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11  ABSTRACT

—
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Cell migration plays a central role in various biological processes, including development, wound healing, and cancer

—_
w

metastasis, and represents a fundamental form of self-organized motion at the cellular scale. These self-propelled

cells can serve as microscale agents with potential applications in bioengineering and microsystem design. To realize

—_
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such possibilities, it is essential to establish effective methods for controlling their migration. Conventional

—
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approaches, such as chemotactic, optogenetic, and substrate-based guidance, depend on external interventions that

—_
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influence only a limited number of cells. Here, we present a proof-of-concept in Dictyostelium discoideum to bias
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cell migration by inducing deformation from within the cell. We demonstrate that glass microrods are internalized

—
O

and that these internalized rods elongate the cells along their own axis. The elongated cells tend to migrate in the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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direction of their long axis, resulting in enhanced directional persistence. Unlike conventional methods requiring

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:21 PM.

21 external deterministic cues or patterned environments, our approach enables cells to autonomously and persistently

P2 alter their migration behavior through internal morphological deformation. This study introduces a new framework
E 3 for modulating cell migration and establishes a foundation for developing biohybrid systems that utilize living cells

24 as self-propelled carriers.
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Introduction DOI: 10.1039/D55M01149C

Cell migration plays an essential role in various biological processes, including development,'=3 wound
healing,** and cancer metastasis.>7# It is also a highly efficient and dynamic process driven by the cell’s intrinsic
energy sources. Cells possessing such migratory capabilities are not merely biological entities but can also be
harnessed as mobile components exhibiting advanced locomotion for engineering applications. In particular, their
autonomous migratory behavior offers distinct advantages over conventional artificial actuators and has attracted
attention for transport in both in vivo and in vitro settings.’"'? Because cell migration is inherently stochastic, a major
goal in advancing such technologies is to develop methodologies that enable cells to maintain persistent migration
over extended timescales.

Currently, strategies for controlling cell migration can be broadly classified into several major types. The
first involves chemotactic guidance, which relies on chemotaxis—the ability of cells to migrate in response to
chemical concentration gradients.!>"!> In this approach, the spatial distribution of specific extracellular chemical cues
is used to direct cell movement. Although relatively easy to implement, this method faces limitations because
concentration gradients naturally dissipate over time through diffusion, making it difficult to sustain or dynamically
adjust stable directional guidance over extended periods.

Another approach involves optogenetic control, which manipulates intracellular signaling pathways using
light. A well-established example is the optogenetic activation of Racl, a small GTPase that promotes actin
polymerization and induces lamellipodia formation, thereby determining cell polarity and migration direction.!6-18 A
photoactivatable form of Racl (PA-Racl) enables spatiotemporal regulation of Racl activity through light
stimulation. In cells expressing PA-Racl, localized illumination induces lamellipodia formation at defined sites,
allowing precise control over the direction of migration. Other small GTPases, including Cdc42 and RhoA, can also
be optogenetically regulated to control distinct aspects of cell migration.!20 It should be noted that these approaches
are not primarily designed to control cell migration but are mainly employed as experimental tools to elucidate the
underlying molecular mechanisms. Optogenetic techniques have the distinct advantage of enabling directional
control without altering the surrounding microenvironment. However, they require genetic modification and
continuous micrometer-scale light stimulation under a microscope, increasing technical complexity and limiting
experimental accessibility.

The third approach is substrate-based guidance, in which cell adhesion to engineered substrates promotes
lamellipodia formation, polarity establishment, and subsequent migration. Micropatterning serves as a representative
example of this technique.?!2* For instance, cells adhering to an asymmetric teardrop-shaped micropattern on a
substrate establish a defined polarity and, once released, tend to migrate toward the blunt end of the
pattern.?? Furthermore, another study demonstrated that continuously arranging asymmetric triangular patterns on a

substrate can effectively rectify cell migration, guiding cells in a unidirectional and long-range manner.2* Although
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62  substrate-based guidance enables highly reproducible control of cell migration, it requires cellsctoibeoplacad comoc
63  predefined micropatterns, which restricts the range of applicable environments. Beyond chemotaxis, optogenetics,
64  and substrate micropatterning, directed migration can also be guided by light and electric fields (phototaxis*® and
65  electrotaxis?®). In addition, substrate mechanics and geometry such as stiffness gradients (durotaxis?’) and curvature
66  (curvotaxis?®??) can bias polarity and migration direction. Overall, existing strategies exhibit distinct limitations,
67  including unstable chemical gradients, genetic and technical complexity, and dependence on predefined substrates or

“ 68  applied physical fields.

