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A Microfluidic Perfusion Culture Setup to Investigate Cell
Migration in 3D Constrictions

Matthias Geiger, Prianca Marsico, Daniel Pensold, Matthias Wessling,
Geraldine Zimmer-Bensch, and John Linkhorst*

Cell migration is a fundamental process underlying the morphological
maturation of organs, but also in disease-related conditions such as cancer.
Cells are able to migrate through crowded space and a tight extracellular
matrix (ECM). Passing through a constriction, a cell deforms strongly,
including its nucleus. Such nuclear deformation can lead to changes in the
3D-genomic architecture, and putatively, DNA methylation. However, the
specific effects of deformation on cells are not well understood. It is highly
desired to establish an ex vivo methodology to induce well-defined cell
deformation in complex geometrical constrictions. This study introduces a
microfluidic system for the study of migrating cells in precisely controlled
geometrical confinement. A procedure for coating, seeding of cerebellar
granule cells, and perfusion culture is presented. By leveraging direct laser
writing, channels with smooth, anisotropically curved surfaces on the
cell-scale can be fabricated. The system consists of constriction channels with
a radius of 2 or 4 μm for the cells to pass through. This corresponds to a
compression of the nucleus to 3.5% and 14.2% of its undeformed
cross-sectional area, respectively. The system can be used to investigate the
influence of confinement geometry on the migration behavior and
transcriptome of various cell types.

1. Introduction

Cell migration governs the functional development of tissues, or-
gans, and organisms, wound healing and immune response to
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pathogens, as well as the spread of
tumor cells. Substantial efforts have
been made to understand the cellular
mechanisms,[1–3] the guiding cues,[4,5]

and the impact of the cell environment
on migration,[6] through in vitro exper-
iments and observation of cell behavior
in vivo. While most in vitro experiments
look at cells in an open 2D environment
(i.e., well plates), in vivo, cells migrate
through and with the help of the extra-
cellular matrix (ECM) and neighboring
cells. Thus, cell migration in vivo hap-
pens in a 3D, confined space.[7,8] Cells
migrating in 3D environments can draw
on a striking variety of mechanisms to
drive their migration. The mechanisms
depend on the cell type and the phys-
ical and chemical composition of the
substrate the cell migrates through. The
main modes of individual migration are
amoeboid, mesenchymal, and lobopodial
migration.[1,5,9] Common to all these mi-
gration modes is that the cell adds ma-
terial to the cell membrane in the direc-
tion of migration (the leading edge) and

removes material from the back (the trailing edge). Thus, it gen-
erates a flow of the membrane towards the back, against the di-
rection of migration. The coupling of the membrane to the sur-
rounding ECM generates a directed force, which moves the cell
forward. The migration modes differ in the nature of this cou-
pling of the cell to its surroundings. In amoeboid migration, cells
do not attach to the ECM. Cellular locomotion depends solely
on the friction forces between the cell membrane and the sur-
rounding matrix. It is fast and does not depend on the sub-
strate, allowing cells to even swim in liquids.[2,7] In the amoe-
boid migration mode, cells use their nucleus as the largest and
stiffest cell organelle to probe constrictions and identify the way
of least resistance.[10] This migration mode is mostly used by im-
mune cells, fibroblasts, and migrating cancer cells.[8] Mesenchy-
mal migration relies on strong connections to the ECM. Cells use
their actin filaments to advance the leading edge in the form of
lamellipodia. Along the leading edge, they form focal adhesions
to the ECM, based mostly on integrin. The cell generates a di-
rected force by pulling on the adhesions using its actomyosin
machinery. Along the trailing edge, focal adhesions are turned
over, and actin filaments are depolymerized. Compared to amoe-
boid migration, this migration mode is slower and less versatile.
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However, the force exerted on the scaffold is much greater
compared to amoeboid migration, enabling the cell to deform
the fibrous ECM. Thus, cells can remodel the ECM through
migration.[11] The forces exerted on the ECM and the cell itself
are strong enough to deform the nucleus. Cells in mesenchymal
migration mode can pass through constrictions below 10% of
the nucleus’ diameter.[12] In lobopodial migration, lobopodia are
formed through intracellular pressure, in contrast to lamellipo-
dia formed by actin polymerization. In confinements, cells can
use the nucleus as a piston to increase cytoplasmic pressure at
the leading edge. This pressure leads to protrusions of the lead-
ing edge, which are then used to generate the forward movement
of the cell.[3] The predominant migration mode does not only de-
pend on cell type and substrate but also on the internal archi-
tecture the ECM presents at the cell-scale.[13] These geometrical
boundaries strongly influence the migration velocity and direc-
tion, as well as the position and shape of the nucleus.[14,15]

