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Recent studies have validated a vascularization strategy that

relies on microfluidic networks within biomaterials as templates

to guide the formation of perfused vessels. This review

discusses methods to form and vascularize microfluidic

materials, physical principles that underlie stable

vascularization, and computational models that seek to

optimize the microfluidic design.
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Introduction
Vascularization of biomaterials — whether for envisioned

applications in tissue engineering or for use in ‘organ-on-

a-chip’ devices — remains a challenging problem, as a

quick glance at many of the reviews in this issue reveals.

Traditional methods of vascularization, based on the

controlled release of angiogenic factors or on the self-

organization of vascular cells into open tubes, have suc-

cessfully elicited the growth of durable, functional vas-

cular networks in vitro and in vivo [1–4]. Nevertheless,

these methods all require at least three days for gener-

ation of a perfused vascular network; this waiting period

may be a fundamental limit to vascularization strategies

that rely in part on biologically-driven tubulogenesis and

anastomosis. In addition, these methods cannot easily

control the number and placement of vessels within a

biomaterial, a goal that may be especially desirable in

vascularized tissue arrays for high-throughput screening.

Formation of networks on a faster time-scale and with

better spatial control requires new strategies that can

replace biological processes by other ones.

The geometric similarity between microvascular net-

works in vivo and many of the microfluidic networks that

can be routinely created in the laboratory suggests that a

microfluidic approach may be well-suited for creating

vasculature. In particular, the presence of preexisting

open channels within microfluidic materials can poten-

tially eliminate the need for self-organized tubulogenesis

and anastomosis, by providing a template that forces the

growth of vascular cells into the desired open tubes and

networks (Figure 1a). With a one-to-one scaling between

the microfluidic channels and the subsequent microves-

sels, precise control over the sizes and locations of vessels

may become possible.

This review highlights recent progress in the realization

of this microfluidic strategy for vascularizing biomaterials,

and discusses possible future directions. It does not cover

the much larger literature on vascularizing silicone

(PDMS)-based microfluidic devices [5,6]. For a review

of methods that generate vascular networks in microscale

bulk gels, I refer the reader to the article by George in this

issue.

Microfluidic vascularization of biomaterials
Several additive and subtractive methods have been

developed to construct and vascularize microfluidic net-

works directly within biomaterials (Figure 1b) [6]. ‘Vas-

cularization’ in these methods, with rare exception, refers

only to the formation of an endothelial lining on the

channels. Most of these methods focus on patterning

hydrogels, both natural (e.g. collagens, fibrin) and syn-

thetic [e.g. polyethylene glycol (PEG)]. In 2006, my

colleagues and I described a simple process for generating

single microvessels in extracellular matrix (ECM) gels [7];

this process uses a thin cylindrical rod as a template.

Because the process relies on physical removal of the rod

to generate a channel within the gel, it can be extended to

a wide variety of materials, including silk and photocur-

able polymers, as recent studies have shown [8,9]. Seed-

ing endothelial cells as a suspension into the channels is

straightforward, as long as the diameter of the channels is

above �50 mm; cells tend to clog narrower channels [7].

Given that ECM gels are outstanding substrata for cell

adhesion, spreading, and growth, it is not surprising that

seeded cells attach to the surface of the channels and

proliferate to form open, tubular monolayers.

Recent work has extended this single-channel process to

form microfluidic configurations of greater complexity.

For instance, it is possible to incorporate empty channels

next to the endothelial tubes by using multiple rods as

templates in a single scaffold (Figure 2a). These channels

have been used to independently modulate the fluid

pressures within the vessel and scaffold, thereby enabling

the generation of lymphatic-like drainage [10�]. They

have also been used to control the composition of the
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interstitial fluid, in particular, to generate gradients of

cytokines for in vitro studies of angiogenesis [11].

Microfluidic biomaterials that contain interconnected

networks rather than disjoint channels have required

fabrication methods based on photolithographic and soft

lithographic processing. Additive photopatterning of syn-

thetic PEG gels, in which exposure to light induces the

formation of a gel, is now well-established [12,13]. Recent

studies have also shown that subtractive processing of

synthetic gels is possible, through incorporation of photo-

labile bonds within the gel [14]. For these materials, the

advantage of well-defined chemistries that tailor the

photosensitivity is tempered by the need to incorporate

adhesion groups into the resulting material to ensure that

endothelial cells can attach to the channels. In principle,

direct photoablation of ECM gels to form channels is also

possible, although only the generation of internal cavities

has been described [15].

For patterning interconnected networks into ECM

gels, soft lithography has emerged as the method-of-

choice, and recent studies have taken advantage of the

gentle, physical nature of micromolding to generate

such networks. Driven by the finding that separately

molded alginate gels could be fused into a single

entity with the molded features defining microfluidic

networks [16], several studies have shown that a

similar additive approach can be used to form micro-

fluidic networks within ECM gels [17,18�]. Alterna-

tively, a micromolded mesh of gelatin can serve as a

sacrificial template around which ECM gels are

formed [19]. An interesting pair of studies by Chen

and colleagues and by Lewis and colleagues recently

showed that direct writing of concentrated sugar or

Pluronic solutions can generate free-standing, three-

dimensional sacrificial templates for the formation of

large-scale, complex networks within a variety of

natural and synthetic hydrogels (Figure 2b) [20�,21].

‘Viscous fingering’ of a liquid collagen gel has also

been used to generate channels and networks [22]. In

these studies, the inherently adhesive nature of the

ECM induced formation of open, interconnected

endothelial networks that followed the design of the

original microfluidic patterns.

Taken together, these studies demonstrate the remark-

able diversity of microfluidic structures and biomaterials

that can now be vascularized. As originally envisioned,

the unique ability of microfluidic materials to support

fluid flow has provided a means to distribute endothelial

cells throughout the channels and to provide perfusion

after seeding.

Physical principles of microfluidic
vascularization
Although microfluidic channels have successfully

directed the initial formation of open vascular tubes

and networks, less is known about the long-term stability

of these vessels. As noted above, most studies to date

have relied solely on endothelial cells to generate the

vascular lining. Numerous studies in vivo have estab-

lished that mural cells, such as pericytes and smooth

muscle cells, are required to ensure survival and quies-

cence of the endothelium. Perhaps not surprisingly, the

stability of vessels in microfluidic materials appears to be

highly sensitive to the perfusion conditions. In the

absence of any special treatment, these vessels can

degrade over the span of weeks, often sloughing off as

a sheet or denuding as individual cells; in such cases, the

perfusion rate can decrease substantially.
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Microfluidic strategy of vascularization. (a) Patterned biomaterials serve

as templates that guide the formation of vessels; non-vascular cells can

be incorporated during the patterning step or after vascularization.

Perfusion can follow immediately after vascularization. (b) Examples of

different techniques to form microfluidic scaffolds.
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