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A microfluidic neuronal platform for neuron axotomy
and controlled regenerative studies

Ziqiu Tong,” Miriam Segura-Feliu,“de Oscar Seira, “* Antoni Homs-Corbera, “*“*

José Antonio Del Rio,"” and Josep Samitier*”

Understanding the basic mechanisms of neural regeneration after injury is a pre-requisite for
developing appropriate treatments. Traditional approaches to model axonal lesions, such as
high intensity power laser ablation or sharp metal scratching, are complex to implement, have
low throughputs, and generate cuts that are difficult to modulate. We present here a novel
reproducible microfluidic approach to model in vitro mechanical lesion of tens to hundreds of
axons simultaneously in a controlled manner. The dimensions of the induced axonal injury and
its distance from the neuronal cell body are precisely controlled while preserving both the
proximal and distal portions of axons. We have observed that distal axons undergo Wallerian-
like anterograde degeneration after axotomy; in contrast, proximal portions of the axons
remain un-degenerated, possessing the potential to re-grow. More importantly, surpassing the
previous axotomy methods performed in petridish in which local microenvironments cannot be
tailored, our platform holds the capability to implement fine-tuned treatments to lesioned axon
stumps in a local, controlled manner. Specifically, molecules such as chondroitin sulphate
proteoglycans and its degrading enzyme Chondroitinase ABC, hydrogels, and supporting cells
have been shown to be deliverable to the lesioned site of injured axons. In addition, this system
also permits double interventions at the level of the lesioned axons and the perikaryon. This
proves the potentiality of our model by demonstrating how axonal regrowth can be evaluated
under circumstances that are better mimicking biological problems. We believe that this novel
mechanical microfluidic axotomy approach is easy to perform, yields high throughput axon
lesions, is physiologically relevant, and offers a simplified platform for screening of potential
new neurological drugs.

these patients can be extremely expensive." ? Understanding the

Traumatic injuries of spinal cord can lead to life-long disability,
and in some more severe cases, can cause deaths. Survivors of
the injuries usually suffer sustained physical and emotional
problems resulting a reduced quality of life; long-term care of
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basic mechanisms involved in the neuronal injury process
hence becomes an important aspect of translational research
aiming to establish therapeutic interventions to alleviate the
disability condition and to help the patients to reintegrate into
the society.?

Neuronal cell response after injury depends on the distance
from the axotomy site to the cell body, and the number of
remaining axonal collaterals.* The proximal lesioned axons
undergo membrane reseal to prevent further damage, while the
distal axons progress to anterograde degeneration.’ A critical
step for axon regeneration is the transformation of damaged
proximal stump into a new growth cone recapitulating a
developmental process, which then must cross the injury site of
glial scar to reconnect with its original target.® Factors that
control the growth cone formation and axonal re-growth
include the intrinsic regenerative ability of neuron cells as well
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as the extrinsic microenvironment that impedes the regrowth of
damaged axon.”

Researchers have used combined in vivo models as well as in
vitro models in the attempt to better understand the complex
mechanisms of axon regeneration.*'' In vitro models can
complement in vivo research and allow for exploitation of
different issues. The advantages of using in vitro models
include lower cost, ease of use, tighter control of experimental
variables, and, on occasion, single cell analysis. Moreover, in
vitro systems increase experimental throughput, and can offer a
simplified platform for pharmacological screening. To this end,
various in vitro neuronal injury models have been used in the
past to study neuronal responses after axotomy. For example,
axonal bundles have been sectioned with sharp metal blades,
glass microelectrodes, rubber impactors controlled by
electrically driven shaft, detergents, nano-knives, and high
% 1220 Although these in vitro

techniques have yielded a wealth of knowledge on axon

intensity power lasers."

regeneration, they generally require highly trained technical
skills and often demand sophisticated computer-controlled
micro-manipulators. Moreover, these techniques invariably
alter the molecular integrity of culture substrate, relevant for
axonal regrowth.?!