) _§69 Among these approaches, substrate-based guidance fundamentally depends on the deformation of cell
§ 270 morphology, thereby regulating lamellipodia formation and the establishment of cell polarity. In other words, if cell
2 g 71 morphology could be controlled without relying on externally implemented structures, it may be possible to regulate
g g 72 cell migration more independently of predefined environmental features, similar to genetic approaches. Inspired by
2 g 73 this concept, we aimed to guide cell migration from within by internally deforming cellular morphology rather than
g é 74  using external cues. To this end, we examined how the internalization of micrometer-sized structures induces cell
E % 75  deformation and influences migratory behavior. Dictyostelium discoideum was selected as a model system because
é 2% 76 itis a highly motile amoeboid cell capable of robust phagocytosis and spontaneous migration, making it well suited
g ;:5 77  for investigating motility control. Specifically, we utilized glass microrods and a non-chemotactic mutant of
g é 78  Dictyostelium discoideum known as KI cells.30-32 In this study, we demonstrate that the microrods are internalized
g g 79  through phagocytic activity, forming cell-rod composites that result in an elongated morphology of KI cells (Fig. 1).
% é 80  Furthermore, the velocity vectors of the cells tend to align with the orientation of the rods, accompanied by enhanced
§ §81 directional persistence. Unlike conventional approaches that externally control cell migration, our strategy gently
g nudges cells to reorganize their migration behavior from within. This approach enhances the directional persistence
g' of cell migration without the need for external structures or genetic modification, providing a simple route toward

autonomous modulation.
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87  Methods DOI: 10.1039/D5SM01149C
88  Formation of cell-rod composites
89 In this study, a non-chemotactic mutant strain of Dictyostelium discoideum, referred to as KI cells, was
90  used. KI cells were prepared as follows. One milliliter of Klebsiella aerogenes suspended in 5LP medium (0.5%
91 lactose, 0.5% bactopeptone 211677, OD = 0.1) was spread onto a 9 cm SLP agar plate (0.5% lactose, 0.5%
92 bactopeptone 211677, 1.5% agar). After the medium had dried, KI cells were inoculated onto the plate and incubated
m, 93  for approximately 5 days at 21 °C. After cultivation, the KI cells and Klebsiella on the plate were collected using
_§ 94  phosphate buffer (PB). To remove Klebsiella, the suspension was centrifuged, the supernatant was carefully aspirated,
295 and fresh PB was added. This washing procedure was repeated twice. The number of cells was then counted using a
g 96  hemocytometer.
é 97 A cell-rod composite refers to a unified structure in which a KI cell internalizes a glass microrod through
g 98  phagocytosis. Glass microrods were obtained from a commercial supplier (Nippon Electric Glass Co., Ltd., Japan)
é 99  with an average length of 15 um and an average diameter of 3 um. To form the composites, KI cells (1.0 x 10>
<§00 cells/mL) and glass microrods (0.6 X 10~> g/mL) were co-incubated in PB in a glass-bottom dish at 21 °C overnight.
éOl The cell density on the substrate was 1.0 X 10% cells/cm?. During incubation, the microrods were internalized into
1EOZ the cell bodies. The cell-rod composites were observed using an inverted bright-field microscope (Axio Observer,
;03 Carl Zeiss AG, Germany).
§O4
éOS Classification of cell-rod interactions
@06 Bright-field (BF) images were used to classify cell-rod interactions and to estimate the internalization

fraction. First, we defined rod-associated cells as those in which the rod overlapped with the cell region (the area

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:21 PM.

enclosed by the cell outline) in projection; this population was used as the denominator for calculating the

internalization fraction. We then classified a rod as internalized when the entire rod was contained within the cell

110 region, based on visual inspection of the BF images. If any portion of the rod extended beyond the cell region, it was

111 categorized as partial attachment and was not counted as internalized.

