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Three-dimensional (3D) cell spheroids, generated utilizing the self-organizing properties of mammalian cells, exhibit
significant advantages and hold important value in simulating tissue complexity. However, they still encounter numerous
limitations, including the absence of spatial anisotropy in cell spheroids, which can compromise their reliability in numer-
ous preclinical drug tests. This study utilizes two-photon polymerization (TPP) 3D printing technology, drawing inspiration
from common liquid transport structures in nature, to design a microstructure featuring periodic parallel microcavities and
wedge angles. This design enables unilateral immobilization and capillary rise of soft condensed matter. This structure
facilitates the directed migration of 3D cell spheroids through the physical properties of the structure itself in static cul-
ture. Consequently, the original 3D cultured cell spheroids can acquire unique anisotropy within the spatial structure in a
static culture environment, presenting a novel perspective for constructing biological constructs and cultivating connections

between various cell spheroids, such as organoids.
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1. Introduction

Preclinical drug experimentation is a pivotal stage in the
drug development process, bridging the gap between labora-
tory research and human clinical trials.!'=) Compared with
the traditional two-dimensional (2D) cell model, the three-
dimensional (3D) cell sphere model is closer to the in vivo
microenvironment, and it plays an important role in pre-
clinical experiments and the study of biological growth and
development. (451 In cancer research, three-dimensional struc-
tured cancer cell spheroids can reproduce characteristics such
as tumor heterogeneity, metabolic gradients, and drug resis-
tance, in contrast to traditional 2D monolayer cell cultures.*7]
Self-organizing 3D spheroid organoids are highly adept at re-
capitulating early developmental events.®) However, self-
organized cell spheroids lack spatial specificity in different
directions. This not only increases the randomness of cell
spheroid growth and development in various directions but
also limits the generation of functional blocks that require spe-
cific spatial structures.!'! Therefore, while maintaining the
various advantages of self-organized cell spheroids, enhancing
the characteristics of 3D cell spheroids in their spatial compo-
sition through various means is undoubtedly a highly valuable
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issue.

Efforts have been made to improve the traditional spheri-
cal structure of three-dimensional cell spheroids.[!'l Recently,
a study has demonstrated that co-culturing hydrolyzable fila-
ments generated via mechanical agitation with human pluripo-
tent stem cells can yield embryoid bodies with a larger surface-
to-volume ratio, thereby enhancing the formation of corti-
cal plates in brain organoids.!'?! Nevertheless, the length and
shape of the filament structure produced by this agitation ex-
periment are uncontrollable. Another experiment, which uti-
lized filamentous mesh culture to generate organoid spheres,
successfully promoted the formation of stem cell lumens dur-
ing the process.!'3] However, due to its grid-like structure,
the spatial changes in this experiment are symmetrical. Addi-
tionally, structures generated by 3D printing cell technology,
such as bio-ink, disrupted the early self-organization process

14151 Therefore, there is a need for an asymmetric reg-

of cells.!
ulation method for cell spheroid growth and development that
preserves the early self-organizing ability of cells.

We have noticed that there has always been a “quasi-
fluid” phenomenon in cell populations composed of multiple

cells. For example, the diffusion of glioma cells in brain tissue
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conforms to the diffusion-convection equation.!'®) During the
gastrulation stage of zebrafish embryos, the collective migra-
tion of cells exhibits characteristics of fluid vortices and shear
thinning and can be modeled using continuum mechanics.!!”!
Therefore, we believe that the growth of 3D cell spheroids will
also be influenced, to a certain extent, by means related to the
regulation of fluids.

Meanwhile, the unique microstructures evolved by plants
and animals have provided valuable inspiration. They drive
directional liquid movement and deformation by leveraging
surface-free energy gradients and Laplace pressure gradients
generated by these surface microstructures.!'®2!1 Upon in-
depth investigation of these micro-nano structures, we found
that the dimensional scales of these plant and animal surface-
grown microstructures are highly similar to those of common
cell scaffolds and cell spheroids. Here, we treat the entire cell
mass as a soft condensed matter and attempt to regulate their
growth and migration using analogous structures.