Microfludics

drawbacks.'” 2> ** In this study, we have utilized a multi-

approach has alleviated some of these
compartment microfluidic model based on our previous
device,”® which enables controlled, simultaneous axotomy of a
large number of axons. This method maintains the distal as well
as proximal axon remains after lesion, while preserving its
supporting substrate coating. Indeed, this in vitro microfluidic
system setup is ideal as a model for neuronal injury studies of
long-range axon projections (e.g., corticospinal tract). More
importantly, our system can be easily adapted to present
inhibitory or positive molecules to the lesioned axonal
terminals. /n vivo, a meningo-glial scar forms after injury to the
central nervous system.”" ** 23 Chondroitin proteoglycans
(CSPG) are inhibitory extracellular matrix molecules that are
produced by reactive cells found in the menigo-glial scar.”>?’
With microfluidics approach, we are aiming to engineer the in
vivo-like microenvironments in chip. As a proof of concept, we
have introduced CSPG as inhibitory molecule inside the device
after performing the axotomy, exposing the lesioned axonal
ends to the local influence mimicking the CSPG upregulation
by reactive cells observed in vivo after lesion. Lastly, this
system also allows us to successfully incorporate hydrogels at
the lesioned site after axotomy to access more 3D-like in vivo

conditions as apposing to axonal regrowth on flat 2D surfaces.

Results

Design, fabrication, and characterization of mechanical
axotomy chip

The microfluidic-based mechanical axotomy chip was an
optimized modification from our previous design of large dual
chamber, open neuronal co-culture platform. * The axotomy

2 | RSC Adv, 2015, 00, 1-3

chip consists of two main open chambers interconnected by
microchannels and intersected perpendicularly by an axotomy
channel (Fig. 1a). The large chamber areas (5 mm x 5 mm)
facilitate effective cell culture and easy handling. Figure 1b
illustrates a 3D representation of the overall chip design and
Figure 1c shows a final assembled PDMS device bonded over a
glass coverslip. Cortical neurons were plated in one of the two
open chambers, which were pre-coated with Poly-D-lysine. The
small cross-section area of microchannels (2.5 pm x 10 pm)
restricts the crossing of cortical neuron cell bodies, but permits
the passage of neuritic processes (Fig. 1d and ¢). An axotomy
channel was designed to be perpendicular to these
microchannels with varying width and position relative to cell
seeding chamber (Fig. 1f). Our chip design includes a total of
100 microchannels and with reference ID numbers to identify
individual microchannels (Fig. 1e). The axotomy channel has
an inlet well 3 mm in diameter and an outlet well of 1 mm in
diameter. The inlet well was designed to be large enough for
easy

micropipettes, as when introducing exchanging fluid into the

subsequent handling using common laboratory
axotomy channel. The 1 mm outlet hole forms a tight seal with
a connecting tubing (24 gauge) for handling fluids (ESI Video
1, 2), or, alternatively, with laboratory micropipette tips (0.1-10
pL) for manual aspiration (ESI Video 3). Unlike the approach
of using sharp objects or chemicals to induce axonal injury,
which inevitably violates the substrate ECM coating, a
microfluidics approach is non-destructive and preserves the
integrity of the substrate coating (ESI Fig. 1). Furthermore,
since the chips are assembled on thin coverslip, high resolution
imaging with confocal microscopy is highly suitable (ESI Fig.
2).

As a proof-of-concept to demonstrate the applicability of our
microfluidic-based mechanical axotomy, primary cultures of
cortical neurons from E16.5 embryos were used. Although a
large percentage of neurons can be identified using TUJ1
antibodies, astrocytes (Fig. 1g) and oligodendrocytes (Fig. 1h)
in moderate percentages were also present. Cultured neurons
expand dendrites (identified using MAP2 antibodies) to a
maximum of 200 um?*? (Fig. 1i-j), while their axons can extend
up to 2 mm in length over time (ESI Fig. 2). Growing axons
were able to enter the microchannels from the cell culture
chamber area (Fig. 1k.1), cross the axotomy channel (Fig.
1k.2), and finally exit the distal half of the microchannels into
the opposite chamber (Fig. 1k.3) after 5-7 days in culture.
Interestingly, some axons were able to cross straight through
the axotomy channel and enter directly into the opposite
microchannels, while some axons were growing randomly
inside the axotomy channel (Figs 1k.1-3).

To demonstrate the tunability of our chip, we designed and
fabricated axotomy chips with axotomy channel widths of 30
pm, 50 pm, and 100 um. In all cases, axons were able to
successfully cross these axotomy channels, when axotomy were
performed around 7 DIV (ESI Figs. 3a-d). We also modified
the distance from the axotomy channel to the neuronal reservoir
(100 pm, 250 pm, and 500 pm) (ESI Fig 3). After these
modifications we were unable to determine increased neuronal

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Axotomy device schematics and characterizations. (a) Schematic diagram of microfluidic-based axotomy chip showing dimensions of different

components. (b) 3D representation and a photograph (c) of the final axotomy device. (d) Schematic drawing showing the view from the axotomy

channel which connects microchannels. Interferometry measurements of the dimensions of axotomy channel (e) and microchannels (f). Confocal

photomicrographs of cortical neurons (DIV7) growing on chip showing a mixed co-culture of cortical neurons (a-TUJ1 positive), (g) astrocytes (a-

