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ABSTRACT Migrating cells often encounter a wide variety of topographic features—including the presence of obstacles—
when navigating through crowded biological environments. Unraveling the impact of topography and crowding on the dynamics
of cells is key to better understand many essential physiological processes such as the immune response. We study the impact
of geometrical cues on ameboid migration of HL-60 cells differentiated into neutrophils. A microfluidic device is designed to track
the cells in confining geometries between two parallel plates with distance h, in which identical micropillars are arranged in reg-
ular pillar forests with pillar spacing e. We observe that the cells are temporarily captured near pillars, with a mean contact time
that is independent of h and e. By decreasing the vertical confinement h, we find that the cell velocity is not affected, while the
persistence reduces; thus, cells are able to preserve their velocity when highly squeezed but lose the ability to control their di-
rection of motion. At a given h, we show that by decreasing the pillar spacing e in the weak lateral confinement regime, the mean
escape time of cells from effective local traps between neighboring pillars grows. This effect, together with the increase of cell-
pillar contact frequency, leads to the reduction of diffusion constant D. By disentangling the contributions of these two effects on
D in numerical simulations, we verify that the impact of cell-pillar contacts on cell diffusivity is more pronounced at smaller pillar
spacing.
SIGNIFICANCE Cell migration through environments with complex topographical features, such as extracellular
matrices and confined tissue, plays a crucial role in various physiological processes. It is important to understand how
confinement and the presence of obstacles influence cell migration. We study ameboid cell migration in regular arrays of
micropillars while the cells are also squeezed vertically between two parallel plates. Upon further squeezing, we find that
the migration velocity is not affected but that the cells lose control of their direction of motion. We also demonstrate how
combined effects of scattering from pillars and cell-pillar interactions govern cell diffusivity in a weak lateral confinement
regime. Besides basic research, our results should be considered in practical applications such as design of topotaxis
devices.
INTRODUCTION

Cell migration is essential for various physiological pro-
cesses such as wound healing, morphogenesis, and immune
responses (1–3). Cells and other organisms can adapt their
migration in response to different environmental cues such
as gradients of chemical, electrical, or mechanical signals.
Recently, the ability of migrating cells to sense and follow
topographic environmental cues has attracted attention, the
so-called topotaxis (4,5). Similar to other taxis phenomena,
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variations in topographic features of the surrounding envi-
ronment—such as the spatial arrangement of obstacles, de-
gree of lateral confinement, surface topography, etc.—can
be exploited by biological organisms to navigate more effi-
ciently (5–10). The idea of topotaxis can be utilized to
conduct the migration of cells, e.g., by tuning spatial con-
finements or designing favorable arrangements of obstacles.
To achieve an efficient topotaxis, however, a detailed under-
standing of the impact of crowding and confinement on
different cell migration modes is required, which is
currently lacking.

Ameboid migration is a fast cell migration mode that re-
lies on friction instead of adhesion (6,11,12). Various cell
types exhibit this mode of migration, among which immune
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cells have been of particular interest (13–16). One of the
main functions of immune cells is to detect pathogens by
exploring confined tissues and extracellular matrices with
different degrees of confinement. Although migration
through such environments was mimicked in different
ways in vitro (17–19), arrays of micropillars have been
recently employed to systematically study the role of
confinement on cell migration (5–7,20); denoting the pillar
spacing with e and the typical cell size with L, these studies
have considered strong lateral confinements

�
0 < e

L(1:5
�
,

where the cell is often in simultaneous contacts with more
than one pillar and experiences a directed pillar-to-pillar
type of motion. In contrast, ameboid migration under
weak lateral confinement

�
1:5(e

L

�
has been poorly studied.

In this regime, the cell cannot be in simultaneous contact
with more than one pillar, and it is unclear how the cell-
pillar interactions affect cell migration. Understanding the
cell dynamics in this regime is of importance toward prac-
tical applications such as design of topotaxis devices.

Scattering from obstacles—as, e.g., observed for microal-
gae by pushing their flagella against obstacles (21–23)—ran-
domizes the trajectory and reduces the diffusion constant
(24–32).As another possible typeof interactionwith obstacles,
moving biological agents may be temporarily captured near
obstacles. Such events have been reported for swimming bac-
teria (33–35), killer cells (36), andmigrating cells in pillar for-
ests (at highly dense regimes of pillars) (5,20). The combined
effects of scattering from and trapping by obstacles on the dy-
namics of migrating cells has not been well understood yet.