Cell migration serves a variety of purposes. Immune cell mi-
gration is essential for effective defense against pathogens. Ep-
ithelial cells migrate to close wounds. Cancer cells invade sur-
rounding tissues. During embryogenesis and in normal regen-
erative processes, stem cells migrate from their niche into sur-
rounding tissue and differentiate. During neurogenesis and in
the adult brain, the migration of neurons is crucial for the assem-
bly and repair of functional neuronal circuits.[16–20] In all of these
processes, the cell reacts to chemical cues, the availability of ad-
hesion sites, and the stiffness of the surrounding ECM. However,
external stimuli not only influence cell migration; these stimuli
also affect a variety of other cellular functions. Chemical cues, to-
pographical features, and the stiffness of tissues determine stem
cell fate.[21–24] Moreover, strong deformation of the nucleus in
tight constrictions can lead to reversible or irreversible nuclear
envelope rupture, nuclear blebing, and changes in the 3D ge-
nomic architecture and the methylation of the DNA.[25–29] Thus,
events during migration can alter the cell’s epigenome, which
leads to transcriptional changes that could be associated with dis-
eases such as autoimmune disorders, cancer, and neurological
disorders.[30–35]

Mimicking physiological conditions to investigate cell migra-
tion and its effects in vivo is challenging. Established methods
provide flat substrates for cells to grow and migrate on.[36] Pat-
terned surfaces are used to study the effects of curvature on mi-
gration mode, velocity, and direction.[14,15,37] To study the effect
of constrictions on migration, Boyden chambers or transwell in-
serts are used. Here, cells are seeded on top of a membrane
with defined pores in the size range of 5 to 10 μm (numerical
range), and collected after passing through these constrictions.
This allows the comparative analysis of cells before and after
passage through constrictions to investigate the effects of con-
stricted migration on for example, stem cell differentiation or
DNA damage.[24–26] However, in Boyden chambers, the direct ob-
servation of cells during migration and the modulation of pore
geometry are challenging. Moreover, Boyden chambers induce
only singular deformations, in contrast to the repeated deforma-
tion that happens during migration in vivo. Microfluidic technol-
ogy allows observing cells migrating through channels of various
shapes and sizes in real-time.[38–40] Fabrication of microfluidic
channels with great control over the resulting geometry and pre-
cise measurement techniques allow investigation of the elasticity

of cells and nuclei,[41,42] migration mechanisms and speed,[43] as
well as the various cues that direct cell migration through chemo-
taxis, haptotaxis, durotaxis, and topotaxis.[5,44,45]

Next to these cues, which are based on the chemical and me-
chanical composition of the surrounding matrix and medium,
the role of cell-scale geometry in guiding migration has been
explored. Cells confined to planar surfaces demonstrate adap-
tation of their shape to their confinement.[46] Upon release,
the direction and velocity of migration depend on the initial
confinement.[47] In the 3D-confinement of a microfluidic chan-
nel, cell migration is affected by channel contractions, expan-
sions, and junctions, when channel widths are in the size range
of individual cells.[48] Depending on the channel’s shape, the cells
show a preferential direction of migration, which can be in com-
petition with the direction imposed by other cues.[7,43] In narrow
channels, cells are not able to repolarize and change the direction
of their migration.

Despite the development of microfluidic systems for continu-
ous perfusion culture and migrational studies, it is highly desired
to establish an ex vivo methodology to induce cell deformation in
complex geometrical constrictions, to investigate the effects of
geometry on migration and the cell itself.

