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a b s t r a c t

Mechanical force between cells relates to many biological processes of cell development. The cellular col-

lective migration comes from cell-cell cooperation, and studying the intercellular mechanical properties

helps elucidate collective cell migration. Herein, we studied cell-cell junctions, intercellular tensile force

and the related cellular energetic costs in confined microchannels. Using the intercellular force sensor,

we found that cells adapt to different confinement environments by regulating intercellular force, and

thereby the relationship between collective cell migration and cell-cell junction were verified. Through

the observation of cell orientation, actomyosin contractility, energetic costs, and glucose uptake, we can

make a reasonable explanation of cell-force driven migration in different confined environments. Under

highly confined conditions, the intercellular force and energetic costs are greater, and the cell orientation

is more orderly. The collective migration behavior in confined spaces is closely related to the intercellular

force and energetic costs, which is helpful to understand the collective migration behaviors in various

confined spaces.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cellular mechanical force regulates numerous biological pro-

cesses, such as cell proliferation, differentiation, apoptosis, polar-

ization, adhesion, and migration [1–4]. Mechanical forces deter-

mine many aspects of biological processes from single cells to

complex organisms [5]. In the process of tissue growth, various

collective cell behaviors such as epiboly [6], intestinal epithelial

space turnover [7] and apical constriction [8] exists. Due to the var-

ious morphologies of the tissues where the cells are located, and

the cells must adapt to different external tissue environments to

develop and grow. In a particular tissue, the cellular forces cause

the tissue to undergo various transformations, such as bifurcation

[9], rotation [7] and bending [10]. At the same time, in the special

tissue morphology, the migration behavior of cellular force differs.

Thus, studying the cell mechanics and behavior in various exter-

nal environments is necessary. So, we tested the mechanical dif-

ferences of collective cell migration in microchannels of different

widths.

Cell mechanics and cell tissue environment determine the abil-

ity, path [11], and decision-making of cell migration. In these be-

haviors, cell-cell junctions act as a critical role in helping cells

∗ Corresponding authors.

E-mail addresses: binkang@nju.edu.cn (B. Kang), xujj@nju.edu.cn (J.-J. Xu).

grow harmoniously in various fine structures. The cell-ECM (ex-

tracellular matrix) traction force research of collective migration is

relatively mature [12], and the interaction between cellular adhe-

sion and cellular force is also crucial for maintaining the integrity

of special tissues. Cell-cell junction and cellular force are essential

in maintaining the integrity of special tissues [13]. Cell-cell junc-

tions can be divided into tight junctions, adhesive junctions (AJs),

desmosomes [14] and gap junctions [2]. In cell-cell junctions, tight

junctions and desmosomes are necessary to maintain the integrity

and cohesion of epithelial cells, but AJs are essential to maintain

coordinated cellular behavior [15]. AJs are the main cell-cell junc-

tions that sense and respond to the tension at the cell-cell inter-

face. Each structure in the AJs has an inseparable relationship with

the intercellular force [15,16]. For example, the intercellular force

is driven by the actomyosin contractility [2]. F-actin can indicate

the cell orientation [17], and E-cadherin mediates cell-cell adhe-

sion [18]. Biological processes driven by multiple cell interactions

strongly depend on these cell-cell junctions [17,19].

The coordinated migration of epithelial cell sheets is regulated

by mechanical force. We studied the mechanical properties of col-

lective cell migration under different spatial constraints. Collec-

tive cell migration comes from the cell-cell cooperation. Thus, the

study of intercellular forces elucidates collective cell migration.

https://doi.org/10.1016/j.cclet.2022.107789
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We designed a simple model that confined cells to microchannels

of different widths to generalize some spatial cell constraints in

vitro. We used a previously reported method [20,21] to measure

the tension between living cells using a DNA spring probe with a

fluorophore-quencher pair on molecular tension fluorescence mi-

croscopy (MTFM). At the same time, by using polydimethylsilox-

ane (PDMS) microchannels with different widths, changes in inter-

cellular tensile force and energetic costs are observed in the nar-

row microchannels. In the narrow microchannel, we observe larger

intercellular force and higher energetic costs, which is an impor-

tant factor of intercellular mechanical transmission. The intercel-

lular force during the cell migration needs to consume a mass of

energy and take in enough glucose to meet energetic demand. The

external constraints of the tissue are altered, and cell-cell connec-

tions and internal dynamics are altered to adjust to large-scale in-

teractions over great distances across multiple cell bodies.