When confining the cells that migrate purely in the
ameboid mode (such as immature dendritic cells (16,37))
to move between two parallel plates, migration only starts
if the vertical confinement h between the plates is small
enough; otherwise, the cells remain immobile. It was re-
ported in (38) that the cell velocity reduces upon further
squeezing the cell (i.e., decreasing h). Nevertheless, there
is very little experimental information on how the degree
of vertical confinement h influences the cell dynamics in
the ameboid migration mode.

In this work, we study the topographical influence of the
environment on in vitro ameboid cell migration in regular
FIGURE 1 Sketch of the experimental devices. (a) General view of the cell loa

the bright-field image of device D3, in which a typical cell track is shown. (d) D

figure in color, go online.
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arrays of micropillars. Our differentiated HL-60 cells
move between two parallel plates in the presence of cylin-
drical pillars in the weak lateral confinement regime. We
observe that the cells spend a finite amount of time in the vi-
cinity of pillars, with a mean cell-pillar contact time tc that
is independent of the vertical confinement h and the pillar
spacing e. By decreasing h, we interestingly find that the
cell velocity is not affected, while the persistence reduces.
We also find that the diffusion constant D of cells reduces
with decreasing the lateral confinement e. To demonstrate
how trapping by and scattering from pillars influence D,
we perform numerical simulations. Random-walk models
can be a powerful tool to untangle complex cell migratory
behavior from the experimental data. Stochastic two-state
models consisting of altering phases of fast and slow mo-
tions, such as run-and-tumble or run-and-pause dynamics,
have been widely employed to describe locomotive patterns
in biological systems (39–44). A proper numerical model,
however, needs to be capable of capturing the topographical
features of the problem. Our simulations reveal that the
impact of cell-pillar contacts on D is pronounced at smaller
pillar spacing e but becomes negligible in the limit of
large e.
MATERIALS AND METHODS

Cells

We used HL-60 cells, an acute promyelocytic cell line, which we differen-

tiated into neutrophils. This cell line has been used extensively in the liter-

ature as a model for neutrophil migration (18,45). The cell line was cultured

in Roswell Park Memorial Institute medium (RPMI-1640, Gibco) supple-

mented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham,

MA, USA), 1% Glutamax (Thermo Fisher Scientific), and 1% penicillin/

streptomycin (Gibco). For differentiation of HL-60 cells into neutrophils

we applied a standard protocol (46) using 1.3% DMSO (Thermo Fisher Sci-

entific) for 3 days before performing the experiments.
Pillar forest geometries

The pillar forest chambers were designed with Autodesk Inventor (47). The

design contains a cell loading inlet and a migration area, where cells were

tracked (see Fig. 1). This tracking area consists of six vertically stacked
ding channels. (b) Zoom of the tracking area for each device. (c) Example of

efinition of the pillar spacing e and the vertical confinement h. To see this



Amoeboid migration under confinement
chambers, each with a dimension of 500 � 500 mm2. The chambers were

filled with pillars with a diameter d(�13 mm) and a pillar spacing e, varied
in the range 15 mm % e % 50 mm. The resulting chambers had different

pillar densities, named dense, intermediate, and sparse; see Table 1 for de-

tails. The pillars were organized in a triangular lattice. The vertical confine-

ment h, i.e., the plate-plate distance, was determined by the pillar height.

Three sets of devices with increasing h˛ f3:5; 5:0; 6:0 mmg were

named D1, D2, and D3, respectively. We had an extra-dense device D4

with e¼ 5 mm and h¼ 4 mm, which we named packed device. The detailed

geometrical information of the pillar forests is summarized in Table S1.
Production of the wafers