113 Cell fixation and staining

114 Coverslips on which the cell-rod composites had been incubated were immersed in 4% paraformaldehyde
115  and kept at room temperature for 15 min. After fixation, the coverslips were gently rinsed by transferring them into
116 PB. Following removal from PB, a permeabilization buffer (0.5% Triton X-100 in PB) was applied dropwise onto
117 the coverslips, which were then incubated at room temperature for 5 min. The coverslips were subsequently rinsed
118  again with PB for approximately 30 s. Thereafter, 100 nM Acti-stain 488 phalloidin (Cytoskeleton, Inc., USA) was

119  applied to the coverslips, which were then incubated for 30 min at room temperature in the dark. After staining, the
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120 coverslips were washed twice with PB for 30 s each. Finally, a drop of ProLong™ Glass Antifade Mountant((Thermoioc
121 Fisher Scientific, Inc., USA) was placed on a glass slide, and the stained coverslip was mounted onto it. The mounted
122 samples were incubated at room temperature in the dark and subsequently observed using a laser-scanning confocal
123 microscope (LSM 700, Carl Zeiss AG, Germany).

124

125  Cell contour analysis

[\
(@)}

Time-lapse images of cell-rod composites were acquired at 10 s intervals for 120 s, and each frame was

[\)
|

cropped such that the cell centroid was positioned at the center. From the resulting time-series images, cell contours

[\
oo

were extracted using Cellpose,?? a deep learning—based segmentation tool. In this study, custom models were trained

[\
O

using microscope images obtained with the same equipment as the time-lapse images to enable segmentation of both

w
(@)

cell contours and internalized microrods. Contour annotations were performed via the Python API, and both model

w
[u

training and segmentation were carried out using GPU-accelerated computation. The extracted contour data were

w
[\

further analyzed in MATLAB (MathWorks, Inc., MA, USA), primarily using the regionprops function. Specifically,

regionprops was applied to the segmented regions (filled contours) obtained by Cellpose to compute the centroid,

w
~

major/minor axis lengths, and orientation for both the cell and the internalized rod. These parameters define the

w
ol

moment-based equivalent ellipse for each segmented region. Eleven cell-rod composites were analyzed.

w W
~N O

Circular mapping and correlation analysis

w
oo

To quantify the spatiotemporal dynamics of cell morphology, a polar coordinate system centered on the

This article is licensed.under.a Creative Commans Aftribution 3.0 Unported Licence.,
w
w

w
O

cell centroid was introduced. At each time point, the distance from the centroid to the cell boundary was measured

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:21 PM.

40 for each angular position ¢, and defined as Amp(¢,t). The angular direction ¢ was sampled at 1° intervals (360

41  divisions), with ¢ = 0° defined as the rightward direction along the horizontal axis and increasing clockwise. The
G2 dynamic protrusion and retraction of the membrane were thus represented as temporal variations in Amp(¢,t). The
=il

143 autocorrelation function of Amp(¢,t) was calculated as follows:

144

(Amp (¢ + A,t + At) - Amp ($,1)) e
(Amp? (,0))¢¢ ’

146 where Amp(¢,t) = Amp(p,t) — (Amp(¢h,t))s. Angular and temporal averages are denoted by ( )¢,:. The analyses

145 Cmp (A,AL) =

147  were conducted using the time-lapse images and cell contour data described in the preceding section (Cell Contour
148  Analysis).

149 Morphological dynamics were then classified into three patterns: elongation, rotation, and oscillation,
150  based on the Camp(Ap,At). If Camp(Ag,At) showed no clearly identifiable stripe pattern or instead exhibited a
151 checkerboard-like or mottled appearance, the cell was classified as oscillation. When a stripe pattern was clearly

152 observed, we quantified the angular speed from the stripe slope as |A@/At|. We then classified these cases as
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elongation (JA8/At| < 0.65 deg/s) or rotation (|AG/At| > 0.65 deg/s). DOI: 10.1039/D55M01149C