GFAP positive), and (h) oligodendrocytes (a-olig2 positive). (i) Low density seeding of cortical neurons showing the neurites (a-MAP2 positive) (i)

and axons (j). Photomicrographs of different parts of the axotomy chip when seeded with cortical neurons for 7 DIV (k): (k.1) microchannel entrances;

(k.2) axons entering the axotomy channel, (k.3) axons exiting the microchannels and entering the opposite chamber. Scale bars = 20 pm (g - j) and 50

um (k.1 —k.3).

dead in the neuronal reservoir. However, regenerating neurites
were more abundant after lesioning at 100 um of distance (ESI
Fig 3f-h). Morphologically, growing neurites were thicker, thus
corresponding to the classical description of growing dendrites.
* In addition and to ensure that we were severing the axons and
not the dendrites, the subsequent microfluidic chips were
designed to have minimum distances of 500 um from the cell
bodies (ESI Fig. 3h).
High throughput mechanical axotomy via vacuum
aspiration in chip

Axotomy of cortical neurons via vacuum aspiration was
performed at 7 DIV and 15 DIV (not shown). Cortical neurons
were chosen to be axotomized at 7 DIV, because at this age,

axons still are able to regrow after injury.'® Figure 2a is a

This journal is © The Royal Society of Chemistry 2014

schematic drawing of the process of axotomy via vacuum
aspiration using a common laboratory micropipette (i.e.,
PIPETMAN or similar). The media inside the inlet well (@ =3
mm) was first removed using a micropipette. Pipette tip (size
0.1-10 puL) was small enough to form a tight seal with the outlet
well (@ = 1 mm) due to the elastic property of PDMS material.
An air bubble was induced inside the axotomy channel when all
the residual liquid was emptied out by aspirating from the outlet
well (Fig. 2b). New fresh media can be reintroduced from the
inlet well, and the aspiration process is repeated to bring new
media into the axotomy channel. This simple aspiration method
can effectively cut all the axons crossing the axotomy channel
simultaneously (Figs. 2c¢ and d). However, in certain cultures,
some axon bundles could become quite strong, requiring the
refill and aspiration procedure to be repeated to ensure the

RSC Adv., 2012, 00, 1-3 | 3
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Fig. 2 Mechanical axotomy via vacuum aspiration. (a) Schematic representation of axotomy process using laboratory pipette. (b) Photomicrograph

shows air bubble was moving across the axotomy channel. (¢) Cortical neuron culture (7DIV) showing axons crossing the axotomy channel prior to

axotomy process. (d) Photomicrograph shows the high throughput of axotomy via vacuum aspiration. High magnification micrographs depicting

portions of axons of lengths of (¢) 30 um, (f) 50 um, and (g) 100 um being axotomized by microfluidic devices. Scale bars = 50 pm.

complete axotomy of axon bundles (data not shown). To this
end, we designed and successfully severed axon bundles using
axotomy chips with different channel widths, of 30, 50, and 100
pm (Figs. 2e-g).

Distal portion of axons showed Wallerian-like anterograde
degeneration
Using our microfluidic device approach, we observed
Wallerian-like axon degradation after axotomy, irrespective of
the distance from the lesion to the soma or the width of the
axotomy channel (Fig. 3). Axon degeneration started shortly
after performing mechanical axotomy in chip. One hour after
the axotomy, quick responses from the distal axon terminals
could be observed: their filopodia had been retracted, axons had
started to break down the cytoskeletons, and bead formation
had begun to appear (Figs. 3b and c). Three hours later, the
axon bead formation phenomenon was more pronounced and
the axons were becoming fragmented (Fig. 3d). By 24 hours
post-axotomy, we could already notice the axons had become
completely degraded and a large amount of cellular debris was
observed (Fig. 3e). In contrast, the proximal portions of axons
within the microchannels did not show this degradation as
expected (Figs. 3f and h), but the distal portions of the axons
within the microchannels showed clear degradation at the same
time points (Figs. 3g and i).