DNA-based force probe for microchannels of different widths:

PDMS microchannels with different widths were fabricated, and

the cells is strictly confined to microchannels of different widths

for collective migration. As shown in Fig. 1a, under the action of

intercellular force, the DNA spring probe (MTFM probe) changed

from the quenched state of Cy3-BHQ2 to the open state, and the

intercellular force was observed by the fluorescence signal (Fig.

1b). We also calculated the quenching efficiency was 81% (Fig. 1c).

We used a worm-like chain (WLC) formula [22,23] to transform

the fluorescence image on the cell membrane into piconewton

(pN) image of intercellular force (Fig. S1 in Supporting informa-

tion). The fluorescence (Fig. 1d) shows that the fluorescence inten-

sity of cell-cell junction area is brighter than the other membrane

areas, and the white arrow in Fig. 1d indicates the fluorescence in-

tensity on non-cell-cell junction membranes that is slightly bright.

This finding is consistent with that of Zhao [21], thereby indicat-

ing that the probe can well represent the intercellular tensile force

(Figs. 1d and e). The feasibility of the probe (Fig. S2 in Supporting

information) was verified by Y27632 pre-treatment, which proved

that the MTFM probe can be used in real-time measurement be-

tween cells.

Effects of microchannels with different widths on intercellular

forces in epithelial cells: The widths of the microchannel were ap-

proximately 25, 50, 75, 100, 150 and 250 μm (Fig. S3 in Supporting

Fig. 1. Schematic diagram of MDCK cell migration under a confined microchannel

and the method used to measure the intercellular force. (a) Cell migration under

different spatial constraints. The purple arrow indicates the direction of cell mi-

gration. (b) The intercellular force spring probe was turned on under the action of

intercellular force. The quenching effect of Cy3-BHQ2 was turned on, and the probe

changed from OFF to ON. (c) After adding cDNA, the MTFM probe turned on, and

the quenching efficiency of the DNA spring was obtained. (d) Fluorescent image of

intercellular forces. The white arrow refers to the membrane areas of non-cell-cell

junction. (e) pN force image was calculated from the typical fluorescence image.

Scale bar in (d, e) was 25 μm.

Fig. 2. The distribution of intercellular forces on microchannels of different widths.

(a) The bright field image of MDCK cell sheet after migrating on the channels of dif-

ferent widths for about 24 h. Scale bar is 200 μm. (b) The intercellular force count

on all the microchannels. Each point represents the average value of the intercellu-

lar force on the microchannel except for 0. The results of at least 50 experiments

were calculated. (c) Representative fluorescence and pN force maps representing in-

tercellular forces on microchannels of different widths. All scale bars are 250 μm.

The channels are labeled as 1, 2, 3, 4, 5 and 6 and correspond to widths of 25, 50,

75, 100, 150 and 250 μm, respectively.

information). After the cells have migrated in the microchannel for

about 24 h, we get the bright field (BF) image in Fig. 2a. The BF

image shows that cells in narrow microchannels migrate farther

than those in wide microchannels, which is consistent with the re-

sults of previous studies [24]. Therefore, to understand the differ-

ences of intercellular mechanics under spatial constraints, we used

MTFM probe to observe the intercellular mechanics on different

microchannels. Statistics on many groups of data were obtained,

and a general phenomenon was found (Fig. 2b), with increasing

microchannel width, the average value of the force on each mi-

crochannel and the average value of the non-zero point became

increasingly smaller successively. This result is consistent with the

cellular migration distance. As shown in Fig. 2c, we found that the

fluorescence on 25 μm microchannel are brighter than 250 μm mi-

crochannel. Similarly, we can see that the force on the 75, 100, 150

and 250 μm microchannels are smaller in turn.