Cell migration analysis

Time-lapse images of cell migration (time interval = 20 s; total duration = 30 min) were analyzed using
TrackMate, a plugin for ImageJ (National Institutes of Health, MD, USA), to determine the position of cells r(t) at
each time point t. To eliminate the influence of cell—cell contact on migration, only segments in which cells migrated
individually were analyzed. Consequently, the tracking durations of the trajectories used for analysis ranged from
480 s to 1800 s. Custom-trained Cellpose models were used as the detector in TrackMate. For the control data (cells
without microrods), 32 trajectories of cell centroids were tracked using a model trained to detect cell contours,
whereas for the cell-rod composites, 30 trajectories of rod centroids were tracked using a model trained to detect rod
contours. In particular, for the microrod, the ellipse parameters (major axis length and orientation) provided by
TrackMate’s ellipse fit were extracted and used to define the rod major axis. From the obtained trajectories, apparent

migration speed was calculated as follows:

[r(t + kAt) —r(t)|
lv| = kAL »where At is the imaging time interval (20 s) and k > 1 is an integer.

Further, for each tracked cell i, the time-averaged mean square displacement (MSD) was obtained as

T;—At
1

MSDi(A) = = ) Iri(t+A0 (),
: t=0

where At is the lag time and T; is the total observation time of cell i. The averaged MSD was then obtained by

averaging over cells

N
1
MSD(At) = NZ: MSD; (At),
i=1

where N is the number of tracked cells. The persistence length L, was also extracted by fitting MSD(At) to a

persistent random-walk (ballistic-to-diffusive) model34 :

At
MSD(AE) = 4DAt + 2v2T [At — (1 — 7)),

where D is the effective diffusion coefficient, v is the characteristic speed, and 7 is the persistence time. The
persistence length was then given as L, = vt. To estimate the uncertainty of L,, we used bootstrap resampling over
cells. For each bootstrap replicate b = 1,..,B, N cells were sampled with replacement, the averaged MSD was
calculated, and the model fit was performed to obtain L;,b). We report the median of L;,b) as the point estimate and
the 2.5%M-97.5% percentiles as the 95% confidence interval. The relative uncertainty was defined as the standard

deviation divided by the mean of the Lgb) distribution.
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183  Results and discussion DOI: 10.1039/D5SM01149C
184 Following overnight incubation, three types of interactions between KI cells and glass microrods were
185 observed: no interaction (control; Fig. 2a-i, Movie S1), partial attachment (Fig. 2a-ii, Movie S2), and internalization
186  (Fig. 2a-iii, Movie S3). In the case of partial attachment (Fig. 2a-ii), one end of the microrod adhered to the cell
187  surface without being completely engulfed. In this configuration, although the cell and the rod moved together, the

188  distal end of the rod extended beyond the cell contour. In contrast, in composites where the rod was internalized (Fig.

o0
O

2a-iii), the microrod remained entirely within the cell contour while moving together with the cell. Because no

O
(e

external delivery methods, such as lipofection, were employed, the internalization of microrods can be attributed to

O
—

spontaneous phagocytic activity, resulting in the formation of cell-rod composites. Although such large structures

O
[\

might appear unlikely to be internalized, this phenomenon is consistent with previous findings showing that particles

O
w

comparable in size to cells—such as elliptical disks®> and asterisk-shaped microdevices’*—can be engulfed via

O
[

phagocytosis. As shown in Fig. 2b, among cells that interacted with microrods, the incidence of internalization was

O
o

approximately one-fourth that of partial attachment. Although partial attachment seems to represent an intermediate

state preceding internalization, not all attached rods necessarily progress to that stage. This is likely because, when

O
-~

the rod orientation or contact area is suboptimal, phagocytosis is not triggered and the rods remain partially attached.?

O
oo

The long-term stability of rod internalization remains to be fully elucidated; however, in time-lapse imaging over 3

O
O

h in a PDMS chamber (Fig. S1), the microrod remained fully internalized with no evidence of rod ejection over the

S
o

tested timescale. This result suggests that, despite their size, internalized microrods remain relatively stable once

(@)
—_

engulfed. We also performed a trypan blue exclusion assay on cell-rod composites, indicating no obvious plasma-

1
&
3
3
g
g
E|
P
g
1S
d96
3
O
i
i
5
0
2
(]
2

S
[\

membrane permeabilization (Fig. S2).