The tracking area of the devices D1 and D2 consisted of six chambers, con-

nected to the cell loading channel of 900 mmwidth and 50 mm height via 20

small channels of 10 mm width and 3.5 or 5 mm height (see Fig. 1). The de-

vices resulting from designs D1 and D2 were fabricated using the standard

photolithography technique, with processing guidelines from Microchem,

in two steps. Briefly, a 4-inch silicon wafer was covered with a first layer

of SU8-3005 (Microchem, Round Rock, TX, USA) to produce the tracking

area, spin coated at 500 Rpm for 15 s followed by 4,000 Rpm for 40 s or

3,000 Rpm for 30 s, to get the desired heights (respectively, 3.5 and

5 mm). Then, the wafer was soft baked for 2 min at 95�C and exposed to

UV light (UV-KUB-2, Kloe, Saint-Mathieu-de-Tr�eviers, France) through

a mask with an illumination of 50% for 7 and 8 s, respectively. The wafer

was then postbaked for 2 min at 95�C, developed in a developer solution for
1 min, and rinsed with isopropanol (CAS number 67-63-0). The second

layer of the master fabrication, which gives rise to the cell loading inlets

and channels, was produced using SU8-3025 (Microchem), spin coated at

500 Rpm for 15 s and 1500 Rpm for 45 s. Then, the wafer was soft baked

for 2 min at 95�C and exposed to UV light through a mask with an illumi-

nation of 50% for 32 s. The wafer was then postbaked for 5 min at 95�C,
developed in a developer solution for 8 min, and rinsed with isopropanol.

The tracking area of devices D3 and D4 consisted of six chambers and

one chamber, respectively, which were connected to the cell loading chan-

nel of 900 mm width and 100 mm height via square channels of

100 � 100 � 100 mm3 placed at each corner of each chamber (see

Fig. 1). They were printed by two-photon lithography using a Nanoscribe

GTþ (Nanoscribe, Eggenstein-Leopoldshafen, Germany) with IP-S resin

(Nanoscribe) on ITO-coated glass substrates using a 25� objective. A laser

intensity of 150 mWand a writing speed of 100 mm=s was used to write our

design into the resin. For development of the devices, we washed them with

PGMEA (CAS number 108-65-6), which we then exchanged with isopor-

panol. Next, we postcured the device for 5 min under 200 W UV radiation

(OmniCure Series 1500, IGB-Tech GmbH). The samples were carefully

dried under nitrogen stream. In order to reduce printing time, the migration

chambers were printed in high accuracy, but the cell loading inlets, which

require less accuracy, were printed with a shell and scaffold printing mode,

which was faster, but a postcuring process was necessary. We note that a

precise control of both h and d was challenging with our available tech-

niques. With two-photon lithography, we had a precise control on d at large

values of h, but it was not accurate enough to produce devices with

h(5:0 mm. With photolithography, we had a much better resolution in

height but lost control over d. Since h was a key parameter for us, we pre-

cisely controlled h and let d vary.
TABLE 1 Pillar spacing e and vertical confinement h in mm for

each device and pillar density

Device D1 D2 D3

Parameter e h e h e h

Sparse (T1) 49 3.5 47 5 45 6

Intermediate (T2) 29 3.5 28 5 25 6

Dense (T3) 18 3.5 17 5 15 6
Production of the microfabricated devices

Microfabricated devices were replica molded into silicone rubber

(RTV615, Momentive Performance Materials, Waterford, NY, USA; CAS

numbers 556-67-2 and 540-97-6) using soft lithography. Briefly, the silicon

rubber was cast onto the wafers, degassed, and polymerized at 75�C for 2 h.

The resulting devices were peeled off and sealed in 35-mm glass-bottom

cell culture dishes (World Precision Instruments, Sarasota, FL, USA) using

plasma surface activation.
Experimental setup

Prior to the experiment, the assembled migration chambers were coated

with 100 mg.mL�1 poly-L-lysine (20 kDa) (CAS number 25988-63-0)

grafted with polyethylene glycol (2 kDa) (PLL-PEG) (Sigma-Aldrich, St.

Louis, MO, USA; CAS number 25322-68-3) for 30 min at room tempera-

ture to prevent adhesion. For tracking purposes, cell nuclei were stained

with 200 ng.mL�1 Hoechst 34580 (Sigma Aldrich; CAS number 911004-

45-0) for 30 min before being placed into the cell loading channel with a

concentration of 5� 103 cells.mL�1. When cells started to fill the migration

chamber, the rest of the cell culture dish was filled with RPMI medium

(RPMI-1640, Gibco) and kept at 37�C for at least 30 min before starting

the experiment to reduce nutrient gradients within the migration chamber.