On a narrow microchannel, because the width is small enough,

and only a few cells can enter, cells spontaneously and roughly

move in one orientation. On a wide microchannel, movement is

similar to that in an unlimited space, which shows collective cell

sheet migration. Cells spontaneously migrate to the blank area, be-

cause enough space for migration is available.

Epithelial cytoskeleton and cell orientation in microchannels

with different widths: AJs in the cell-cell junction structure me-

diate tissue integrity [15,16]. Intercellular force is directly related

to AJs in the process of cell migration. Thus, the mechanical prop-

erties of AJs under microchannel of different widths need to be

analyzed (Fig. S4 in Supporting information). AJs are usually com-

posed of E-cadherin, which couples cell-cell junction with the cy-

toskeleton of F-actin (Fig. S5 in Supporting information). The ori-

entation of F-actin filaments represents the cell orientation [17,25],

and we speculate that cell orientation might differ in various con-

fined microchannels. Fig. 3a shows that in the 25 μm microchan-

nels, the orientation of F-actin filaments is mostly toward the
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Fig. 3. Cytoskeleton and cell orientation of epithelial cell sheets in microchannels of different widths. (a) Fluorescence images of F-actin filaments stained with Phalloidin-

Alexa488 on microchannels of different widths. The diagram on the left describes the definition of LCs and FCs on the microchannel. LCs: The front area of the leading cell.

FCs: Follower cells. The purple arrow represents the direction of cell migration. Scale bar: 10 μm. (b) Sa= cos(2θ ), θ is derived from the angle of the F-actin filaments relative

to the long axis of the microchannel (according to five independent experiments). (c) Polar graph plotting the histogram of the distribution of the cell orientation on the

microchannel; 90 degrees indicates orientation along the axis of the microchannel, and 0 and 180 degrees indicate that the cell orientation is perpendicular to the long axis

direction.

direction of cell movement or the axis of the channel, which is

relatively orderly. However, in the 150 μm microchannels, cell ori-

entation is random. The F-actin filaments have various orienta-

tions in the wide microchannels, but they are strongly aligned with

the long axis in the narrow channels. F-actin filaments are ori-

ented parallel to the orbital in narrow channels, but they have

no preferred orientation in wide microchannels. The distribution

of F-actin is uniform, and stress fibers are visible in any chan-

nel. Narrow microchannels can promote cell polarization, which

in turn can improve the migration ability [2]. Meanwhile, physical

constraints promote cytoskeleton reorganization. To better quantify

these, we used the method proposed by Benoit Ladoux et al. [25],

the nematic actin order parameter defined as Sa= cos(2θ ) (Fig. 3b).
In 25 μm and 50 μm channels, most of the actin filaments are par-

allel to the axis of microchannel, and the value of Sa in the 25

μm microchannel is close to 0.8. By contrast, in the 250 μm mi-

crochannels, the random the orbital in narrow channels, but they

have no orientation of actin filaments can be seen, and the value

of Sa in the 250 μm microchannel is close to 0. We wanted to un-

derstand cell body orientation, and our method involved the use of

the angle between the long axis of cell body and the microchannel

axis (Fig. 3c). Achieving a more efficient cell migration involves a

great relationship with the intercellular communication. The orien-

tation of each cell depends on its neighboring cells. Cell-cell junc-

tion and actin cytoskeleton are chemically and mechanically cou-

pled to each other; they interact, thereby changing the cell front-

back polarization [26]. At the same time, we also observed the ori-

entation field (Figs. S6 and S7 in Supporting information), which

showed that there were topological defects in the wide channel,

but the orientation field was ordered in the narrow channel.

At the same time, in order to study contractility difference re-

sults in intercellular force variations. We tested the distribution of

phosphorylated myosin light chain (pMLC) represented by the cy-

toskeletal actomyosin contractility. Figs. S8-S10 (Supporting infor-

mation) show that most of the F-actin and pMLC were colocalized,

indicating that actomyosin contractility is the most important con-

tribution to intercellular force [27].