The microfluidic system presented in this work integrates
channels to investigate constricted cell migration and its effects
on the cell with continuous perfusion culture to allow investi-
gation of sensitive cell types. As a showcase, we cultivated cere-
bellar granule cells in the microfluidic system and performed
live-imaging of migration in constrictions. We leverage direct
laser writing to fabricate truly 3D constrictions with smooth,
unisotropic curvature.[49,50] The system allows live-imaging of in-
dividual cells during migration and passage of the constrictions.
The number, shape, and size of constrictions can be adapted to
control the deformation sequence of a passing cell. Concentra-
tion gradients for the chemotactic guidance of cells can be ap-
plied and manipulated during culture. Cells can be harvested in
bulk after controlled deformation through voluntary migration
for genome and transcriptome sequencing. This setup will con-
tribute towards elucidating the genetic and epigenetic effects of
nuclear deformation and the role of geometry in cell migration.

2. Results and Discussion

The microfluidic system presented in this work is designed for
sustained cultivation that allows cells to migrate freely or be
guided by chemotaxis through constriction channels, inducing
repeated deformation of the nucleus. Each constriction channel
consists of repeating constriction units, each of which is followed
by a relaxation region. The constriction channels have a semi-
circular cross-section with varying diameter, leveraging the geo-
metric freedom provided by direct laser writing. As cell size and
nucleus diameter vary strongly depending on the cell type, the di-
mensions of the constriction channels have to be tailored to the
targeted cell type. The cerebellar granule cells used in this work
have a nuclear diameter of around 15 μm. The radius of the re-
laxation region of 20 μm was designed to be sufficiently larger
than the cell’s nucleus. To induce deformation of the nucleus in
the constriction region, the channel narrows down to a radius of
2 μm. The length of the constriction unit is 2 μm. The transition
between the constriction unit and the relaxation region is defined
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Figure 1. a) Top view of the microfluidic chip layout consisting of constriction units (1), a seeding chamber (2), a perfusion channel (3), a seeding
port (4), a harvesting chamber (5), and a collection channel (6). Insert (b) shows a perspective view of the constriction units. c) Dimensions of the
constriction units indicated in a side view. In this work, the number of repeating constrictions per channel was varied (n = 5, 10, 20).

by a cubic spline with a length of 8 μm. In each constriction unit,
the nucleus is deformed, followed by a relaxation to its original
diameter (see Figure 1). The fast prototyping of the microfluidic
molds via direct laser writing allows variation in the number of
constrictions per channel and the number of parallel channels in
each system. In this work, systems with 5, 10, and 20 constric-
tions and 1, 10, and 50 parallel channels were used.

The constriction channels connect two chambers, one for seed-
ing and cultivation, and one for cell harvest. The cultivation
chamber is designed to provide space for cells to adhere, migrate,
and proliferate. All constriction channels exit from the cultivation
chamber, so its width depends on the number of parallel chan-
nels. The chamber has a length of 500 μm to provide space for
enough cells while avoiding clustering. The cultivation chamber
is 100 μm high, twice as high as the rest of the microfluidic sys-
tem. The large volume of the seeding chamber serves as a buffer
for the nutrient supply to the cells. Additionally, the height in-
crease reduces flow velocities and thus shear forces on adher-
ing cells during perfusion culture (see Figure S2, Supporting In-
formation). Especially for chips with a high number of parallel
constriction channels, the cultivation chamber gets very wide. To
avoid the collapse of the large chamber, stabilizing elements are
included in the chip design. These elements serve the additional
purpose of funneling cells towards the middle of the chip and
closer to the entries of the constriction channels during seeding
and migration.

A seeding port enters the cultivation chamber on the opposite
side of the constriction channels. The cell suspension is intro-
duced through this inlet. The inlet separates clustering cells and
distributes the cells over the whole width of the seeding port. The
cells pass through a filter that removes debris and dust particles

before being flushed towards the seeding chamber and the con-
striction channels. To reduce the influence of the punchhole, es-
pecially variations in its shape and position due to manual fabri-
cation, the seeding port is significantly larger than the punchhole.
This reduces dead-zones and flow inhomogeneity, which leads to
the accumulation and thus loss of cells.