Fig. 2c—e show maximum-intensity projection images of representative fixed cell-rod composites. F-actin

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:21 PM.

and nuclei were visualized using phalloidin (green) and Hoechst (blue), respectively. An actin-rich region was

observed at one end of the cell, where multiple filopodia-like protrusions extended outward. In contrast, the rear side

lacked such actin enrichment. This polarized distribution of actin indicates the establishment of distinct front—rear
207  polarity. Fig. 2f presents cross-sectional views of a representative cell-rod composite, showing ZY sections at three
208  different X positions (top panel), an XY section (middle panel), and an XZ section (bottom panel). In the ZY sections,
209  the actin cytoskeleton appeared as ring-like cross-sectional structures with diameters comparable to that of the
210 microrod (3 um). Moreover, both the XY and XZ sections displayed rectangular dark regions with dimensions similar
211 to those of the rod, providing strong evidence for microrod internalization. In the ZY section at x = x3, deformation
212 of the nucleus caused by the presence of the microrod was observed. This deformation became more apparent when
213 compared with nuclei of cells without microrods (Fig. S3).

214 We next focused on the morphology of cells that internalize glass microrods. Fig. 3a and 3b show time-

215  lapse bright-field and segmented images of a representative cell-rod composite, respectively. To characterize the
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geometric features of the cell-rod composite, several parameters were defined, as illustrated in FlgDa)C.lThBé&HHMCDS@S@é

of the cell and the rod were denoted as Gep and Groq, respectively. The cell contour was approximated by an ellipse,
with its major and minor axes defined as acep and bcey, respectively. The rod was also approximated by an ellipse,
and its major axis was defined as a,,q. We first calculated the elongation index, R = a¢ey1/bceln, for both cell-rod
composites and cells without microrod interaction. The time-averaged value of R was calculated for each cell, and
the mean across cells (one value per cell) was higher for cell-rod composites than for cells without microrods (Fig.
3d). Specifically, R was 1.49 + 0.04 for control cells (mean + SE, N = 22) and 1.65 % 0.05 for cell-rod
composites (mean + SE, N = 11), indicating that microrod internalization induced cell elongation. We then
examined the relationship between R and the length of the internalized rod, a,oq. The plot in Fig. 3e shows that
increases in R were associated with increases in a,oq. This is likely because longer microrods deform the cell more
extensively along their axis, resulting in greater elongation. Since rod-induced polarization in our system may be
mediated by such morphological constraints, we speculate that excessively reducing rod length may weaken this
effect, although it may facilitate internalization. Furthermore, the absolute value of the angle between a.e;; and a;qq,
denoted as 6 (Fig. 3c), had a mean of 15.1°. Fig. 3f shows a histogram of 6 for all cell-rod composites (one time-
averaged value per cell), indicating that the elongation axis of the cells was well aligned with the microrod axis. In
addition, the distance between Ggeo and Groq, defined as d, was approximately 2 um—comparable to the rod
radius (1.5 pm)—suggesting that G.ep and Groq Were nearly coincident (Fig. 3g).

To investigate how microrod internalization influences the spatiotemporal dynamics of cell morphology,
we conducted a contour-based analysis following a method established in previous studies®’3® Specifically, we
defined a radial amplitude function, Amp(¢,t), representing the distance from the cell centroid to the membrane
edge as a function of the angular coordinate ¢ and time t. Previous work demonstrated that the autocorrelation of
Amp(¢p,t) quantitatively evaluates the presence of ordered morphological patterns such as elongation, rotation, and
oscillation. These patterns are classified according to characteristic spatiotemporal correlations in cell edge dynamics:
elongation corresponds to a sustained extension along a fixed axis, rotation involves the lateral propagation of
protrusions around the cell periphery, and oscillation is characterized by periodic deformation, typically with
protrusions alternating across the cell axis.