Moreover, we kept the chip including the cells for 1 h in the incubator

before the experiment. Additionally, the devices were slightly permeable,

which further counteracted gradients. Fluorescent images of cell nuclei

and bright-field images of the pillar chamber were recorded using an

EMCCD camera (Andor Technology, Belfast, Northern Ireland, UK) with

a physical pixel size of 0.65 mm and a binning of 2� 2, mounted on a Nikon

Eclipse Ti epifluorescent microscope, at a 10� magnification and 0.5 nu-

merical aperture over 12 h with a frame rate of 2 min. The cells were

kept at constant atmosphere of 37�C and 5% CO2 (Okolab, Pozzuoli NA,

Italy) during the entire experiment. To minimize bleaching effect, the expo-

sure times were kept at 100 ms for the fluorescent images and 20 ms for the

bright-field images.
Data analysis

Cell trajectories were analyzed using ImageJ plugin TrackMate. We

excluded the trajectories of dying and dividing cells. The maximum

tracking time was 700 min; however, we excluded the first 100 min of all

tracks until the cells reached the bulk of the chambers. Since the cells

entered the camera field at different times, we shifted the starting time

of all trajectories to have all cells starting at the same time, which is

t ¼ 100 min in real time in our experiments. Each trajectory consisted of

a set of ðx; yÞ positions, recorded after successive time intervals Dt ¼ 2

min. Every two successive recorded positions were used to calculate the

instantaneous velocity and every three of them to extract the local turning

angle 4. A small 4 corresponds to a highly persistent motion, i.e., moving

nearly along the previous direction of motion. On the other hand, 4 ap-

proaches p when the direction of motion is nearly reversed. We quantified

the local cell persistence with cos 4, ranging from 1 for forward motion

to � 1 for backward turning. The mean local persistence was then obtained

as R ¼ Ccos 4D (48,49), with R ˛ ½� 1; 1�. Note that the cell persistence
can be equivalently quantified by the persistence length ‘p, which is related

to R via Rfe� ‘=‘p with ‘ being the mean step size of the walker (50,51).

All statistical quantities were calculated for each geometry by adding up all

trajectories in the corresponding experiments. The number of cell trajec-

tories analyzed in each experiment as well as the number of experiments

performed for each geometry are given in the caption of figures and sum-

marized in Table S2 (also see the list of the parameters used in the article

in Table S3). The mean-square displacement (MSD) was calculated as

MSDðtÞ ¼ CrðtÞ2D � CrðtÞD2, where C, , ,D is the average over all cell tra-
jectories in one chamber.
Biophysical Journal 121, 4615–4623, December 6, 2022 4617



FIGURE 2 (a) Velocity distribution PðvÞ in log-lin scale for all configu-

rations. The characteristics of each configuration are given in Table 1. The

number of cell tracks for three pillar spacing (T1, T2, T3) of devices D1,

D2, and D3 are (144, 79, 130), (30, 95, 64), and (50, 25, 56), respectively.

The corresponding number of independent experiments performed for

devices D1 to D3 are (10, 9, 11), (5, 6, 4), and (4, 5, 6), respectively. (b)

Turning-angle distribution Pð4Þ for all configurations. All line colors are

as in (a). (c and d) Mean velocity v(c) and mean local persistence R (d)

of cells in terms of vertical confinement h for different pillar spacing h.
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Simulation method

Monte Carlo simulations were performed to study cell migration through a

two-dimensional medium consisting of circular pillars. To mimic each

experiment, the corresponding experimental distributions of velocity and

persistence, the setup dimensions, and the position and size of pillars served

as input for simulations. By considering a two-dimensional simulation box,

the effect of the vertical confinement h of the microfluidic device on cell

migration was implicitly taken into account through the h dependence of

the persistence of cells. An ensemble of 105 persistent random walkers

started their motion from a random position on the left border (as in the ex-

periments) and with a random shooting angle into the simulation box with

periodic boundary conditions. The random walkers were disks with a diam-

eter of 10 mm, i.e., of the order of the typical cell size. To move the walker

after each time step DT ¼ 2 min, the new velocity and direction of motion

were extracted from the input velocity and turning angle distributions.

Upon encountering a pillar, we assumed that a contact occurs when the dis-

tance between the surfaces of the walker and the pillar drops below a

threshold distance d ¼ 2 mm. The walker was reflected from the pillar

through a specular reflection. We considered two models for the walker-

pillar interaction: with and without a contact time tc. In the model with con-

tact time, we paused the walk for a time tc before being reflected. See

Fig. S1 for details of the simulation algorithm. We also performed addi-

tional simulations with a uniform velocity distribution around the overall

mean value v ¼ 3.5 mm/min of experiments and a uniform turning-angle

distribution corresponding to R ¼ 0. The simulation box was

500 � 500 mm, consisting of a lattice of circular obstacles with diameter

d ¼ 15 mm. The pillar spacing was varied, and we used an ensemble of

105 persistent random walkers, which started their motion from a random

position with a random direction.