The proximal portion of axons showed regrowth after
mechanical axotomy

4 | RSC Adv, 2015, 00, 1-3

Young lesioned axons have an intrinsic capacity to regenerate
when not posed with a hostile environment.'® 2® We performed
time-lapse experiments to track the responses from the
proximal segments of the axons (Fig. 4). Prior to axotomy, we
could see axon bundles crossing the 100 pm wide axotomy
channel and reaching the opposite microchannels (Fig. 4b).
After performing the axotomy, the axonal portions inside the
axotomy channel were completely removed (Fig. 4c). However,
2 hours after the axotomy, we could already observe axons
sprouting from the cut axon bundle (Fig. 4d). Six hours after
axotomy, extensive elongation of the axons was detected (Fig.
4e), and this axonal extension continued even up to 24 hours
(Fig. 4f). Please note, we have also obsvered the typical end
bulb morphology of lesioned axons changed to a large growth
cone with relevant filopodia (Figs. 4b-f). These processes also
occurred when a 50 [Jm wide axotomy channel is used (Figs.

4i-j).

CSPG incubation after axotomy showed limited regrowth,
while ChABC treatment restored axon regrowth

In vivo, CSPG has been reported to be the main inhibitory
molecule up-regulated by scar associated cells.?® To this end,
we wanted to determine whether our in vitro system was
suitable for controlled drug application aimed at enhancing the
regeneration of lesioned axons when exposed to inhibitory
molecules (Fig 5). First we used a fluorescent dye as a control
solution to demonstrate that the chemicals were introduced
inside the axotomy channel (Fig. 5b). A complete sequence of

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Distal segments of severed axons show Wallerian-like degeneration. (a) Schematic representation of axon degeneration after axotomy, indicating
terminal, distal, and proximal portions of axons. (b) Axon terminals exhibit healthy normal growing morphology before axotomy. 1 hour (c), 3 hours
(d), and 24 hours (e) after axotomy process they show degradation. Proximal segments of axons show normal growth morphology 1 hour (f) and 3

hours (h) after axotomy, compared to distal parts of the axons at 1 hour (g) and 3 hours (i), respectively. The arrows indicating axon bead formation.
TAA: time after axotomy. Scale bars = 50 pm (b - e); 10 um (£, g) and 50 pm (h, i).
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Fig. 4 Proximal segments of axons showing regeneration after axotomy. (a) Schematic drawing representing the regrowth of axons after axotomy. (b)
Axons growing across the 100 pm axotomy channel before axotomy process. Time-lapse micrographs showing the regrowth of severed proximal axons
at 0 (¢), 2 (d), 6 (e), and 24 hours (f) after axotomy. (g) Photomicrographs of an axon terminal end bulb after axotomy and (h) new growth cone. Axons

were stained with Calcein AM (i) prior to axotomy and re-stained (j) after 24 hours regrowth (j). TAA: time after axotomy. Scale bars = 20 pm (b-f)
and (i, j); 5 um (g, h).
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the experiments can be seen in Figures 5c to 5f. Namely, after
lesion, CSPG was added and incubated inside the axotomy
channel overnight (Fig. 5d). 24 hours later, very limited
regrowth of the cut axons was observed (Fig. 5e). CSPG
solution was then removed, and the axotomy channel was
reconditioned with fresh media. Additional 24 hours after the
removal of CSPG, no axonal regrowth was observed (data not
shown). However, regrowth was restored upon
treatment with ChABC, 24 hours after enzyme treatment (Fig.

5f).

axonal

—— |
=
aspiration

Fig. 5 Axotomy chip was treated with CSPG and then ChABC. (a)
Schematic representation of introduction of a chemical inside the

axotomy channel. (b) Axons were stained with Calcein AM prior to
axotomy, and then a red fluorescent dye was used to visualize the flow of
fluid inside the axotomy channel. Photomicrographs show the axons
before (c) and after (d) axotomy. (¢) CSPG was introduced inside the
axotomy channel after the axotomy, and photomicrograph was taken 24
hours after the incubation of CSPG. (f) Photomicrograph was taken 24
hours after ChABC treatment, which is 72 hours after initial axotomy.
TAA: time after axotomy. Scale bars =50 pm.

RSC Advances

of the microchannel where previous debris from degraded
axons was still present (Fig. 6h). Lastly, as a proof-of-concept,
we introduced and maintained the growth of TEG3-eGFP cells
inside the axotomy channel (ESI Fig. 4).

4growth cone E
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b \._b new axon
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Fig. 6 Introduction of matrigel inside axotomy channel after axotomy. (a)
Schematic representation of introduction of matrigel inside the axotomy
channel. (b) Matrigel mixed with fluorescent beads was introduced inside
the axotomy channel (with = 100 pm). Axons were stained with Calcein
AM; photomicrographs were taken before (c) and after (d) axotomy
process and incorporation of matrigel (d). (e) Confocal micrograph of
axons growing inside the matrigel 24 hours after axotomy. (f) 3D
reconstruction of axotomy channel embedded with matrigel and with
axon regrowth in the scaffold. (g) Cross-section view shows the axons
growing at a different z-plane. (h) New axons grow into the distal parts of
the microchannels where the old axons have been degraded. TAA: time
after axotomy. Scale bars = 50 um.