Two perfusion channels enter the cultivation chamber on op-
posite sides to allow the application of a continuous flow through
the chamber, perpendicular to the constriction channels. This
flow supplies fresh medium during continuous perfusion cul-
ture and is used to establish gradients for chemotactic guidance.
The medium flow through the perfusion channels was controlled
with a digital constant pressure system. In contrast to volume
controlled flow (i.e., syringe pumps), pressure controlled flow
generates highly accurate flows with low pulsation and allows
fast changes in the desired flow rate. Furthermore, recirculation
of the medium and changes of the circulated medium during ac-
tive perfusion are easier to realize in a pressure-driven system.[51]

The applied pressure (ΔP) and the resulting flow rate (Q) are cou-
pled through the fluid resistance of the system (RH).

ΔP = RHQ (1)

The fluidic resistance of a microfluidic system must be tailored
so that the pressure range of the digital pressure control system
corresponds to the desired flow rates. To achieve low flow rates,
external flow resistors (i.e., capillaries) are often inserted into the
piping for additional resistance. Besides increasing the dead vol-
ume of the system, external resistors are not able to change the
fluidic resistances of individual parts of the microfluidic system,
or influence the flow distribution inside the system.
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In the presented system, very low flow rates through the perfu-
sion channels are required, to limit the shear forces acting on the
cells. At the same time, the flow through the constriction chan-
nels should be negligible, to rule out influences of convective
flows on the migrational behavior of cells. Thus, the resistance
of the perfusion channels should be high enough to allow pre-
cise flow control but lower than the resistance of the constriction
channels. The resistance of the constriction channels was derived
from CFD-simulations (see Figure S2, Supporting Information).
The fluidic resistance of the perfusion channels can be estimated
using the Hagen–Poiseuille equation for rectangular channels (in
first approximation):

RH = 12𝜇L
wh3

(2)

where w, h, and L are the width, height, and length of a channel,
respectively, and 𝜇 is the dynamic viscosity of the fluid. The resis-
tance of the perfusion channels is set by adjusting their lengths,
exploiting the linear relationship between channel length and flu-
idic resistance. To reduce the channel’s footprint, the channel is
laid out in a meandering way.

On the side opposite of the seeding chamber, the constric-
tion channels lead into the collection chamber. Here, cells are
contained until collection and analysis. Similar to the cultivation
chamber, two channels enter the collection chamber on opposite
sides. These collection channels are used for lysing and collection
of the cells, as well as for the establishment of a nutrient gradient
for chemotactic guidance.

Figure 2 shows the tube connections and configurations for
the steps of an experiment (sterilization, coating, seeding, perfu-
sion, and harvest, see Figure S1, Supporting Information). One
inlet each of the perfusion and collection channels is connected
to a microfluidic reservoir, while the opposite channel leads to a
waste reservoir. Valves are inserted into the connections of the
collection channel. The seeding port is connected to a microflu-
idic reservoir directly with a blunt needle, without intermediate
tubing. This setup allows sterilization, coating of the chip, seed-
ing of cells, continuous perfusion culture, and cell-harvest with
minimal changes to the setup and the reservoirs to avoid contam-
ination.

2.1. Coating and Seeding

Non-amoeboid movement of cells depends on the attachment
of the cell to the ECM. Cells form lamellipodia and filopodia,
which connect to adhesion sites in the surrounding scaffold. Af-
ter building these focal adhesions, the cell is able to generate
force through its contractile actin network. The motility of the
cell depends on three processes; the formation of adhesions with
the surrounding matrix at the leading edge, the generation of
a force that pulls the cell forward, and the disconnection and
dissolution of adhesions at the trailing edge. While some cells
can migrate without forming strong attachments to the scaffold
(i.e., amoeboid movement through shape changes),[7,8] most cells
require adhesion sites in their surroundings for migration. In
artificial environments, those adhesion sites must be provided
through surface coatings. Various coating protocols are available
to introduce a range of ECM-proteins and adhesion factors/sites