Fig. 4a shows the mapping of Amp(¢,t) for a cell without microrod internalization, and Fig. 4b presents
its cell contours at t = 20s and t = 100 s. Points on the contour corresponding to the top 20% of Amp(¢,t)
values at each time point are marked in green, illustrating that the protrusions change direction over time (Fig. 4b).
Although the morphological dynamics are not immediately apparent in Amp(¢,t), the corresponding autocorrelation
function, Camp(Ag,At) exhibits a checkerboard-like or mottled pattern (Fig. 4c), indicating periodic protrusive
activity occurring at distinct angular positions (oscillation). This suggests that the cell extends protrusions in one

direction and subsequently re-extends them at shifted angles, resulting in alternating cycles of protrusion and
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249  retraction that modulate its morphology. Additional examples of Camp(A¢,At) from other cells areprovidedmnkigaoc
250  S4. The same analysis was next applied to cell-rod composites (Figs. 4d-f). The mapping of Amp(¢,t) and the
251 corresponding cell contoursat t = 20s and t = 100 s are shown in Figs. 4d and 4e, respectively. Over time, peaks
252 of Amp(¢,t) appeared around ¢ = 90° and 270°, indicating that the cell maintained a relatively elongated shape
253 (Fig. 4e). Moreover, morphological fluctuations were relatively small around ¢ = 90° (dashed line in Fig. 4d),

254 which corresponds to the rear side of the cell-rod composite (Movie S4). These observations support the notion that

o1
o

pseudopodial activity is spatially biased toward the front, while the rear remains comparatively static,3” thereby

o1
(@)

suggesting that this front—rear asymmetry is preserved even in the presence of an internalized microrod. The

(&)}
N

autocorrelation function (Fig. 4f) revealed a distinct elongation pattern, indicating that the internalized microrod

&)1
oo

stabilized the cell shape along a fixed axis over an extended period. A similar trend was observed in additional cell-

o1
O

rod composites, as presented in Fig. S5. As shown in Fig. 4g, when the cell-rod composites were classified according

[N
(e

to their morphological dynamics, the average length of the internalized microrods was clearly greater in the

(@)
—

elongation group than in the rotation and oscillation (Rot. & Osc.) group. This finding suggests that cells internalizing

longer microrods tend to exhibit elongation patterns.

(@)}
w

Thus far, we have demonstrated the effect of microrod internalization on cell morphology. It is well

(@)
=~

established that cell morphology and motility are closely interconnected.’® To clarify how microrod internalization

(@)
o

influences migratory behavior, we conducted tracking analysis of cell migration (Movies S5 and S6). Trajectories of

[N
(@)Y

migrating cells without and with microrods are shown in Fig. 5a and S6, where the tracking duration ranged from

(@)Y
Q3

480 s to 1800 s. All trajectories start at (x, y) = (0, 0). For control cells (without microrods), trajectories were

This artide is fisensqdundgra Cregtive Gommons Aftsibution 3.00dnpogtsd Liggnce.rs
o
N

[}
oo

obtained by tracking cell centroids, whereas for cell-rod composites, trajectories were determined by tracking

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:21 PM.

b9  microrod centroids. As shown in Fig. 3g, the distance between the cell and microrod centroids was less than 2 pum,
0  indicating that the microrod trajectories could be considered equivalent to the cell trajectories. Cells without
E 1 microrods exhibited directional changes and tended to follow less linear paths (Fig. 5a, left), whereas cell-rod
272 composites displayed relatively straight trajectories with minimal directional changes (Fig. 5a, right). Next, we

273  compared the MSD between cells without microrods and cell-rod composites (Fig. 5b). The composites exhibited a
274 steeper slope, with the difference from the control becoming increasingly evident as the lag time increased. To
275  quantify the difference in migration persistence, we fitted the MSD to a persistent random-walk model and extracted
276 the persistence length L. This analysis yielded L, = 15.6 um (95%CI: [8.93,33.6], rel.unc. = 0.4) for control
277  cellsand Ly, =102 pum (95%CI: [50.3,177], rel.unc. = 0.4) for cell-rod composites, indicating a pronounced
278  increase in persistence upon rod internalization (Table S1). The characteristic speed parameter v obtained from the
279  same fits was comparable within uncertainty between the two conditions (control: v = 0.19 um/s; cell-rod
280  composites: v = 0.18 um/s; Table S1). The apparent migration speed |v| showed a k dependence, especially for