Matrigel inside the axotomy channel allowed 3D regrowth
of lesioned axons after axotomy

We also wanted to determine whether we would be able to
create a denser, 3D-like matrix inside the axotomy channel after
axotomy. Hence, we chose Matrigel as our extracellular matrix
model (Fig. 6a). First, we incorporated fluorescent microbeads
with Matrigel to demonstrate that this dense matrix could be
created inside the chips (Fig. 6b). After lesion, the axotomy
channel was successfully incorporated with Matrigel (Fig. 6c¢-
d). Twenty-four hours after axotomy, we observed relevant
axonal growth inside the Matrigel and some of the axons were
able to exit the matrix and enter the opposite distal region of the
microchannels (Fig. 6e-g). However, upon closer examination,
the majority of the axons were still growing closer on the glass
substrate (Fig. 6f). Figure 6g shows axons growing inside the
Matrigel reaching up to 25 um height. In fact, some axons were
able to reach the top of the axotomy channel, i.e., 60 um (data
not shown). We could also observe that new axonal growth
cone with clearly visible filopodia had reentered the distal parts

6 | RSC Adv, 2015, 00, 1-3

Discussion and conclusion

In this paper, we have designed a microfluidic device to
generate controlled lesion of hundred of axons by using a
simple air bubble approach. Indeed, by passing through air
bubbles, we have demonstrated to be able to sever axons and
hence representing a simple model for mechanical axotomy.

The principle of operation of the microfluidic axotomy device
relies on the effect of the accelerations experienced by the
portion of the axons crossing the axotomy channel. As it was
demonstrated by performing COMSOL  Multiphysics
experiments and by using a simpler equivalent circuits theory
model (see ESI file), flow through the axotomy channel is
accelerated in each microchannel producing a perpendicular
force resulting from this drag. Furthermore and most
importantly, the sudden velocity change induces a strong shear
stress that affects the portion of the axons which is caught just
between each slow flow axon microchannel and the fast flow
axotomy channel. The velocity change is due to the large
differences of hydraulic resistance between the
microchannels and the axotomy channel. This effect becomes
more dramatic at the central axotomy channel where the fluidic
resistance is the lowest, and can be reinforced by increasing the
axotomy cross section channel or thinning the axon
microchannels. The sudden appearance of air in the central
axotomy channel decreases its hydraulic resistance producing
an increase of forces tending to break the axon. As a mode of

axon

This journal is © The Royal Society of Chemistry 2015
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example, calculations done with the model (presented in the
ESI file), with the 30 um wide axotomy channel and 485 pm
long axon microchannels, all filled with buffer solution,
resulted in dragging forces in the crossing regions ranging from
6 pN to 12 pN, which changed to a 485-970 pN range when air
crossed the axotomy channel. These values are in the threshold
range of previously reported values to create axonal injury (300
pN - 4 nN).”® However, evaluating the shear force due to the
rapid velocity change in the channels crossing region, axon
experience forces larger than 24 uN, when being crossed by air.
The breaking of axons in the small region defined by the two
fluids interface is almost instantaneous.

Some key advantages of using our air bubble-induced axotomy
over traditional approaches includes: 1) high throughput: it is
achieved by cutting hundreds of aligned axons with single
passage of an air bubble; 2) simple manipulation: our setup
requires only an ordinary syringe pump, or common laboratory
micropipettes to create fluid flow, comparing to expensive laser
power
manipulations; 3) protecting substrate coating: air bubble

sources or other sophisticated computer-aided
fluidic flow is less invasive to the substrate coating material
than other approaches, such as metal scratching; 4) mechanical
axotomy: fluidic flow mimicking more physiological relevant
condition than other methods, such as laser, electrical, or
chemical approaches; and 5) precise control of local
microenvironments: alteration of the environment surrounding
the axons independently from the cell bodies can be achieved
from our setup. In our device, the open reservoirs of cell culture
area allow up to 100 pL of media or alternative fluids, which
significantly reduces the amount of reagents needed for cell
culturing and labeling, and drug applications. Cortical neurons
harvested from a single pregnant mouse (E16.5) have the
capacity to seed a minimum of 30 to 50 chips. Moreover, this
open chamber approach has increased the simplicity of cell
culture handling and enhanced cell survival.”> In our chip,
axotomy can be performed by using a common laboratory
micropipette. Advantages of using a micropipette include the
fact that it is a fast process, a minimum of equipment is needed,
it involves fewer technical skills, and it can be carried out under
sterilized cell culture hood condition in contrast to microscope-
which

environments prone to contamination.