The error bars indicate the standard deviation std. To see this figure in color,

go online.
RESULTS

In order to understand the influence of vertical confinement
and pillar spacing on ameboid cell migration, we use
three devices, D1, D2, and D3, with the plate-plate distance
h ¼ 3.5, 5, and 6 mm, respectively. Each of these devices
contains pillars of diameter d arranged on triangular lattice
configurations with different pillar spacing e (see the mate-
rials and methods section, Table 1, and Fig. 1 for details of
geometrical properties). The mean diameter of differenti-
ated HL-60 cells in our experiments is around 10 mm, which
is smaller than the pillar spacing in all chambers of devices
D1, D2, and D3. However, we also construct a highly dense
device D4 with e ¼ 5 mm and h ¼ 4 mm; thus, here the cells
are highly confined both vertically and laterally. Cells enter
the chambers from one side and move through pillars.
Influence of vertical confinement h

The distribution PðvÞ of instantaneous cell velocity v in
different chambers is presented in Fig. 2 a. The tail of
PðvÞ decays faster than exponential for all chambers, and
no trend can be observed in different devices or in terms
of pillar spacing. We also analyze the local turning angle
4 of cells. The turning-angle distribution Pð4Þ is shown in
Fig. 2 b for different chambers. In all cases, Pð4Þ develops
two peaks around 4 ¼ 0 and p, reflecting that the motion in
near-forward or -backward directions are more probable.
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Fig. 2 c shows the mean instantaneous velocity v in terms
of the vertical confinement h for different choices of pillar
spacing e. It is evident that v does not systematically depend
on h or e.

Next, we quantify the mean local persistence of
cells in each chamber by the dimensionless parameter
R ¼ Ccos 4D (48), where C, , ,D denotes averaging over
all cell trajectories in one chamber. R ranges from � 1

for pure localization to 0 for diffusion and 1 for ballistic mo-
tion (see the materials and methods section for data analysis
details). Fig. 2 d shows the mean local persistenceR versus
h at different pillar spacings. R reduces with decreasing h
in all pillar densities and eventually reaches Rx0 at
h ¼ 3.5 mm, where the cells move nearly diffusively. See
also Videos S1 and S2 and Fig. S2 for a comparison between
the cell trajectories at small and large values of h. Thus, our
noteworthy observation is that under a stronger vertical
confinement, cells lose their persistence while still preser-
ving their velocity.
Influence of pillar spacing e

In addition to the degree of vertical confinement between
the parallel plates, cell dynamics is also affected by the
lateral confinement imposed by pillars. While the regime
of strong lateral confinement has been previously studied
(5–7,20), here we are interested in the weak lateral
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confinement regime, where the cells cannot be in simulta-
neous contact with more than one pillar. To quantify the
impact of the pillar spacing e on the dynamics of cells, we
measure the MSD and the diffusion constant D in different
chambers.

To study the effect of pillar spacing e on the MSD, we
note that the extracted MSD from experiments reflects the
combined effects of e, cell velocity, and cell persistence.
The mean local persistence and the mean and variance of
the cell velocity vary from experiment to experiment;
thus, a direct comparison of the MSD curves is not informa-
tive. It is known that the MSD of a persistently moving ob-
ject in a uniform space depends on the velocity moments
and persistence as (52)

MSDpðtÞ �
�
Cv2Dþ CvD2

2R
1 � R

�
t: (1)
To be able to compare the MSD from different experi-
ments, we rescale them by MSDpðtÞ from Eq. 1 using the
corresponding experimental values. The resulting rescaled
MSD ( ~MSDðtÞ ¼ MSDðtÞ=MSDpðtÞ), shown in Fig. 3,
a–c, reveals that decreasing the pillar spacing (i.e., from
T1 to T3) leads to a lower diffusivity in all devices. We
note that this trend is also visible in the behavior of the un-
scaled diffusion constant D versus e in Fig. 3 d and even by
looking at the sample cell trajectories at different e shown in
FIGURE 3 (a–c) Time evolution of the scaled MSD of cells in devices

D1 to D3 with different pillar spacing T1 to T3. The dotted lines represent

normal diffusion and serve as a guide to the eye. (d) Diffusion constant D of

cells in terms of pillar spacing e in different devices. The error bars indicate
the standard deviation. The numbers of independent experiments and

analyzed tracks are given in the caption of Fig. 2. To see this figure in color,

go online.
Figs. S3 and S4 a (see also Videos S3 and S4 to compare the
cell trajectories in devices with the same h but small or large
values of e); however, the effects of velocity and persistence
are also present in such plots, preventing from isolating the
impact of e on the cell dynamics.