281 control cells (Fig. S7), indicating that this finite-interval estimate can be influenced by directional persistence when
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282  time interval is not sufficiently small. Therefore, we use the fitted characteristic speed v as thelestimateoofitheoc
283  intrinsic migration speed, rather than the finite-interval apparent speed. We then analyzed the angle a between the
284  velocity vector v and the axis of the internalized microrod (Fig. 5¢). A histogram of the time-averaged absolute
285  values of a for each trajectory is shown in Fig. 5d, revealing a peak around 25°. This deviation reflects temporal
286  fluctuations in the migration direction, indicating that the cell moves approximately along the microrod axis but with

287  angular fluctuations of about =+ 25°. The characteristic scale of ~25° could reflect intracellular constraints,

o0
oo

potentially including steric interactions between the microrod and the cell nucleus (Fig. 2f), although this contribution

0
O

was not directly quantified in the present study. Such fluctuations are also likely promoted by variations in protrusion

O
o

formation at the leading edge (Fig. 4d). Overall, cells tend not to move perpendicular to the microrod axis but rather

O
—

migrate along it. Furthermore, the histogram of the time-averaged « for each trajectory, shown in the inset of Fig.

O
[\

5d, is centered near 0°, suggesting that there is no significant bias in left—right orientation relative to the microrod

O
w

axis. In other words, the migration direction and the microrod axis are aligned in cell-rod composites. Although this

analysis does not establish the direction of causality, it demonstrates tight coupling between the two.

O
o

O
(@)}

Thisarticleislicensed undgk s Cregtive Gommns Attsibutien 3.00Ynpogtsd Liggnce.rs
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298  Conclusion DOI: 10.1039/D5SM01149C
299 In this study, we investigated the interactions between KI cells and glass microrods, encompassing both
300  partial attachment and internalization. Notably, internalization occurred without any artificial introduction methods,
301 indicating that microrods were taken up through spontaneous phagocytic activity. Fixed-cell imaging confirmed the
302  presence of microrods within the cells, demonstrating the successful formation of cell-rod composites. Moreover,

303  internalized microrods induced marked morphological changes, promoting elongation of the cells along the microrod

W
(e}
1SN

axis. Quantitative analysis using the elongation index R revealed that cell-rod composites exhibited higher R

(e
ol

values than cells without microrods, particularly when longer microrods were internalized. Contour-based analysis

e}
(@)Y

of cell edge dynamics showed that microrod internalization altered cellular deformation patterns, enhancing the

S
Q

tendency toward elongation. Furthermore, cell-rod composites exhibited more persistent migration, and their

(e}
oo

movement directions tended to align with the orientation of the internalized microrod. The persistent random-walk

(e}
O

analysis indicates that the dominant effect is an increase in persistence time and persistence length, while the

[u—
)

characteristic speed is comparable between conditions. These findings show that directional persistence of cell

migration can be enhanced from within, not through deterministic, externally imposed cues, but by subtly nudging

—
[\

the cell’s spontaneous motion via internal morphological deformation.

—
w

Whether other eukaryotic cells exhibiting similarly active phagocytosis and motility can form cell-rod

—
N

composites and display comparable migratory behavior remains to be tested. For instance, macrophages, a type of

—_
[®2]

immune cell, could be considered as candidates. Extending the present approach beyond Dictyostelium will be an

—
(@)}

important direction for future work.*-!2

This artighe is tigensedundera Cregtive Gommens Attsibutign 3.0..dnpokted Liggnee.
um—
—_

—_
~J

In this study, we consistently employed glass microrods, which are symmetric along both the longitudinal

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:21 PM.