Benefiting from an advanced manufacturing technology,
the two-photon polymerization (TPP) 3D printing technology
leverages its capability for high-throughput fabrication of fine
structures beyond the diffraction resolution limit.?>>3] We

Tumor cell ball
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Routine culture

can fabricate a wedge-angle structure with a length exceeding
4 mm and a diameter of 300 wm and use it to induce directional
migration of A549 cell spheroids.

In this study, we demonstrate a structure constructed via
TPP 3D printing and verifying their directional transport ca-
pacity for soft condensed matter using pure water. In addition,
3D printed cell migration structures exhibited biocompatibil-
ity suitable for long-term coculture with A549 cell spheroids.
On the structure, cultured A549 cell spheroids showed direc-
tional migration in the first three days, and the migration speed
was affected by the wedge angle. We also found that with the
extension of culture time, the increase of the surface area to
volume ratio of cell spheroids, and the enhancement of the
metastatic characteristics of cancer cells themselves, the cells
will appear a certain non-directional reverse movement.

Finally, we improved and manufactured a new experi-
mental structure that can accommodate multiple cell spheres
to reduce the surface area volume ratio of cell spheres. This
structure not only verified that the surface area-to-volume ratio
would affect the performance of cell migration but also pro-
moted the cells to move a faster and longer distance on the
structure (Fig. 1).

Cells in different regions experience different tensile forces

o aiimn

—
-~  The length of movement is influenced
- by factors such as

surface area to volume ratio

—

Cell spheroids undergo oriented directed migration

Culture on scaffolds

Fig. 1. Conceptual drawing of the scheme for 3D printed structures promoting directed migration of tumor cells.

2. Methods
2.1. Cultivation and preparation of A549 cells

The cells used in this study were human non-small cell
lung cancer cells A549 labeled with red fluorescent protein
(RFP), obtained from Zhejiang Biodi Biotechnology Co., Ltd.
(Zhejiang, China). A549-RFP cells were cultured in a DMEM
high-glucose medium supplemented with 10.0% fetal bovine
serum (Gibco, NY, USA) and 1-pug/ml puromycin (Beyotime
Biotechnology, Shanghai, China) and maintained in a 5.0%
CO, incubator at 37.0 °C. The culture medium was replaced
every three days. When the cell density reached 80% to
90%, use 0.25% trypsin/edta (Corning, New York, USA) to

digest the cells and prepare a cell suspension with a density of
5.0x 107 cells/ml for subsequent pelleting. Then, take 100 pl
of cell suspension and add it into a 96-well flat bottom plate
according to the amount of 5.0x 10* cells per well for 5 days
to form a cell spheroid. Add 100-pl culture medium on the
first day, and then completely change 200-ul medium every
two days.

2.2. Real-time cultivation of cells

In this study, a continuous recording of the cell growth
status was required, so the experimental structures were
cultured using the smart live cell imaging analysis system
(Molecular Devices, USA) to keep a continuous record of the
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experimental phenomena while maintaining cell activity. To
use the smart live cell imaging analysis system, we first im-
mobilized the cell spheroids on the structures. Here, we incu-
bated the cells after inoculation onto the scaffold structure on a
48-well plate with an overall static incubation for 1 h to immo-
bilize the cells. Subsequently, the lid of the live cell imaging
system was opened, and the 48-well plate was placed into the
culture compartment of the live cell imaging analysis system
with the lid attached and closed. The culture compartment was
set to be maintained at 95% humidity, 37.0 °C, and 5.0% CO..
Cell status was recorded every ten minutes using a quadruple
microscope without fluorescence excitation for 48 hours of in-
cubation. At the end of a 48-hour phase of incubation, the 48-
well plate medium was removed and completely replaced with
1 ml of culture medium and returned to the live cell device for
the next phase of recording and incubation.

