell-containing agarose hydrogel. (B) Fabrication of multilayer leaf-
inspired microfluidic device.
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and red oak (Quercus rubra) has shown that the hydraulic
architecture of leaves minimizes construction costs relative to
hydraulic capacity.26 Venation patterns of leaves also have an
optimized vein density.27 Furthermore, studies of the isotopic
composition of leaf water have demonstrated the presence of
hydraulic capacitance in the ground tissues of vein ribs and
a lateral exchange of water from veins,28 suggesting that major
veins serve as high-capacity supply lines to minor vein system.
All these characteristics of venation patterns of leaves including
minimized construction costs, optimized vein density, and
hierarchical connection of microvascular vein with large vessels
are ideal features of microvascular networks for 3D cell
culture.29 Furthermore, the presence of the diversication of
low-order vein architecture and the commonness of reticulate,
hierarchical leaf venation provides tolerances to hydraulic
disruption through wounding,30 highlighting the advantages of
leaf vascular architecture in hydraulic (or nutrient) transport.
Thus, over 400 million years evolution, the hydraulic system of
leaves has been evolved as such a transport system that no
portion of the leaf is under-supplied, and therefore, is likely be
able to act as an effective microvascular perfusion system for 3D
cell culture.

Here, we propose a concept of leaf-inspired articial micro-
vascular networks (LIAMN) and demonstrate that LIAMN is
applicable and advantageous for 3D cell culture. This is shown
by developing both leaf-mimicking (Fig. 1a) and leaf-inspired
(Fig. 1b) microuidic perfusion systems to support the growth
of HCT116 colon cancer cells in a 3D hydrogel matrix. In
particular, by assembling three layers of LIAMN, we show that
cells cultured in agarose hydrogel matrix can receive supplying
medium from the embedded vascular system and keep growing
for at least 14 days. Because the thickness of the hydrogel matrix
depends on the number of assembled layers of LIAMN, there is
no limitation to achieve much thicker hydrogel matrix for 3D
cell culture. Although 2D leaf-mimicking network has been
developed previously for cell culture,31 the thickness of the leaf
is much smaller than that of 3D hydrogel construct, and thus 2D
leaf-mimicking device is marginally effective to deliver culture
medium in thick hydrogel construct. In addition, comparing to
the majority approaches of 3D cell culture where highly porous
scaffolds (normally with less mechanical stiffness) have to be
used to ensure the diffusion of nutrients to embedded cells,32

LIAMN not only maintains a high cell viability in less porous
agarose gel,33 but also exhibits desired mechanical strength to
support hydrogel constructs, which is critical for the construc-
tion of articial organs.34 Last, the approach we developed here
combines established models for the development of LIAMN,
which provides novel and much needed strategies for the
construction of vascular networks for 3D cell culture. Our
approach thus opens a new avenue that enables the efficacious
engineering of vascular networks in thick hydrogel constructs
and provides a novel conceptual and experimental framework
for vascular tissue engineering.

To develop leaf-mimicking microuidic devices, we use the
skeleton of leaves with pinnate venation, e.g., rubber tree leaves
(Hevea brasiliensis), as the template. Pinnate venation has
a main vein that extends from the bottom to the tip of the leaf,
This journal is © The Royal Society of Chemistry 2015
from which small veins are branching off. The main vein can
serve as the high-capacity supply lines for fast, long-distance
water transport,35 whereas the hierarchical structure derived
along the central axis into higher order branches (network area)
can carry out local dispersion. In addition, pinnate-veined
leaves (with an elliptic shape) have a high density of minor
veins comparing to parallel- or palmate-veined leaves,36 and
thus are expected to have a better hydraulic conductance.37 We
then fabricated PDMS-based leaf-mimicking microuidic
devices and studied the hydraulic conductance in such devices
(Fig. S1†). The results show that, given a relatively high input
pressure, high water coverage can be obtained when the outlets
of the device are located at the network area replicated from the
original leaf. Because we are interested in the development of
perfusion systems for 3D cell culture where a high coverage of
culture medium in the device is desired, the outlets of the
devices in the following studies are always located at the
network area.

We next fabricated the leaf-mimicking microuidic devices
using cell-containing agarose and examined the growth of
HCT116 colon cancer cells in such devices (Fig. 2a). Briey,
agarose (2 wt%) was mixed with HCT116 cells in a DMEM
culture medium (1 � 108 ml�1) and used as the hydrogel matrix
to fabricate the agarose-based leaf-mimicking microuidic
device. Aer the device was fabricated, it was then immersed in
a 2 ml DMEM culture medium and cultured for 3 days. In
addition, a continuous supply of culture medium through the
leaf-mimicking microuidic channel was applied. We then
examined the viability of cells within 200 mm to the channel and
found that aer 3 days, cells located at the network area, near
the 1st order branches and main vein had a viability of 95%,
93%, and 83%, respectively (Fig. 2b). In contrast, the overall
viability of cells cultured in agarose constructs with simple
straight channels (within 200 mm to the channel) dropped to
60%, whereas the viability of cells located beyond 200 mm from
RSC Adv., 2015, 5, 90596–90601 | 90597
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the channel decreased to 35%. Because diffusion-based
medium delivery in both devices is approximately the same,
the enhanced cell viability in the leaf-mimicking devices
suggests that a continuous supply of culture medium and
oxygen29 through the leaf-mimicking microuidic channel is
essential to maintain the cell homeostasis in hydrogel. In
addition, the high viability of cells located at different locations
of the leaf-mimicking devices implies a relatively homogeneous
distribution of culture medium in the hydrogel construct, and
thus shows the advantages of leaf-based microvascular network
for 3D cell culture. It should be noted, however, that because the
leaf used here has approximately a two-dimensional structure,
e.g., the thickness of the leaf is much smaller than that of its
size, leaf-mimicking microuidic devices are limited to deliver
culture medium in thick hydrogel constructs.