(e.g., collagen, fibronectin, poly-l-lysine, laminin, RGD) into mi-
crofluidic systems.[52–54] In this work, we use an adapted coat-
ing protocol for poly-l-lysine and laminin.[54] While collagen and
fibronectin adsorb to surfaces through polar/nonpolar interac-
tions, poly-l-lysine and laminin are fixed to the microfluidic chan-
nel through electrostatic interactions. To show the efficacy and
stability of the coating protocol, we used fluorescently labeled
poly-l-lysine to coat channels. Figure 2a shows a confocal laser
scanning micrograph of the microfluidic system after 24 h of
medium perfusion. The fluorescence signal proves the stability
of the coating over long periods of time, even under perfusion.
Therefore, cells are not affected by changes in the availability of
adhesion sites.

Pre-cultured cells were seeded into the microfluidic chip. Dur-
ing seeding, the valves connected to the collection channels were
closed to avoid cells from flushing into the constrictions. To re-
duce cell loss during seeding, microfluidic reservoirs were di-
rectly plugged into blunt needles and connected with the seed-
ing port. Thus, cells sediment directly into the chip, reducing
the loss due to sedimentation in reservoirs and tubing. Medium
with a density of 1 × 106 cells mL−1 was introduced through the
seeding port into the chip. Cells were flushed into the chip in
multiple cycles. Applying low pressure to the reservoir induced
flow that carried the cells into the cultivation chamber. The flow
was stopped to allow sedimentation and adherence of the cells to
the chip’s surface (see Figure 2b). This cycle was repeated three
to five times until the desired density of cells in the cultivation
chamber was reached. After the seeding procedure, the setup was
switched to perfusion mode by opening the valves that close the
collection channels.

In perfusion mode, cells are supplied with fresh medium
through the perfusion channels. This allows long-term culture,
even of sensitive cell types such as cerebellar granule neurons.
Cultures of up to 20 h were carried out under live-imaging,
with cells continuing to migrate and proliferate (see Figure 3).
The chip design allows the establishment of concentration gra-
dients over the constriction channels by flowing different media
through the perfusion and collection channels. Convective flow
through the constrictions is limited due to their high fluidic re-
sistance (see Figure S2, Supporting Information) therefore, diffu-
sion creates a smooth gradient between the two media over time.
Establishing the gradient through flow allows changing the gradi-
ent over time, or even switching it off completely. These gradients
could be used to direct cell migration and to investigate the im-
pact of different chemoattractants on cell behavior. To visualize
the formation of concentration gradients between the two cham-
bers, Figure 2c shows a gradient of fluorescent labeled dextranes.

2.2. Cell Migration

To demonstrate the capabilities of the microfluidic setup, we in-
vestigated the migrational behavior of immortalized cerebellar
granule cells. Cerebellar granule cells are the most abundant
type of neurons in the brain and are extensively studied to un-
derstand neuronal development and function.[34,55] In addition
to their abundance and importance, studying cerebellar granule
cells in vitro is complicated, as the cells are very sensitive to en-
vironmental conditions. Furthermore, the cells depend on the
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Figure 2. Tubing connection and configuration for a migration experiment. a) Coating solution is flushed through the cell-inlet, all valves are open (left).
Confocal stack of channel with fluorescent-labeled coating after 24 h of medium perfusion (right). b) Cell suspension is flushed through the cell-inlet,
medium is added to the reservoirs. Valves of the harvesting channel are closed (left). Cells are distributed and filtered through the cell inlet (right). c)
Medium is supplied through the perfusion channel. Concentration gradients for chemotactic guidance of cells were established between seeding and
harvesting chamber by flushing medium with chemoattractants (e.g., higher concentration of serum) through the collection channel, valves are open
(left). Concentration gradient visualized with fluorescent labeled dextranes (right).

non-amoeboid migration mode, so coatings are necessary to in-
vestigate their migration.[17] Most studies that investigate cell mi-
gration in vitro focus on fibroblasts,[8,42] cancer cells,[38,43,56] or
immune cells,[7] all of which exhibit amoeboid movement.