In the following, we identify two mechanisms responsible
for the reduction of cell diffusivity upon decreasing e: 1) for-
mation of effective local traps between adjacent pillars in
the weak lateral confinement regime and 2) being tempo-
rarily captured near pillars.
Escape from effective local traps

We plot in Fig. 4 a the cell persistence R as a function of
pillar spacing e for different values of h. The slight reduction
of R with decreasing e suggests that the cells are scattered
from pillars more frequently at small pillar spacing. Scat-
tering from pillars in the weak lateral confinement regime
leads to the formation of effective local traps between adja-
cent pillars. To quantify the strength of trapping, we calcu-
late the mean escape time tesc as the time spent by the cell in
the area confined between adjacent pillars (see the gray zone
in Fig. 4 b and (5)). Indeed, tesc is the time which takes for a
cell to escape a local trap formed by adjacent pillars and
move to the next trap. Fig. 4 c shows that the decrease of
e leads to a shorter tesc, but it also reduces the area of each

trap zone AT
trap ¼

ffiffi
3

p ðeþdÞ2
4

� pd2

8
. Thus, we rescale the

escape time to Atrap to obtain the escape time per unit
FIGURE 4 (a) Mean local persistence R of the cells versus pillar

spacing e for different devices. (b) Schematic drawing of the trap zone

(gray region), i.e., the region confined between adjacent pillars. The corre-

sponding area is denoted with Atrap. (c) Mean escape time tesc versus e for

different devices. (d) Mean escape time, scaled by the trap zone area Atrap,

versus e for different devices. The error bars indicate the standard deviation.

The numbers of independent experiments and analyzed tracks are given in

the caption of Fig. 2. To see this figure in color, go online.
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area. The resulting plot in Fig. 4 d verifies that the decrease
of e enhances the rescaled escape time and, thus, strengthens
the trapping effect.
Cell-pillar contacts

To characterize the cell-pillar interaction, we measure the
time spent by cells in the vicinity of pillars. A few examples
of the cell-pillar interaction are presented in Fig. S5 ex-
tracted from Video S2. We define a contact zone around
each pillar as the region within a distance d from the pillar
surface (see Fig. 5 a) and define a contact event when a
cell surface enters this zone. We measure the contact time
tc as the time spent by a cell in a contact zone in each con-
tact event (a contact event occurs when the distance between
the cell nucleus and the center position of the pillar falls
below the sum of the cell radius, d, and the pillar radius).
For different choices of d, we measure tc for all cell trajec-
FIGURE 5 (a) Schematic example of a cell trajectory that visits the con-

tact zones twice. The corresponding contact times tc are tA/B and tC/D,

and it spends tb ¼ tB/C in the bulk. The dashed circles indicate the bor-

ders of the contact zones, with the contact distance d from the pillar sur-

faces. (b) Contact time tc versus the thickness d of the contact zone for

device D3 with e ¼ 45 mm. The single error bar represents the typical esti-

mated errors for all data. (c–e) Mean contact time tc (c), mean bulk time tb
(d), and the fraction of time spent in the vicinity of pillars tc

tcþtb
(e) versus

pillar spacing e for different chambers. The error bars in (c) and (d) indicate

the standard deviation. (d) and (e) are presented in log-log and log-lin

scales, respectively. The numbers of independent experiments and analyzed

tracks are the same as in Fig. 2. To see this figure in color, go online.
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tories belonging to each chamber. The typical result is pre-
sented in Fig. 5 b for device D3 with e ¼ 45 mm. It can be
seen that below a critical distance dcz4 mm, the contact
time tc is independent of the choice of d, evidencing the for-
mation of the cell-pillar contact. We choose a contact dis-
tance d ¼ 2 mm within the plateau regime (i.e., d< dc)
for all chambers and measure the resulting contact time tc
in different experiments. The resulting mean contact time
tc is around 3.9 5 0.2 min for all chambers, independent
of h or e (Fig. 5 c).

