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Microfabricated
microvasculature networks

Cells in their native environment obtain

their nutrients and supplies through

high density capillary networks. This is

because transport through diffusion is

insufficient to maintain cell survival for

distances exceeding a few microns.1

Hence the creation of thick tissue con-

structs necessitates the development of

endothelialized vascular networks, which

remains one of the major challenges in

the field of tissue engineering.

To address this challenge, Cooper-

White and colleagues have proposed a

design based on a microfluidic vascular

network.2 This microfluidic device allows

for rapid, uniform, and complete forma-

tion of an endothelial layer under con-

tinuous flow conditions by mimicking the

equivalent in vivo tissue and its vascula-

ture. A similar methodology had been

applied previously by Weinberg et al.,3

however, in contrast to Weinberg’s work,

the work by Cooper-White ensured the

generation of uniform physiological wall

shear stresses throughout the microfluidic

device, as well as a uniform velocity

profile in all device channels.

The device structure was based on a

multi-rung ladder network fabricated

from poly(dimethylsiloxane) (PDMS)

using conventional soft lithography tech-

niques. It consisted of an input channel

branching into a series of parallel micro-

channels, which then culminated in a

single output channel. A uniform velocity

profile in all channels was achieved

allowing uniform delivery of nutrients

and oxygen to cells. In addition, the

dimensions of the channels were designed

to be similar to in vivo vascular channels in

order to adequately mimic the structure of

the vasculature. Finally, shear stress levels

representative of the in vivo conditions

were generated on the channel walls by

carefully controlling the pressure differ-

ences inside the device. For example, a

low and uniform shear stress on the order

of 0.1 Pa could be generated in all

channels simply by adjusting the on-chip

flow to generate the desirable shear range

for human umbilical vein endothelial cells

(HUVECs). This approach generated a

shear stress that was ten times smaller

than in similar work3 and was suitable

for continuous endothelialisation of the

channels with HUVECs.

To visualize and assess the integrity of

endothelialisation, immunofluorescence

staining techniques were utilized. After

coating the channel walls with fibronec-

tin, the vascular network was perfused

for 24 h, and HUVECs were observed to

attach, spread, and bridge corners inside

the rectangular channels. This is particu-

larly interesting since it had previously

been suggested that the shear stress

variation inside rectangular channels

was detrimental to cell growth as

opposed to rounded channels.4

Currently, this system is limited to

short-term culture (72 h) due to the

hydrophobic nature of PDMS. However,

the authors acknowledged that in the

future they could either surface-treat

PDMS or choose a more cell-friendly

device material. Nevertheless, they suc-

ceeded in forming a 3D confluent network

with a high degree of endothelialization

compared to similar microfluidic vascu-

lature platforms. The cells were observed

to attach to the channel walls after 28 h

of culture compared to several days in

previous reports.5

The ability to rapidly assemble

HUVECs to form microvasculature in

vitro makes this an attractive platform

for studies aimed at understanding the

mechanisms of forming artificial vascular

networks in vitro and eventually creating

3D tissues with vasculature. This is

especially noteworthy, as the channel

sizes on the device prototype were similar

to the circulatory network in vivo and

the device fabrication and operation is

simple and well understood.

Decoupling mechanical and
chemical cues in cell-based
systems

Cells are known to alter their behavior in

response to chemical and physical stimuli

from their surroundings.6 To effectively

engineer tissues in vitro, it is important to

understand the biological basis of this

response and to incorporate appropriate

external cues into the cell culture plat-

forms. Microscale techniques are parti-

cularly amenable to designing such

studies, as they provide an excellent

control of the external cues and allow

for independent manipulation of differ-

ent stimuli.7 However, the majority of

lab-on-a-chip-based studies so far have

been limited to testing topographical and

chemical stimuli, since incorporating

spatially and time-controlled mechanical
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cues, e.g. via chips with moving parts, is

far more technically challenging.

To address this issue, Antaki, LeDuc and

colleagues have developed an innovative

microscale solution that allows for inde-

pendent control of mechanical and chemi-

cal stimuli to single cells. In their work,

Ruder et al.8 created an open glass plat-

form, onto which they loaded a single cell

and pinned it underneath a movable fiber

for mechanical actuation. More specifically,

a polypropylene scaffold consisting of three

fibers (pin, central and actuation fiber) was

attached to a glass slide with PDMS as glue

(Fig. 1a,b). A single cell was then placed

onto the fibronectin-coated glass slide, such

that it attached to the actuation fiber. When

this fiber was displaced using a needle, the

upper side of the cell was displaced as well,

causing the cell to stretch (Fig. 1c). The

amount of stretch could be controlled by

changing the location of the cell underneath

the actuation fiber. Namely, its displace-

ment varied with the distance from the pin

fiber (Fig. 1d–f). If required, a chemical

solution could be added on top of the

scaffold prior to or after the mechanical

testing, thereby providing an alternative,

independent observation of the cellular

response.

The proof-of-concept study was con-

ducted with NIH-3T3 fibroblasts. First,

cells were cultured on the chip for 1–

2 days and allowed to migrate and attach

to the fiber scaffold. When observed

under an optical microscope, cells which

attached to the fibers were seen to have

stellate morphologies, while unattached

cells were planar and had a distinct

nuclear bulge. Furthermore, the distribu-

tion of the actin cytoskeleton was wider

along the z-axis in cells attached to the

fiber, than in surface-confined cells, again

indicating the 3D cell structure. Finally,

the calcium signaling response of cells

loaded with a synthetic calcium dye and

exposed to mechanical and chemical

stimuli was measured by analyzing the

fluorescence intensity of the cells. A brief

increase in calcium concentration was

observed after a critical stretch magnitude

was applied to the cells. The subsequent

addition of ATP led to a longer-lasting

calcium increase with dynamics revealing

that calcium signaling pathways remained

intact after the stretch.