aided axotomy approaches are carried out in

Maintaining integrity of substrate coating is an essential and
reliable characteristic of using our microfluidic model.
Directionality of axonal growth depends largely on supporting
substrate information. Hence, to study axonal regrowth after
axotomy, it’s important to preserve an intact substrate to
exclude the substrate factor. We have demonstrated that
manipulation with fluidics inside the chip is not invasive to the
supporting coating material, in contrast to metal or glass sharp
object approaches, which invariably disrupt the ECM substrate.
Although the altered substrates might not directly influence the
outgrowth ability from axonal bulb end, they could affect the
directionality and elongation of the newly-generated growth

This journal is © The Royal Society of Chemistry 2014
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cones.?*! purely

mechanical, which offers more physiological relevance than

Furthermore, manipulating fluidics is

alternative methods such as using laser beams'*, electrical®?,

and chemical®

approaches. The ability of a damaged axon to
regenerate could be influenced by which method that we
choose to perform the axotomy. For example, by using
chemical mean for axon ablation, no axonal re-growths were

reported.t2

Although similar approach of using a microfluidics setup to cut
axons has been described before’’, the previous assay
completely removed the distal portion of the axons. Further
study of the influence on degenerating distal axons after
axotomy hence becomes impossible. In fact, to restore the
complete function of damaged neuronal tract of lower
organisms, proximal re-grown axons should recognize and
reconnect with the separated distal fragments.*> This axon
fusion phenomenon has been reported in several invertebrate

models, such as sea slug®, leech®, roundworm?S,

and
zebrafish®®>. However, it has been estimated that the fusion
events occur in only 1-10% and the molecular mechanisms
regarding this complex process are still largely unknown.’” In
most cases, the separated distal portions of damaged axons
undergo Wallerian-like degeneration. In our experiments, we
also observed this degradation phenomenon similar to a
previous report by using saponin.'® In fact, the distal axons start
to degenerate even within the first hour of injury, which has
also been reported elsewhere.®

Formation of glial scar after axonal injury impairs axon
regeneration.”' Proteoglycans such as CSPG and KSPG have
been found to be up-regulated in glial scar tissue.’* We have
demonstrated that a microfludics approach is suitable to
introduce CSPG inside the axotomy channel after performing
the axotomy. Our results have shown the limited regrowth of
axons after treatment with CSPG. However, upon cleavage of
condroitin sulphate chains with ChABC, we have seen
regrowth of lesioned axons. Furthermore, we have also
demonstrated the feasibility of the introduction of Matrigel (a
highly permissive extracellular matrix) inside the microfluidics
chip to mimic a 3D microenvironment for severed axons.

In summary, we have presented here a poof-of-concept of a
simple microfluidic approach to model mechanical and
synchronized axotomy of a large number of axons, which
preserves substrate coating as well as distal transected axonal
segments in a high throughput manner. More importantly, our
novel approach can mimic axonal changes after axotomy in
chip, which is more physiologically relevant. Thus it is a
powerful tool to study axonal regeneration, and to facilitate the
rapid screening and discovery of novel pharmaceutical
compounds that may enhance axonal recovery and functional
neurotransmission.

Materials and methods

RSC Adv., 2012, 00, 1-3 | 7
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Microfluidic axotomy device design and fabrication