The influence of energy on confined microchannel of epithelial

cell sheets: Cells need energy to migrate and usually produce ATP

to meet their energetic needs [28,29]. The intercellular pull is pro-

duced by the movement of ATP-dependent actomyosin on the actin

filaments of the cytoskeleton. We used PercevalHR [29,30], a ratio-

metric intracellular ATP/ADP fluorescent biosensor to measure cel-

lular energetic costs.

As shown in Fig. 4a, the energetic costs on the 25 μm and

50 μm microchannels is significantly greater than the energetic

costs on the 150 μm and 250 μm microchannels. The results pre-

sented here are similar to the results of pMLC (Fig. S8 in Sup-

porting information) and intercellular force, which prove from the

side that the cellular mechanical properties are directly related to

energy. Glucose is an energetic source used for maintaining cell

activity and homeostasis [30,31]. Glucose uptake depends on the

utilization of intracellular glucose. Enhanced glucose uptake pro-

tects cells during energy absorption [32]. When cells were incu-

bated with the fluorescent glucose analog 2-NBDG, glucose uptake

was measured. It can be seen from Fig. 4b that the fluorescence

intensity of 2-NBDG is higher in the narrow channel.

Therefore, we separately counted the ATP/ADP and 2-NBDG flu-

orescence intensity of many groups. It is observed that in Figs. 4c

and d, the phenomenon of 2-NBDG is consistent with the phe-

nomenon of ATP/ADP. Then, we generated a statistical graph (Figs.

4c and d) of the cellular energetic costs and 2-NBDG fluorescence

of many groups. 2-NBDG and ATP/ADP have the same trend. With

decreasing width, energetic costs and glucose uptake increase, in-

3



X.-H. Wang, Y. Liu, B. Kang et al. Chinese Chemical Letters 34 (2023) 107789

Fig. 4. The ATP/ADP ratio and glucose uptake of cell migration in microchannels of different widths. (a) ATP/ADP ratio of cells on different width microchannels. From

left to right were ATP, ADP fluorescence image, and ATP/ADP ratio maps. All scale bars, 250 μm. (b) Fluorescence image of glucose uptake of 2-NBDG in microchannels of

different widths. All scale bars, 250 μm. (c) The scatter plot is derived from the average value of the ATP/ADP of the images of 30 different microchannel combinations.

ATP/ADP is normalized, and the value on the 25 μm microchannel is used as a standard for normalization. (d) The scatter plot is calculated from the average value of

2-NBDG fluorescence values of at least 50 different microchannel combinations. Every scatter point is the average value on each microchannel, and the average value does

not include zero value.

dicating that cells respond to various microchannels through glu-

cose uptake and energy production. During the migration process,

a high ATP/ADP ratio indicates that more energy is consumed,

which in turn means that more glucose uptake is required. This in-

creased glucose uptake on the narrow microchannels can be used

to compensate for energetic consumption, because the intercellu-

lar force on the narrow microchannels requires high actomyosin

contractility and intercellular tensile forces. Cells was adapted to

different environments by acquiring dynamic energetic costs.

In conclusion, we investigated intercellular mechanical proper-

ties under microchannels of different widths and observed the in-

fluence of cell migration characteristics, such as intercellular forces,

cell orientation and energy, reflecting different migration behav-

iors. In narrow microchannels, cell orientation is relatively uniform,

and cells move in the direction of cell migration. By contrast, cell

orientation in the wide microchannel is heterogeneous. Moreover,

a higher intercellular force is present in the narrow microchannels,

and actomyosin is more contractible, thereby requiring more ener-

getic cost and glucose uptake. The cell orientation is more orderly

on narrow microchannels, because actomyosin contraction leads to

greater intercellular force, energetic costs, and glucose uptake in

highly confined environments. Through these evidence, we proved

that we can use an intercellualr force probe to study the effect of

space restriction on epithelial cell migration. Our findings provide

unique insights into the ability of mechanical force adjustment to

adapt to the environment in microchannels of different widths.
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