In order to improve the feasibility and controllability of leaf-
based microvascular structures for 3D cell culture, we further
develop a leaf-inspired articial microvascular networks
(LIAMN). We combine the Murray's law, area preserving
assumption, volume lling assumption, and L-system to
determine the key parameters that control the patterns of the
leaf-inspired microuidic devices. Specically, the degree of
branching of channels is determined by L-system, which has
been primarily developed for description of the branching
model of plants.38 L-system translates generated strings into the
derivation of alphabet symbols for illustrating the relationships
between plant branches, and thus allows the generation of
Fig. 2 HCT116 colon cancer cells in agarose-based leaf-mimicking
microfluidic devices. (A) Image of cultured HCT116 cells in the network
area of the leaf-mimicking agarosemicrofluidic devices. Scale bar: 100
mm. (B) Viability of HCT116 cells cultured near the main vein, the 1st
order branch, and the network area in 3 days. Agarose matrix with
simple straight channels is served as control. Viability of cells located
within 200 mm to the channel and beyond is measured.
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complex models by using short numbers as input parameters.
For example, a typical approach to generate branches in
L-system is (A / AB) and (B / A). (A / AB) means that the
parent branch A bifurcates into daughter branches A and B
leading to the 1th order of the level increase. (B / A) indicates
that daughter branch B returns to branch A for further bifur-
cation, without addition of the order level. By repeating the
process, complex branching structures with high orders of
levels can be generated.

The radius of branches at different levels, on the other hand,
is determined by the Murray's law and area preserving
assumption. Most of branching vasculatures including leaf
venations and mammalian circulatory and respiratory systems
obey the Murray's law, because maximum ow efficiency is
found to occur when the law is obeyed.39,40 When ow is laminar
and the volumetric ow rate is conserved, Murray's law equal-
izes the sum of the radii cubed between the parent and bifur-

cated daughter branches,

X
rdaughter3X
rparent3

¼ 1, where rdaughter is the

radius of daughter branches, and rparent is the radius of parent
branches. However, large branches with diameter greater than 1
mm follow closely to the area preserving assumption,41,42 which
states that the sum of the square of the radii of the daughter
branches (rdaughter) equals the square of the radius of the parent

vessels (rparent),

X
rdaughter

2

X
rparent2

¼ 1. Area preserving assumption

has also been veried by studying the transport efficiency in
larger hydraulic architecture like xylem, canopy area, and
branches derived from trunk. Therefore, in our study, the area
preserving assumption is used when the branch diameter is
larger than 1 mm, whereas the Murray's law is applied only for
small branches. Last, to determine the length of each branches,
we utilize the volume lling assumption, which states that the
product of the number of daughter branches and the cube of
their length equals the product of their parent branches, Nk �
Lk

3 ¼ Nk+1 � Lk+1
3, where Nk and Nk+1 is the number of branches

at level k and level k + 1, while the Lk and Lk+1 are their branch
length respectively. Assuming the network is composed of
identical tubes of equal length, volume lling assumption
ensures each of the branch would receive equal supply from the
parent branch, and meanwhile maintain a constant ow.43 This
assumption has been found well-t in trees and shrubs,
particularly angiosperms and conifers.43,44

Based on the principles discussed above, we have con-
structed a leaf-inspired microuidic network with ve levels of
branches (n ¼ 5). The radius (d) and length (l) of each branch
(channel) at specic levels are calculated accordingly (Fig. 3a
and Table S1†). In addition, two leaf-inspired microuidic
networks are combined together by connecting channels at the
5th order of the network and form a single microuidic perfu-
sion system, in which two main veins from each network serve
as the inlet and outlet respectively (Fig. 3a). A single layer of cell-
containing agarose replica with thickness of 300 � 52 mm is
then developed using the leaf-inspired microuidic perfusion
system as template. By assembling three pieces of such agarose
This journal is © The Royal Society of Chemistry 2015
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replica, we are able to construct 3D multi-layer agarose
constructs with a thickness about 1 mm (Fig. 3b). Bright eld
image of the cross-sectional area of the constructs shows the
microuidic channels at each layer (Fig. 3c). Although some of
the channels are partially collapsed (presumably due to the
cutting process), aqueous solution such as uorescein sodium
salt solution can be delivered throughout the whole construct
(Fig. 3b). Note that inlet and outlets holes were punched
throughout all the layers of the agarose device. The tubing was
inserted to the top layer such that uids can ow down vertically
to all the inlets in different layers and distribute laterally into
the vascular networks at each layer.