The microfluidic-based axotomy chip was fabricated in
poly(dimethylsiloxane) (PDMS) by standard photolithography
and soft lithography as previously described.” The overall chip
design and dimensions can be seen in Figure 1. Polystyrene
transparent masks were designed using CAD file and printed
via a high-resolution printer (CAD/Art Services, OR). A glass
slide (75 x 25 mm, Corning Inc., NY) was pre-cleaned by
immersing in Piranha solution for 10 minutes and dried at
200°C for 30 minutes. SU8 10 photoresist (Microchem, MA)
was spun at a rate of 5000 rpm for 30 seconds to form a thin
coating layer to facilitate the adhesion of subsequent layers of
photoresist. It was then exposed to UV light for 10 seconds and
heated for 1 minute at 95°C. A second layer of SU8 2 was then
spin-coated at a rate of 1500 rpm to achieve a thickness of 2.5
pm. A polystyrene transparent mask defining the microchannels
(10 um width by 50 um spacing, Fig. 1) was then used to
pattern the second layer of SU8 2 by exposure to UV light for
4.5 seconds. After being resolved with SU8 Developer
(MicroChem, MA), the master was rinsed with isopropanol and
dried with nitrogen gas. The process was repeated with a denser
photoresist to create the third layer. In particular, SU8 50 was
spun at 2000 rpm for 30 seconds (resulting 60 pm in height)
and a second polystyrene transparent mask was aligned to the
microchannels to pattern axotomy channel and two cell culture
chambers. The slide was then resolved again with SUS8
developer. The final complete slide was treated with
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma) for 30
minutes before casting PDMS mixture (10:1 base to catalyst
ratio) onto it. The PDMS was cured on a hot plate at 90°C for
an hour. The two large chambers were hollowed out using a 5
mm cutter (Martor KG, Germany). The inlet (@ = 3 mm) and
outlet of axotomy channel (@ = 1 mm) were created by using
Harris Uni-Core cutters with corresponding sizes (Ted Pella,
CA). The final PDMS molds were cleaned by sonication in
ethanol (15 minutes) and then in Milli-Q water (15 minutes).
Features of SU8 on glass and PDMS molds were analyzed and
verified with a mechanical profilometer (DEKTAK 6M, Veeco,
NY), optical profilometry (WYKO NT1100, Veeco, NY), or
scanning electron microscopy (SEM) (FEI, Oregon) before
their subsequent use.

Device assembly and chip coating

Thin glass cover slides (24 x 60 mm, Menzel Gléser, Germany)
were cleaned with Piranha solution, and then with ethanol and
Milli-Q water. The PDMS molds and glass cover slides were
surface-activated using a plasma-cleaner (Harrick Scientific,
NY) for 2 minutes. Then the PDMS molds were placed onto the
cover slides by applying gentle pressure with a pair of tweezers.
The assembled devices were placed on a hot plate for 2 minutes
at 90 °C to facilitate the strong irreversible bonding of the
PDMS molds to the cover slides. We have observed that this
additional treatment with heat can effectively prevent axons
growing underneath the space between microchannels. The
chips were then subjected to autoclave process for sterilization.
The fully-assembled PDMS chips can be stored until later use.
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The chips were re-activated by being placed inside the plasma-
cleaner for an additional 5 minutes. Poly-D-lysine (10 pg/mL,
Sigma) was then pipetted into the two large culture chambers
and the inlet of the axotomy channel for surface coating. Due to
the temporarily-induced hydrophilicity of the PDMS, all the
surfaces of the microchannels were coated effectively with
Poly-D-lysine. The chips were further sterilized under UV light
for 10 minutes inside a cell culture hood and then were kept
overnight in a humidified incubator (37°C, 5% CO,). For
control experiments to test whether the axotomy process
affected surface coating, FITC-Poly-L-lysine (100 pg/ml,
Sigma) was used as coating protein overnight. The following
day, coating solution was removed, and the chips were washed
with PBS. Images before and after axotomy were acquired with
Leica AF7000 microscopy and the images were further
processed using ImageJ software.

Mouse embryonic cortical neuron isolation and culture

Neuron-enriched cultures were prepared from mouse cortices,
specifically purified from embryonic day 16.5 (E16.5).>°
Experiments were approved by the University of Barcelona
Animal Care (Protocol 7855) and Use Committee and
performed in accordance with Spanish (RD223/88) and
European (86/609/ECC)
dissected from embryos and collected in a cold dissection

regulations. Cortical tissue was
medium consisting of PBS (Invitrogen) and 0.65% glucose
(Sigma). The tissues were mechanically chopped and
dissociated with 0.05% trypsin-EDTA (Invitrogen) for 15
minutes at 37°C. Trypsin was inactivated with one third of the
initial volume with Normal Horse Serum (Invitrogen). After the
cells settled to the bottom of the tube, the supernatant was
removed. Cells were re-suspended with 2 ml of DNAse I
(Applied Biosystems) and incubated for 10 minutes at 37°C.
The fragments were then mechanically dissociated with a
pipette tip (1 mL). Neurobasal Medium (Invitrogen) containing
glucose,
bicarbonate was added to a final volume of 10 mL, followed by

L-glutamine, penicillin/streptomycin, and sodium
centrifugation at 800 rpm for 5 minutes at RT. The final pellet
was re-suspended in neurobasal medium and the cortical
neurons were ready for seeding. The microfluidic devices were
sequentially washed three times with PBS, neural basal media,
and finally with culture media to condition the chips before

plating cells with a cell seeding density of 1-2 x10° cells/ml.