The cerebellar granule cells start migrating immediately after
the seeding process and continue migration over the whole cul-
ture period (see Figure 3a). Initially, undirected random move-
ment dominates, with cells moving at an average velocity of
32.2 ± 11.3 μm h−1, comparable to migration velocities reported
before.[57–59] Upon contact, cells adhere to each other, forming
increasingly large clusters. Cells that touch the edges of the mi-
crofluidic chip move along those edges, potentially due to the
higher availability of adhesion points in a corner compared to
a flat surface. This leads the cells to the migration channels. Af-

ter migration through the constriction channel, cells end up in
the collection chamber. If a sufficient number of cells reached
the collection chamber, the cells could be harvested through the
harvesting channel. As a benchmark, cells could be lysed from
the seeding chamber, yielding cells from the same culture con-
ditions that did not undergo nuclear deformation. Figure 4b,d
shows the position and velocity of the nucleus of the cell de-
picted in Figure 4a,c during 100 min of migration through con-
strictions with a radius of 4 and 2 μm, respectively. In confine-
ment, the migration velocity increases, potentially due to the in-
creased availability of adhesion sites and thus the cell’s ability to
exert force.[60] The wide constrictions (radius= 4 μm, Figure 4a,b)
do not strongly affect the cell’s migration. The cell migrates
freely back and forth inside the channel, at an average velocity of
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Figure 3. a) Viability and motility of cerebellar granule cells under perfusion for 20 h. Migration path of one cell shown in black. b) Proliferation of
cerebellar granule cells in the microfluidic system.

188 ± 261 μm h−1, easily repolarizing in the channel. In con-
trast, in channels with a constriction radius of 2 μm, the direc-
tion of migration was maintained. LeMaout et al. propose a cell-
specific critical width below which cells are not able to repolarize
and change the direction of migration.[43] We observed that cells
were not even able to repolarize in the wide region of the chan-
nel if the constriction width was below a critical width. The wide
region could be too short to allow repolarization, suggesting that
a certain length above the critical width is required for a cell to
change the direction of migration. This shows that not only the
width, but the full 3D-confinement of the cell affects its ability
to repolarize.

The narrow constriction (radius = 2 μm, Figure 4c,d) strongly
impacts the movement of the cell. The velocity profile is charac-
terized by spikes of high velocity when the nucleus passes rapidly
through a constriction, followed by phases where the nucleus re-
mains stationary in the wide zone while the cell builds up fo-
cal adhesions to prepare for the next passage. Passage through
each constriction happens in four phases (Figure 4e). In the first
phase, the cell advances its leading edge through the constriction
and moves the nucleus towards it. In the second phase, the cell
forms lamellipodia on the far side of the constriction. This pro-
cess is characterized by highly dynamic movement and restruc-
turing of the leading edge (see Video S3, Supporting Informa-
tion), while the advancement of the nucleus stalls in front of the
constriction. During this phase, the cell likely forms focal adhe-
sions to the channel walls to generate enough force to move the
nucleus through the constriction.[1] In the third phase, the nu-
cleus passes rapidly through the constriction. During this pas-
sage, it is strongly deformed. In the fourth phase, the trailing
edge follows through the constriction.