2.3. Preparation of the 3D-printed structure

The 3D printed microstructures in this study were fabri-
cated using two-photon polymerization (TPP) 3D printing and
IP-Q photoresist (Nanoscribe, Germany). Auto CAD software
(2016, Autodesk) was used to design the 3D models required
for the experiments, and the files were subsequently exported
to .stl format and imported into the printer’s corresponding
slicing software, Describe (Nanoscribe, Germany), for slic-
ing parameter settings. Here, we used the parameters of 5-
pum line width and 15° splicing angle for multi-block print-
ing and splicing of the structure, which was then exported as
a printer work file in .job format. Next, we drop a suitable
amount of photoresist onto the silicon substrates (Nanoscribe,
Germany), blow and make sure that there are no air bubbles,

Objective moving

Two-photon polymerization

put the substrate with photoresist into the printer, and import
the designed work file into the printer for printing. After print-
ing, the substrate was removed and immersed in 99.5% propy-
lene glycol methyl ether acetate (McLean, China) for 15 min
to remove the excess photoresist. The printed structure was
then immersed again in 99.9% isopropyl alcohol (McLean,
China) to remove the propylene glycol methyl ether acetate
from the previous step. After completing the above operations,
the 3D printed structures were peeled off from the substrate
and placed into a 25-mm cell culture dish filled with 70% alco-
hol for overnight immersion to increase the cytocompatibility
of the structures.

2.4. Design and fabrication of the 3D-printed structure

To drive the migration of cell spheroids on the 3D printed
structures, we designed and fabricated (Fig. 2(a)) hemline-
shaped cell directed migration structures with two different an-
gles, and a set of smooth parallel controls, as shown in the fig-
ure (Fig. 1(b)), concerning the sizes of common cell spheroids
and the dimensions of fluid transport structures in nature. The
whole model consists of three parts: two side-by-side bionic
wedge-angled filament structures, baffles with beveled angles
on both sides of the filament structures to help the cell spheres
to orient themselves, and a whole base structure.

After completing the design of the printed structure
we fabricated the structure using a two-photon 3D printing
system. The printed structures were examined using field
emission scanning electron microscopy and body microscopy
(Figs. 2(c)-2(e)). It was confirmed that they met our design
specifications.

250 pm

500 pm

Fig. 2. Fabrication and characterization of 3D printed structures: (a) schematic diagram of the production process of 3D printed structures
using TPP 3D printing. The corresponding 3D printed structures were obtained after two-photon polymerization and photoresist development,
(b) schematic diagram of the 3D printed cell migration structure concerning the dimensions of the bionic droplet transport structure where two
wedge angle structures and a smooth control were designed, (c) bright field images of the 3D printed structures with a scale bar of 500 um. (d)
and (e) Scanning electron microscope images of the printed structures to confirm that they meet our design specifications.
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3. Results and discussion

3.1. Functional verification of 3D printed microfilament

structures

In the microfilament structure with a hemline-shaped
structure designed in this experiment, we expect that the soft
condensed matter receives multiple physical driving forces.
The first one is the Laplace pressure difference generated by
the conical structure with asymmetric axial radius, where the
liquid is driven to transport from the high curvature measure
to the low curvature measure under the action of this force

(Fig. 3(a)).?* The Laplace force can be expressed as

Ry 2y .
Fraplace = _/ ——— sinadz, ey
Ry (R+Ryp)
where 7 is the surface tension of the liquid, R is the local radius
of the vertebrae, R| and R; are the local radii of the droplet rel-
ative to the vertebrae on both sides, and Ry is the radius of the
droplet. « is the half-vertex angle of the vertebrae, and dz is
the minute incremental radius along the vertebrae.
Meanwhile, in the perpendicular direction of the chamber
formed by each hemline-shaped structure and the central con-
necting cylinder, the liquid is subjected to capillary rise action.
The height of its capillary rise can be calculated in terms of the
balance between gravitational and interfacial potentials.>! Tt

can be expressed as

_ 2ycos6
 pgxay oyh

o —0

H (x) H"(x), 2

where 7, p, 0, a, g, h, and H(x) represent liquid surface ten-
sion, liquid density, contact angle, opening angle, gravitational
acceleration, height of the intersecting structure, and liquid
level height at position x.