Immunostaining

Cell cultures were fixed in 4% buffered paraformaldehyde for
30 minutes at 4°C, washed three times with 0.1M PBS, and then
permeabilized with 0.1% Triton X-100 in 0.1M PBS for 20
minutes. Cultures were then blocked with 10% FBS containing
0.1% Triton X-100 and 0.2% gelatin for 45 minutes at RT.
Primary antibody dilutions were prepared as followed:
polyclonal GFAP (Invitrogen) was diluted at 1:500, polyclonal
Olig2 (Millipore) at 1:500, and monoclonal TUJ1 (Covance) at
1:2000. Cultures were incubated in primary antibodies diluted
in PBS containing 0.2% gelatin, 5% FBS, and 0.1% Triton X-
100 at 4°C overnight. Cultures were then rinsed three times
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with 0.1M PBS and incubated for 2 hours at RT with secondary
antibodies (Alexa Fluor 488, 568, 1:500; Invitrogen) diluted in
PBS containing 0.2% gelatin, 5% FBS, and 0.1% Triton X-100.
Images were acquired with a Leica TCS SP5 confocal
microscope or inverted Leica TCS SP5 microscope and were
further analyzed and processed with ImagelJ software.

Mechanical axotomy via vacuum aspiration

After 6 to 7 days culture in chip, cortical axons have already
reached the opposite chamber. At this stage, axotomy via
vacuum aspiration was performed. First, the medium inside the
inlet well (@ = 3 mm) was removed. A laboratory micropipette
(P20) with a pipette tip (0.1-10 pL) attached was used with
volume adjusted to 10 pL. While pressing down fully on the
push button, the micropipette was gently inserted into the outlet
(9 = 1 mm) of the axotomy channel. And then the push button
was slowly released to withdraw all the medium inside the
axotomy channel (ESI video 3), hence introducing an air bubble
inside the axotomy channel. The micropipette was then
detached from the outlet well. New medium was introduced
into the inlet well to refill the axotomy channel by inserting a
new micropipette tip and withdrawing it from the outlet hole.
This refill and withdraw process can be repeated several times
to ensure the complete ablation of denser axon bundles. In
selected experiments, instead of using a micropipette to
perform the axotomy manually, a syringe pump with 24 gauge
PTFE tubing with luer lock fittings (Hamilton, NJ) attached to a
plastic lcc syringe (Becton Dickinson) can also be used to
withdraw medium systematically with a more controlled fluid
flow rate (ESI video 1, 2).

Treatment with CSPG and ChABC

After performing the axotomy process, 20 pL of CSPG (20
pg/ml, Millipore) was introduced into the inlet opening (@ = 3
mm) of the axotomy channel. With gentle aspiration from the
outlet opening (@ = 1 mm), CSPG solution was induced inside
the chip in contact with the severed parts of axon stumps. The
chips were incubated overnight inside the cell incubator. After
24 hours, unbound CSPG was removed and the chips were
washed 2 times with growth medium inside the axotomy
channel before microscope imaging. The chips were re-
acclimatized with fresh medium for an additional 24 hours to
examine the ability of axonal regrowth. Finally, the axotomy
channel was treated with Chondroitinase-ABC (ChABC, at 0.2
U/ml, Seikagaku Corporation) for 2 hours inside a cell
incubator, and then replaced with fresh medium. Additional
images were acquired using a Leica AF7000 inverted
microscope 24 hours after the initial treatment with ChABC.

Introduction of Matrigel into the axotomy channel

Matrigel (BD Biosciences) was thawed slowly in the fridge the
night before its use. After axotomy, the chip was briefly chilled
on ice for less than 10 seconds, 20 pL of matrigel or matrigel
mixed with fluorescent bead (@ = 0.75 um, Polysciences, Inc.)
was pipetted into the inlet of the axotomy channel, and
aspiration was quickly performed from the outlet to transport
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matrigel or matrigel/beads mixture into the chips. Matrigel
embedded chips were then placed inside an incubator. 24 hours
after the initial embedding of matrigel, cell cultures were
stained with Calcein AM (1 pg/ml, eBioscience) and were
subjected to confocal microscopy imaging using Leica TCS
SP5.

TEG3:-eGFP cell culture and
axotomy channel

TEG3-eGFP were generated and cultured as reported.**** 20 uL
cell suspension (3x10° cells/ml) was placed in the inlet well of

incorporation into the

the axotomy channel. Applying gentle aspiration from the
outlet of the axotomy channel, cell suspension was introduced
The chips embedded with
TEG3-eGFP cells were placed inside an incubator for cell

inside the axotomy channel.

attachment and growth. Cell cultures were then stained with
Calcein, AM (1 pM) and were further imaged with the Leica
AF7000 inverted microscope.
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