Previous studies on confined migration report migration
through constrictions with widths below 10% of the nucleus
size.[38,42] However, the constrictions in these works involve only
the width and not the height of the channel, due to the con-
straints posed by the fabrication of microfluidic channel molds
via mask lithography. The molds for the microfluidic chips in this
work were fabricated with direct laser writing, which allows sim-
ple variation of both channel width and height. The fabricated
constrictions narrow down in both width and height to a semi-
circular cross-section with a radius of 2 and 4 μm and an area of
6.3 and 25.2 μm2, respectively. During a cell’s passage through
these constrictions, the nucleus can only expand along the direc-
tion of migration and needs to compress in both dimensions or-
thogonal to it, in contrast to previous works, where the nucleus
passes through the constriction in a disc shape. A constriction
only in width allows the cell to expand into two dimensions ac-
cording to the Poisson effect.[61,62] The 2D narrowing, however,
restricts the expansion even further, forcing a stronger deforma-
tion and possibly compression of the nucleus than what was pre-
viously reported in the literature. The nucleus of cerebellar gran-
ule cells measures 15.4± 3.5 μm (n= 8), corresponding to a cross-
sectional area of 187.2 μm2. Thus, the cells are able to migrate
through constrictions with an area of 3.5% of the nucleus’ cross-
sectional area.

Leveraging direct laser writing to fabricate microfluidic chips
with curved surfaces allows to further study the geometric de-
terminants of cell migration. The surface that is available for
the cell to attach to can be varied with regard to its size, angle,
and distance from the cell. These geometric factors are likely to
have an influence on the migration speed and successful passage
through a constriction. Tailoring the constrictions allows further

Adv. Mater. Technol. 2024, 9, 2301535 2301535 (6 of 10) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Migration of the cell through constriction channel with a radius of a) 4 and c) 2 μm over a duration of 100 min. Position of the cell is indicated
by a black arrow. Migration distance (black, left axis) and velocity (gray, right axis) over 100 min through constrictions with a radius of b) 4 and d) 2 μm.
Stalling followed by rapid passage was observed for narrow constrictions, while wide constrictions allow undisturbed passage and repolarization. e)
Microscope images and schematic of the passage of one constriction (radius = 2 μm). The cerebellar granule cell builds up focal adhesions along the
leading edge on the far side of the constriction, exerts force, rapidly passes through the constriction, and turns over focal adhesions at the trailing edge.

Adv. Mater. Technol. 2024, 9, 2301535 2301535 (7 of 10) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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investigation of the effects of nuclear deformation. Direct laser
writing allows the fabrication of constrictions too small for cells
to pass through. Thus, the degree of deformation can be tailored
to have no influence on the cell, modify the transcriptional pro-
gram of the cell, or cause irreversible damage.

3. Conclusion

This work presents a microfluidic system to investigate the mi-
gration of adherent cells in constrictions. The system is designed
for the cultivation of cells under continuous perfusion to allow
the culture of sensitive cells over extended time periods. We
leverage direct laser writing to fabricate channels with smooth
anisotropically curved surfaces, forming constrictions with min-
imal radii of 2 μm, resulting in a compression of the nucleus
to 3.5% of its original cross-section. The microfluidic system is
designed to allow seeding, cultivation, and harvest of cells with
minimal changes to the periphery of the microfluidic chip. To
facilitate non-amoeboid movement of cells, the chip was coated
with poly-l-lysine/laminin. To prove the functionality of the sys-
tem, cerebellar granule cells were cultivated in the device. The
cells were viable over 24 h of culture and continued to adhere to
channel surfaces, migrate, and proliferate. The migrational be-
havior of individual cerebellar granule cells inside the constric-
tion channel was investigated. Each passage through a constric-
tion followed the pattern of stalling before the constriction, build-
up of focal adhesions and nuclear passage. The system allows
further study of the geometric determinants of cell migration.

4. Experimental Section
Fabrication of Microfluidic Device: The microfluidic devices were

replicated from master molds with standard soft lithography, as
described elsewhere.[49,50] Briefly, polydimethylsiloxane (Sylgard 184,
Mavom GmbH, Germany) at a 10:1 ratio of monomer to crosslinker was
cured on the master mold, demolded, cut, punched, and plasma-bonded
to a microscopy slide. The master molds were fabricated on a direct laser
writing setup, the Nanoscribe Professional GT+ (Nanoscribe GmbH, Ger-
many). The channel layout was printed onto a microscopy slide from IP-S
resin (Nanoscribe GmbH, Germany) with a 25× objective.