Here, we localize the low curvature side of the filament
structure in the forward direction. From the cross-section of
the filamentary structure, for a periodically arranged wedge,
capillary forces within each of its small structures drive the
forward movement of the liquid. At the same time, in the op-
posite direction, the movement of the liquid is stopped due to
the pinning effect. Specifically, the sharp edge structure leads
to immobilization of the liquid when the apparent contact an-
gle 0 of the liquid is less than © — ¢ 4 8y, where 6y and ¢
are the intrinsic contact angle and the angle of the liquid at the
sharp edge.[26-27]

As we can see from the design diagram, on the single
hemline-shaped structure we designed, the soft matter is sub-
jected to the Laplace pressure difference generated by the
asymmetric structure of the axial radius, which promotes its
movement toward the low curvature side. Filamentary struc-
tures composed of multiple structures it is subject to pinning
effects at the sharp edges, preventing them from moving in

the reverse direction. In chambers composed of structural
hems the structures themselves are in turn driven by capillary
rise, filling the entire chamber rapidly in the forward direc-
tion. Given these two forward-movement-promoting struc-
tures and one reverse-motion-stopping structure, we expect
that the liquid matter can achieve forward-directed movement
on the structure without external energy input under the com-
bined effect of the Laplace pressure difference due to the an-
gular effect and the pinning effect of the capillary rise force.

Pure water was then used to test the functionality of the
structure. The structures chosen for testing were the filament
structure with the largest wedge angle and the smooth control
manufactured in Subsection 2.4. Specific parameters can be
found in Fig. 2(b). A syringe pump was used to pump liquid
into the center of the structure at flow rates of 24 pl/min and
9 ul/min to examine the functionality of the filamentous struc-
ture by observing the specific movement of the liquid. Here
we placed the structure on a microscope stage and recorded the
phenomenon of liquid movement on the structure by an exter-
nal high-speed video camera (Ametek, USA) (see Fig. 3(b)).

Images were taken of the motion of the liquid over the
structure over time. By observing the experimentally recorded
images, we can find that, unlike the smooth parallel structure,
the motion of the liquid on the thin filamentary structure with
hemline-shaped wedge angles is oriented and shows unilateral
movement. Whereas on the smooth contrasting structures, the
tendency of the liquid to spread to both sides is roughly the
same (Fig. 3(c)).

Meanwhile after we have normalized the relationship
between the unilateral liquid transport distance with time
(Fig. 3(d)). It can be seen that the proportionality between the
velocity of liquid movement on the structure and the velocity
of liquid injection by the syringe pump on a smooth plane does
not correspond exactly. It is considered here that it may be the
orifice of the pipe transporting the liquid was not affixed to
the structure at the beginning of the experiment, resulting in a
certain amount of liquid hanging in the orifice before the start
of the movement. Comparing the movement of the liquid on
the hemline-shaped wedge angle structure at the same syringe
pump liquid flow rate, we find that the liquid is moving in one
direction on the hemline-shaped structure, but the overall ve-
locity is still less than its smooth control moving in both direc-
tions. By observing the pictures of the liquid movement and
analyzing the design of the two structures, we analyze that this
may be the liquid needs to fill the chamber on the directional
movement structure, as well as receiving the influence of lat-
eral diffusion on the hemline-shaped structure, the volume of
movement per unit distance is greater. However, in general,
the filamentary structure with a hemline-shaped wedge angle
is capable of directional transport of the fluid substance.
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Fig. 3. Experimental diagrams of liquid movement under microscope: (a) schematic diagram of the principle of force on liquid movement in
the structure, (b) installation diagram of the whole droplet experiment, (c) picture of continuous liquid movement under inverted microscope.
Where the syringe pump flow rate was 24 pl/min, (d) statistical diagram of the maximum distance of liquid movement on the control and

filament structures at two different flow rates.

3.2. Migration experiment of cells on 3D printed filament
structures

In the cellular experiment section, it was observed
whether the cell spheres could act as a fluidic substance sub-
jected to the force generated by the structure by inoculating
the cell spheres onto the 3D printed microstructures. The fol-
lowing is the general flow chart of this experiment (Fig. 4(a)).
Firstly, for cells, we chose the cultured A549 cell spheroids
from the experimental methods section. After five consecutive
days of culturing, we obtained rounded cancer cell spheroids
with a diameter of around 650 pm. Subsequently, a pipette gun
with a wide-mouth tip was used to move them to the middle
of the two filaments of the 3D-printed structure placed in a 48-
well plate (Fig. 4(b)). Then, we use the smart live cell imaging
analysis system for continuous culture and observation.