We similarly introduce a bulk time tb as the duration of
time that a cell spends in the bulk of the pillar forest between
two successive contact events. The mean value of the bulk
time tb is presented in Fig. 5 d for different chambers. tb re-
duces with decreasing e since the available bulk area de-
creases and the cells visit the pillars more frequently. In
Fig. 5 e, the fraction of time spent in the vicinity of pillars
is shown. This fraction increases with decreasing e as the
relative contribution of the contact events increases.

We checked that the cell velocity v and persistence R in
the vicinity of pillars do not differ significantly from their
values in the bulk of the system. In general, however, the dy-
namics in the vicinity of obstacles can be different from the
bulk, depending on the nature of cell-obstacle interactions.
Numerical results

According to the results of the previous sections, the
decrease of pillar spacing strengthens the trapping effect
in local regions between neighboring pillars and also in-
creases the frequency of cell-pillar contact events. Both ef-
fects reduce the cell diffusivity and decrease the diffusion
constant D. To understand how the relative contributions
of these two effects evolve with e, we perform simulations
with and without cell-pillar contact times.

We model the migration of cells with a persistent random
walk in a two-dimensional medium containing circular ob-
stacles. The impact of the vertical confinement h is implic-
itly considered by the persistence R of the persistent
random walker in our model. We first validate our numerical
model by comparing it with the experimental data. For each
experiment, the corresponding geometrical quantities d, e,
and pillar positions are used as input for simulations. Persis-
tent random walkers with velocity and turning-angle distri-
butions compatible with each experiment (as presented in
Fig. 2) are considered. For the interactions with pillars,
two models are considered: 1) a model without a cell-pillar
contact time, in which the walker experiences a specular
reflection when hitting a pillar, and 2) a model with cell-
pillar contact time, in which the random walker halts for a
mean contact time tc ¼ 3:5 min in the vicinity of pillars,
when it enters a contact zone with d ¼ 2 mm, compatible
with the results of the previous subsections. The details of
the simulation method are presented in the materials and
methods section. We obtain the time evolution of the
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MSD. From the asymptotic regime of the MSD, we extract
the diffusion constant D as a key parameter that represents
the diffusivity in arrangements of obstacles (24–32,53)
and is conversely related to the first-passage time of the
walker (54–56). To compare the numerically obtained
MSD with the experimental results, as a typical example,
we present the results for the experiment (D2, T2) in
Fig. 6 a. The result of the simulation with empirical input
matches very well with the experimental data, but the model
without a cell-pillar contact time leads to a larger MSD. We
checked that the simulations satisfactorily capture the time
evolution of the MSD in other chambers as well.

In order to gain more insight into the dependence of cell
diffusivity on the pillar spacing, we perform Monte Carlo
simulations of a walker with a diffusive dynamic
ðR ¼ 0Þ and mean velocity of 3.5 mm/min, with and
without being temporarily captured by the pillars at the
cell-pillar contact events. Fig. 6 b shows that the impact
of the cell-pillar contact time on D is more pronounced
at smaller pillar spacing. The experimental results with
Rx0 are also presented in Fig. 6 b, which show a satisfac-
tory agreement with simulations. See Fig. S6 for a compar-
ison between the numerical and experimental results at other
persistence values Rs0.
DISCUSSION

We have studied the in vitro ameboid migration of HL-60
cells differentiated into neutrophils in quasi-two-dimen-
sional confined geometries containing regularly arranged
cylindrical micropillars. The distance between the parallel
plates and the spacing between pillars have been varied to
study their impact on the cell dynamics. To achieve a pure
FIGURE 6 (a) Time evolution of the MSD in the asymptotic regime. A

comparison is made between the results of experiments and simulations.