A major benefit of this experimental

approach is that it provides an opportu-

nity for testing cells in 3D. Certain cells,

such as fibroblasts, are known to exhibit

different morphologies in 2D and 3D

environments, and although the cells in

this case are confined to a flat surface,

pinning them to an elevated fiber provides

the 3rd dimension. Next, the chemical

signal could be applied independent of the

mechanical stretch, simply by exchanging

the chemical solution bathing the pinned

cell. This results in a more accurate

measurement of the cell response than,

for example, in 3D cell-encapsulating

hydrogels, which can interfere with the

chemical. Furthermore, this method is

compatible with optical microscopy meth-

ods, and since only a single cell is tested at

a time, there is no need for confocal

imaging. Also, the fabrication of this

platform is simple, fast and cheap.

Parallelizing the system for simultaneous

observation of multiple cells, as well as

adding microfluidic perfusion structures,

could result in a chip that serves the needs

of a range of biological and bioengineer-

ing studies.

Chitosan nanoparticles for fuel
cell membranes

Fuel cells convert chemical energy of

hydrogen-oxygen reactions into electrical

Fig. 1 a) and b) The minimal-profile 3-dimensional (MP3D) device for mechanical actuation and chemical testing of single cells; c) and d) the

actuation mechanism; e) the actuation fiber displacement. Figure reprinted from Ruder et al.8 with permission from the Royal Society of

Chemistry.
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energy, by means of electrolyte ions,

which move between a cathode and an

anode. Some fuel cells utilize proton

exchange membranes, which conduct

only protons, but not electrons.9 A

material of choice for these membranes

is the synthetic polymer Nafion, as it

offers controllable proton conductivity.

However, Nafion can be porous to fuel,

as well. This characteristic can be mod-

ified by the inclusion of fillers in the

Nafion membrane, as long as these fillers

do not diminish the conductivity of

protons.10

The approach taken by Renaud and

coworkers is centered on the inclusion of

chitosan nanoparticles into the Nafion

membrane to limit the membrane pore

size and increase the proton conductivity.

Majedi et al.11 used a standard flow

focusing, PDMS-based setup to fabricate

chitosan nanoparticles. The chitosan

solution was delivered in the core flow,

and the sheath flow consisted of an

aqueous adenosine triphosphate (ATP)

solution (Fig. 2a–b). The most common

ionic crosslinker for chitosan gelation is

sodium tripolyphosphate, however the

researchers chose ATP for its adenine

groups, which can improve the proton

conductivity of the resulting fuel cell

membrane.

Interestingly, the core and sheath flow

rates were chosen in the jetting, rather

than the drop-making region. The novelty

of this approach is that ATP diffused into

and mixed with the chitosan solution to

nucleate particles on the order of 100 nm.

This particle size can otherwise only be

reached by using sub-micron sized nozzles

and very high flow rate ratios, which is

less efficient. It was observed that the

mixing time of the two solutions, con-

trolled by the flow rate, affected the

droplet and particle size. Namely, com-

paratively high flow rates (y1–10 ml

min21) resulted in a mixing time on the

order of a few ms and produced smaller

particles, while flow rates that were one

order of magnitude lower required a

longer mixing time and created larger

particles. The crosslinked chitosan

nanoparticles ranged in size from

y100 to 200 nm, similar in dimensions

to the ones fabricated by other fabrica-

tion techniques, e.g. flash mixing. The

two flow rates also affected the amount

of surface charges on the particles. An

increase in the flow rates caused a

reduction in surface charges and there-

fore in Zeta potential of the particles,

since the manufactured particles had a

small surface. Still, this method pro-

duced nanoparticles with at least 20%

more surface charges than bulk mixing.

Last, a constraint placed on this micro-

fluidic nanoparticle fabrication method

required that the chitosan-ATP mixing

time be shorter than the gelation time.

This would ensure that the particles

were stable and more homogeneous in

size than particles generated by bulk

mixing.

The crosslinked chitosan-ATP nano-

particles were incorporated into a

Nafion membrane using solvent casting,

at a 2% weight fraction. The filled

Nafion membrane had four times lower

permeability to oxygen than an unfilled

membrane, indicating that employing

chitosan-based nanoparticles as fillers

could potentially also reduce the per-

meation of fuel. In addition, the con-

ductivity of the filled membrane was

higher than the unfilled membrane, and

also increased with the temperature.

Here, the largest gain was made with

the smallest nanoparticles (100–120 nm),

most likely due to their comparatively

large surface area and the high number

of surface charges. This led to an

improvement in fuel cell performance,

expressed as a 3-fold increase in max-

imum power output compared to

traditional Nafion-based fuel cell mem-

branes. The filled membrane could be

used continuously for over 100 h with

high performance stability.

The present work is noteworthy for its

creative application of a flow-focusing

setup to generate nanoparticles with a

narrow size distribution. A similar

approach could be used for the fabrica-

tion of materials with novel physical

properties. It also serves as an example

for the diversity in the use of micro-

fluidics, which include membrane devel-

opment and energy applications.
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Fig. 2 The flow focusing setup (a,b) used for generating chitosan nanoparticles crosslinked with ATP (d) and the schematic representation of the

gelled particles (c). Reprinted from Majedi et al.11 with permission from the Royal Society of Chemistry.
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