As we can see from the photographs taken by the smart
live cell imaging analysis system (Fig. 4(c)). For the migrated
structure with a wedge angle of about 26.6°, there was no
significant cell crawling out in the reverse direction and rel-
atively good cell migration in the axial forward direction. For
the structure with a smaller wedge angle of about 14.0°, the
cell crawling out in the antiaxial direction was weaker and
mostly migrated in the forward direction in the first 24 h but

still showed significant cell migration in the antiaxial direction
with the extension of time. As for the smooth contrast struc-
ture, there was obvious cell migration in both axial and anti-
axial directions, and the performance of migration was more
consistent. For the smaller angle of 14.0°, the restriction of
cell movement was only observed at the early stage of the ex-
periment, and the trend of forward and reverse movement was
not obvious. However, for the larger angle of 26.6°, the direc-
tional movement of the cells was evident. Here, we consider
the smaller wedge angle pinning effect to be due to the more
stringent requirements on the contact angle between the cell
and the structure, as well as the relatively small Laplace pres-
sure difference. Overall, however, the directed migration of
cells can be achieved on 3D printed microfilament structures
with a certain wedge angle.

The length of cell migration within 36H was measured
using ImagelJ software (Fig. 4(d)). Based on the statistical re-
sults, it can be seen that for the wedge-shaped cell directional
migration structure with a slightly larger angle (about 26.6°),
the overall directional migration of cells was faster overall
than the structure with a slightly smaller angle wedge-shaped
structure (about 14.0°). The small-angle wedge structure was
slightly faster than the smooth parallel structure. Overall, a
wedge with an appropriate angle not only prevents the cells
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from moving in the anti-axial direction but also facilitates the
acceleration of cell movement in the axial direction within a
certain period.

Edge analysis was done on the edges of the cells of the
3D cell spheres on the 26.6° wedge angle structure (Fig. 4(e)),
where we can visualize the positive movement of the cells over
time, and the increase in the cross-sectional area of the cells
in the whole horizontal plane with the increase in incubation
time. At the same time, we also noticed that as the incuba-
tion time increased, discrete cells appeared in the structure at
72h, and a large number of discrete cells appeared after 84 h
of incubation. Based on the speculation, we believe that the
cancer cell spheroids showed a more invasive state as the in-
cubation time increased. This may have an adverse effect on
our experiments.

In contrast to the previous graphs of the results of the

(@)

50000 cells/well e G \
5 days '
— 1
1
|
| :
96-well fat I

bottom ULA plate

_______________

droplet transport experiments, the directional flow rate of the
liquid at the same syringe pump flow rate in the droplet trans-
port experiments is less than the cell migration rate on the
smooth structure. The reason for this is due to the difference
in the volume required per unit length of movement. However,
in the cellular experiments, the directional movement speed of
the cells was greater than that of the smooth structure. Here,
we think that it may be caused by the different forms of cell
and fluid movement in the structure. In the smooth control, the
cells were migrating along the entire rod, whereas the liquid
was mainly in the middle of the two rods, showing a capillary
rise. However, it is also possible that the directional migration
structure biologically induces the directional migration of the
cells to some extent. For example, it promotes the formation

of new focal contacts for cancer cells.
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Fig. 4. Experimental diagram of a single cell sphere moving on a structure: (a) schematic representation of cells from culture to inoculation on a directionally
migrating structure, (b) inverted microscope of a structure inoculated with cell spheroid, (c) migration of cells over 84 h recorded by live cell microscopy.
The scale bar is 500 pm. (d) Distances traveled by cells toward the farthest end of migration at three different angles (26.5°, 14.04°, and 0° smooth contrast)
were analyzed, (e) edge analysis identifies the boundaries of the A549 sphere on the 26.6° wedge angle structure at O h, 24 h, 72 h, and 84 h.

3.3. Improvement of structure and migration of multicel-
lular spheres

Although it is in the experiments, the cell appeared to mi-
grate directionally on the designed 3D printed filament-like
structures. However, the cell moves relatively short distances,
and it is difficult to accomplish the long-range connections be-
tween cell spheroid required in some biological constructs by
promoting the growth of a long protruding structure from the
cell spheres.

At the same time in with the prolongation of the culture
time, we found that some anti-axial migration of cells also ap-
peared on the well-directed migrating structures in the long-
time culture (Fig. 5(a)).