An ensemble of 105 random walkers is chosen in the simulations. The

numbers of independent experiments and analyzed tracks are given in the

caption of Fig. 2. The experimental conditions of each device are mimicked

in the simulations. (b) Diffusion constant D versus pillar spacing e obtained

from simulations withR ¼ 0 and mean velocity v ¼ 3.5 mm/min. The dif-

ference between the results of the simulations with and without cell-pillar

contact times grows with decreasing e. The symbols represent the diffusion

constant of cells in experiments with devices (D1, T2) and (D2, T3), whose

persistence and velocity are Rx0 and vx3:5 mm=min. The error bars

represent the standard deviation. To see this figure in color, go online.
ameboid migration, we have used coating with poly-L-
lysine grafted with PLL-PEG, which prevents the cell-envi-
ronment adhesion (14,16,57). In general, the cell dynamics
can be affected by other coatings, as they may lead to
different levels of adhesion and a mixture of ameboid and
mesenchymal migration modes. As the goal has been to un-
derstand the effects of the vertical confinement h and the
pillar spacing e on the cell dynamics, we have varied h
from device D1 to D3 and the pillar spacing e in each device
within the technically possible range for us. Constructing a
control device without pillars leads to chamber collapse with
our fabrication techniques, thus the presence of a minimum
number of pillars was inevitable (corresponding to e � 45–
50 mm).

So far, there has been very little experimental information
on how vertical confinement influences ameboid cell migra-
tion. While reduction of cell velocity upon further squeezing
the cell was reported in (38), herewe observe that thevelocity
of differentiated HL-60 cells (with a typical size of L � 10
mm) is interestingly not affected when squeezed from h ¼ 6
mm to even h ¼ 3.5 mm. In contrast, the persistence reduces:
the cells move persistently at h¼ 6 mm but just diffuse at h¼
3.5 mm. Thus, an important message of the present study is
that while cells are able to preserve their velocity under
strong confinement, they lose the ability to control their di-
rection of motion. These results are in agreement with our
recent findings that the ability of migrating cells to maintain
their velocity or direction of motion is unequal (58).

Another goal of the present study has been to understand
how the lateral confinement imposed by pillars influences
the ameboid migration. We note that the regime of strong
lateral confinement was previously studied in similar pillar
forests (5–7,20). In this regime, the pillar spacing is smaller
than the cell size, thus the cell is often in simultaneous con-
tacts with several pillars and benefits from a directed pillar-
to-pillar fast type of motion. Our single device D4 falls into
this category. We observe that in this device, the cells are
significantly faster, with a mean velocity v ¼ 5.01 5 0.02
mm/min. Also, looking at typical cell trajectories in
Fig. S4 b reveals that the cells can benefit from the dense
pillar arrangement in this regime to maintain the direction
of motion over longer distances. Nevertheless, we are inter-
ested in the weak lateral confinement regime, where the pil-
lars act as scatterers and randomize the cell trajectory. While
this regime has been poorly studied, understanding the cell
migration under weak lateral confinement is of importance
toward the design of topotaxis devices and other practical
applications. In devices D1 to D3, we kept the pillar spacing
larger than the typical cell size to ensure that the cell cannot
be in simultaneous contact with more than one pillar.

In the weak lateral confinement regime, decreasing the
pillar spacing e reduces the diffusion constant D. We iden-
tify two responsible mechanisms: 1) decreasing e increases
the mean escape time of cells from effective local traps be-
tween neighboring pillars and also decreases the cell
Biophysical Journal 121, 4615–4623, December 6, 2022 4621
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persistence due to scattering from pillars (30,32), and 2) we
observe that the cells spend a finite time near pillar surfaces
(such contact times have been previously reported for
ameboid migration (5,20), though at highly dense regimes
of pillars). The cell-pillar contacts slow the cell dynamics
down and reduce D. By decreasing e, the frequency of
cell-pillar contacts increases; thus, D further decreases. By
means of numerical simulations with and without cell-pillar
contact time tc, we have clarified the relative contributions
of these two effects. The results in Fig. 6 b show that the
impact of cell-pillar contacts on D is more pronounced at
smaller pillar spacing. In this limit, the presence of tc re-
duces D even to half, which means that scattering from pil-
lars and being temporarily captured by them contribute
equally to reduce diffusivity.

We investigated the role of confinement and crowding on
the ameboid cell migration. Our results highlight the differ-
ences between the nature of cell-obstacle interactions at low
and high obstacle density regimes and its impact on the cell
dynamics. We have also shown that squeezing the cells af-
fects their velocity and persistence differently. Altogether,
these findings can help to better understand the ameboid
cell migration under more complicated topographic condi-
tions. The results can be exploited to design in vitro assays
for topotactic guidance of ameboid cells by tuning the de-
grees of confinement and crowding.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.

2022.10.030.
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