Setup and Periphery: Experiments were performed on an inverse light
microscope (Leica SP8 Thunder, Leica Microsystesms GmbH, Germany).
Flow control was performed with a constant pressure system (OB1,
Elvesys, France). Pressurized reservoirs were connected to the seeding
port, one perfusion channel, and one harvesting channel. Stopcocks were
inserted into the tubing connecting the harvesting channel. All remain-
ing inlets were connected to waste reservoirs. The reservoirs, microfluidic
chip, and connecting tubing were placed in the culture stage and kept at
33 ○C and 5% CO2 for the whole experiment.

Preparation of Medium and Coating Solution: Medium for the culture
of cerebellar granule cells (CB-medium) was prepared from Dulbecco’s
Modified Eagle’s Medium with high glucose (DMEM; Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS; Biowest), 1% GlutaMAX,
24 mm of KCl, 100 U mL−1 penicillin (Thermo Fisher Scientific), 100 μg
mL−1 streptomycin (Thermo Fisher Scientific). The coating solution was
prepared by mixing 0.5 μL of poly-l-lysine (P6282, Sigma-Aldrich, 25μg
mL−1 in sterile water) and 9.5 μL of laminin (L2020, Sigma Aldrich, 50 μg
mL−1 in DPBS) with CB-medium (490 μL).

Coating: The microfluidic chip was filled with 70% ethanol in water for
sterilization. The ethanol was flushed out with CB-medium. The coating
solution was flushed into the chip and incubated for 30 min at 33 °C. After-
ward, the coating medium was flushed out with CB-medium. All steps were

performed with care to avoid introducing dust or air into the microfluidic
device. The flushed out coating was removed from the reservoirs. Chips
that were still filled with medium were used immediately after coating, or
emptied out and stored at 4 ○C for up to 48 h.

Cell Seeding and Perfusion Culture: Immortalized cerebellar granule
cells were cultured in CB-medium at 33 ○C, 95% relative humidity and
5% CO2. At 90% confluence, the cells were split and washed with warmed
DPBS (Sigma Aldrich) and incubated with Trypsin-EDTA (Thermo Fischer
Scientific, 0.25% in DPBS) until fully dissociated. Cells were suspended
in medium to a cell density of 1000 cells μL−1 and filled into the seed-
ing reservoir. The perfusion reservoirs were filled with CB-medium. Cells
were loaded to the device in multiple cycles. In each cycle, pressure on the
reservoir was increased to flush in cells. The pressure was stopped to allow
sedimentation and adherence of cells. This cycle was repeated 3–5 times
until the desired density of cells in the cultivation chamber was reached.
After seeding, cell suspension was flushed through the system to remove
any residual air in the chip or connecting tubing. For perfusion culture,
medium was supplied through the perfusion channel. To establish a gra-
dient, the concentration of FBS in the CB medium was changed to 2% in
the cultivation chamber and 10% in the harvesting chamber.

Visualization of Coating and Chemotactic Gradient: To show the efficacy
and stability of the coating, a coating solution was prepared with FITC-
labeled poly-l-lysine (P3069, Sigma Aldrich) following the given recipe.
Coating was performed with unlabeled coating solution. Images were
taken with a confocal laser scanning microscope (Leica TCS SP8, Leica
Microsystems, Germany) with an excitation wavelength of 488 nm, and a
detector range from 502 to 600 nm. The concentration gradient was vi-
sualized using FITC-labeled dextranes (75 kDa, FD70, Sigma Aldrich) at
a concentration of 1% (wt/vol) in medium flushed through the perfusion
channel. Images for gradient visualization were taken with a fluorescence
microscope (BZ-X 810, Keyence GmbH, Germany) at an excitation wave-
length of 470 nm, and a peak detection wavelength of 525 nm.

Live Cell Imaging and Data Analysis: Videos of the cell experiments
were recorded on an inverse light microscope (Leica SP8 Thunder, Leica
Microsystems GmbH, Germany). Cell tracking was performed manually
using ImageJ. In constrictions, individual cells were observed over a pe-
riod of 100 min. For the average migration velocity in the seeding chamber,
five cells were tracked over a period of 20 h.
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