8  and radial axes. An important next step is to investigate how more complex, asymmetric microstructures influence
9  cellular deformation and migration upon internalization. In particular, curved (“banana-shaped”) microparticles (e.g.,
P0  SU-8-based structures)**#! provide a practical symmetry-breaking geometry and may induce a systematic turning

o [Hec)

21  bias (non-zero mean angular velocity) during migration. Another promising avenue of research involves modifying
322 the rod material to impart additional functionalities. For instance, using magnetic materials would allow microrod
323 orientation to be controlled by an external magnetic field, providing a well-defined handle to systematically probe
324 rod-migration coupling. In parallel, live imaging of PIP3 and PTEN#?43 under controlled microrod orientation would
325  enable a direct test of whether rod-induced deformation biases and stabilizes the front—rear polarity axis. This could
326  be quantified by measuring the alignment of the front—rear polarity axis (read out from PIP3/PTEN localization) and
327 its temporal fluctuations relative to the rod axis and migration direction. The cell-rod composite may therefore serve
328  as a powerful experimental platform for elucidating the coupling between cell morphology and migration.
329  Alternatively, thermoresponsive hydrogel** microrods could provide deformable shape cues. In a bilayer design

330  comprising a responsive and a non-responsive layer, differential swelling under temperature changes would induce

11
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bending, enabling tunable curvature that could in turn modulate migration patterns. DOI: 10.1039/D55M01149C

Collectively, such approaches may provide a useful starting point for developing micrometer-scale motile
carriers and related biohybrid systems. We hope that this study will contribute to advancing fundamental strategies

for controlling cell migration without reliance on external cues or genetic modification.
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Fig. 1 Conceptual illustration of cell-rod composite
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Glass microrods are internalized by non-chemotactic Dictyostelium discoideum KI cells via phagocytosis, leading to

the formation of cell-rod composites.
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Fig. 2 Internalization of glass microrods by KI cells

(a) Microscopic images of KI cells showing three types of interactions with rods: (i) no interaction (control), (ii)
partial attachment, and (iii) internalization. (b) Proportions of partial attachment and internalization. (c-f) Laser-
scanning confocal microscopy images of fixed cell-rod composites stained with phalloidin (green) and Hoechst
(blue). (c-e) Maximume-intensity projection images of representative cell-rod composites. (f) Orthogonal views of
the cell-rod composite represented in (c). Top panel: ZY sections at three different X positions, each shown with the

corresponding image (upper) and schematic (lower). Middle panel: XY section. Bottom panel: XZ section.
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Fig. 3 Deformation of cell morphology induced by rod internalization

(a) Time-lapse microscopic images of a cell-rod composite. (b) Segmented images of the cell body and internalized
rod (cell: magenta; rod: cyan). (c) Schematic showing the definitions of parameters. (d) Box plot of time-averaged
R for all segmented cell-rod composites (one value per cell). An asterisk indicates a significant difference at p
< 0.05 (two-sample t-test). (e) Scatter plot of time-averaged R versus a.o,q for all cells (one point per cell). (f)

Histogram of the time-averaged 6 (mean 15.1, SD 7.1). (g) Histogram of the time-averaged d (mean 1.87, SD 0.49).
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Fig. 4 Spatiotemporal dynamics of cell morphology
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(a-c) Control cells. (a) Mapping of Amp(¢,t). (b) Cell contours at t = 20 s (top) and t = 100 s (bottom). Points

colored in green indicate the top 20% of Amp(¢,t). (c) Mapping of Camp(A¢,At) showing an oscillation pattern.

(d-f) Cell-rod composites. (d) Mapping of Amp(¢,t). The dashed line indicates ¢ = 90°. (e) Cell contours at

t =20s (top)and t = 100 s (bottom). Points colored in green indicate the top 20% of Amp(¢,t). (f) Mapping of

Camp(Ap,At) showing the elongation pattern. (g) Comparison of aroq between cell-rod composites exhibiting

elongation and those showing rotation/oscillation.
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Fig. 5 Rod internalization enhances migration persistence
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(a) Migration trajectories of cells (left: controls; right: cell-rod composites). All trajectories start at (x, y) = (0, 0).

Tracking durations ranged from 480 s to 1800 s. (b) Time evolution of the mean square displacement (MSD) as a

function of time lag At. Error bars indicate standard error. Solid lines show the best-fit persistent random-walk model.

Slight deviations at the shortest lag times likely arise from the finite temporal resolution and tracking/localization

uncertainty, which are not explicitly included in the persistent random-walk model. (¢) Schematic illustration of

parameter definitions. (d) Histogram of time-averaged |a| for each trajectory. The inset shows the histogram of a.
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