Indeed, when uorescein sodium salt solution is injected
into the 3D construct, we nd that not only does the dye solu-
tion ow through the vascular structure laterally, diffusion
between agarose layers is also observed, e.g., the appearance of
blurred uorescence between layers (Fig. 3b). This phenom-
enon has not been observed in PDMS devices where diffusion of
uorescein into PDMS is negligible (Fig. S2†). Because cells
encapsulated in themiddle of the agarose layer is approximately
150 mm apart from the perfusion channel located at the upper
and lower agarose layers, cells can receive oxygen and nutrient
from the perfusion channel by diffusion. In fact, cells cultured
in the entire 3D agarose construct are located within the
distance of 13–89 mm from the nearby channels (Fig. 3d) and
will receive supplies by either lateral ow or vertical diffusion.
Fig. 3 Leaf-inspired microfluidics for 3D cell culture. (A) Schematic of
the design of leaf-inspired microfluidics. The order of branching level
(n), the diameter (d) and the length of branches (l) at each branching
level are determined by combining L-system, Murray's law, area
preserving assumption, and volume filling assumption. Unit: mm. (B)
Assembly of a three-layer agarose microfluidic device for 3D cell
culture. Note that fluorescein sodium salt solution is injected into the
device to show the designed pattern. Scale bar: 2 mm. (C) Image of the
cross-sectional view of the assembled three-layer agarose micro-
fluidic device. Channels in different layers are highlighted using white
dot lines. Scale bar: 200 mm. (D) 3D construction of confocal images of
HCT116 cells in the three-layer agarose microfluidic device. Cells are
stained by nucleus-blue fluorescent dye. Positions of channels are
marked by white dot lines. Scale bar: 200 mm. (E) Viability of HCT 116
cells cultured in the three-layer agarose matrix.

This journal is © The Royal Society of Chemistry 2015
When HCT116 cells are encapsulated in each agarose layer
(Fig. 3d) and cultured for 24 hours in the stacked agarose
constructs, for example, the viability of cells is 72%, 80% and
85% for top, middle, and bottom layer, respectively (Fig. 3e),
implying that the perfusion system is able to effectively deliver
the culture medium to cells at each layer. The deviation of cell
viability from each layer may arise from the introduction of
culture medium, because there are pressure differences
between the inlet and different layers, which may result in
different medium distributing efficiency between layers. Note
that the cell viability is measured in the area of 3rd–5th order
branches but throughout the entire hydrogel construct.

To examine the feasibility of the developed LIAMN for long-
term cell culture, we have monitored the growth of cells inside
the 3D agarose constructs for 14 days. Fig. 4a shows the
distribution of cells in the 3D agarose constructs at the
beginning of the culture (day 1). Aer three days, most of the
cells start to divide for proliferation, which can be observed by
the increased uorescent intensity of living cells on day 3 and 9
(Fig. 4b and c). Notably, formation of cell spheroids has been
observed at day 9 (Fig. 4c). Fig. 4d shows the cell spheroids
stained by actin-green and nucleus-blue. Evidently, nucleus
forms cluster whereas actin are mostly surrounding at the edge
of the spheroid. At day 14, however, dead cells start to appear
(Fig. S3†), presumably due to the nature of the agarose
matrix.33 Nevertheless, the developed LIAMN system has real-
ized the superiority of microuidics for nutrient supply and
removal of metabolic waste through the embedding vascular
systems and provides a new approach to obtain long-term
spheroid culture.
Fig. 4 Growth of HCT116 cells in the developed three-layer leaf-
inspired agarose matrix. 3D construction of confocal images of
HCT116 cells stained with cell Live/Dead assay at day 1 (A), 3 (B), and 9
(C) of culture. Scale bar: 200 mm. Inset: merged bright-field and
fluorescent images of cells at the single cell level. Scale bar: 5 mm. (D)
Merged bright-field and fluorescent image of cell spheroids stained
with actin-green and nucleus-blue fluorescent dye. Scale bar: 100 mm.
Inset: fluorescent image of a single spheroid. Scale bar: 10 mm.

RSC Adv., 2015, 5, 90596–90601 | 90599
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Conclusions

In summary, we have introduced microuidic approaches to
explore direct replication of leaf venation and LIAMN for the
construction of complex and hierarchical microvascular
networks for 3D cell culture. Our approach begins with leaf-
mimicking microuidic perfusion system fabricated via direct
replication of leaf venation structures and shows that such
perfusion system can maintain high cell viability for short-term
3D cell culture. We subsequently incorporate the framework of
branching models to construct the leaf-inspired microuidic
perfusion systems that support cell growth in 3D hydrogel
constructs for at least two weeks. The developed LIAMN thus
may open new avenues that enable the efficacious engineering
of vascular networks in thick tissue constructs. Furthermore,
the current approach also provides a strategy in which an
algorithm can be developed to tune geometric factors such that
cell growth, nutrient delivery and biological processes can be
regulated in a dynamic and time dependent manner in 3D.
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