For the reverse movement that occurs in these prolonged

cultures, we hypothesized that the reason for the occurrence is

related to the increased surface area to volume ratio due to the
spreading of cells on the scaffold. Since the physical gradient
of the structure is provided by the Laplace pressure difference
generated by the asymmetric liquid surface, a larger surface
area-to-volume ratio would undoubtedly reduce the physical
gradient to which the cells are subjected and allow the un-
oriented movement of the cells themselves to dominate. To
validate this hypothesis, we conducted an analysis of the trend
of cells moving in the opposite direction. For ease of descrip-
tion, we define the ratio of the cross-sectional area of cells
moving in the backward direction (Sp) to that of cells moving
in the forward direction (S¢) identified at the boundary as the
free tendency of cell migration, k. The magnitude of k mainly
reflects the occurrence of non-directional cell movement: the
larger k is, the more obvious the non-directional movement be-
comes, whereas a smaller k£ indicates better directional move-
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ment. Meanwhile, through observing cells, we found that as
the area occupied by cells on the scaffold increases, the over-
all transparency of the cell mass improves and becomes thin-
ner. Therefore, we believe that changes in the total cell area
are positively correlated with the surface area-to-volume ratio
of cells to a certain extent. Compared with using time as the
horizontal axis, due to the proliferation of cells themselves,
the proliferation of cells increases within the same time period

(a)

Yo

—~
=

k (Sbackward/sforward)

as the culture time extends, leading to faster changes in area
within the same time period and intensified data changes in the
second half, which is not conducive to the analysis of the fun-
damental relationships. Therefore, we use the total horizontal
area of cells as a reference for the surface area-to-volume ratio
to observe the changes in the free tendency of the cell migra-

tion.
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Fig. 5. Schematic diagram of the migration experiment with more cells superimposed: (a) with the extension of time the cells show some anti-axial
movement, (b) the tendency of cell movement changes with the variation in total area, (c) the structural design for loading more cells, along with the
movement of cells cultured on this structure for three days, revealed that the cells migrated faster and farther with no reverse movement.

From the statistical results, it can be seen that with the
increase of the total area, the ratio of the backward area to the
forward area of the cells gradually increased, and the ability
of directional migration became weaker. When the total cell
area was less than 0.5 mm?, the free tendency of cell migra-
tion was close to 0, which showed good directional movement
characteristics. As the total area increased, the free tendency
of the cells firstly appeared to increase significantly, and then
the growth trend gradually became smooth. Considering that
the second half of the curve after the emergence of free move-
ment behaves similarly to an arc upward converging function,
we made assumptions about the movement of the second half
of the curve with a variety of models and did curve fitting,
among which the best results were obtained after fitting the
curve with the following formula:

a(x—Db)

f(x):m,

3)

where (x — b) is the area of forward movement after reverse mi-
gration occurs, a is the ratio of the reverse and forward move-
ment velocities, and we assume that there may be a propor-
tional relationship between the two velocities when the move-
ment reaches equilibrium, b is a correction for the initial area
of the cell, and c is the area of forward movement when only
forward movement occurs. The value of a in this model is
about 0.90 after retaining two decimal places, b is about 0.49,
and ¢ is about 0.20, and the coefficient of determination R? is
calculated to be 0.9876, which is a good fit. According to the
formula, it is presumed that after the cell appears to move in
the reverse direction, the speed of the movement will increase
abruptly in a short time, catch up with the speed of the forward
movement, and remain in a state that tends to stabilize, but by
the promotion of the forward movement by the structure itself,
the speed may still be slightly smaller compared to the forward
movement, which is about 0.9 times of the rate of the forward
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movement. At the same time, as the movement time becomes
longer, (x — b) becomes larger while the value of ¢ remains
constant, and eventually the overall ratio will converge to a.
(Fig. 5(b))

A new structure was then designed for experimental val-
idation, which differed from the previous structure by placing
five A549 cell spheroids in the same initial area (Fig. 5(c)).
From the experiments, it can be seen that our newly designed
structure with smaller surface area-to-volume ratio demon-
strated stronger directional cell migration compared to the pre-
vious single cell spheroid with larger surface area-to-volume
ratio, with four nodes crawling out in the forward direction in
three days of incubation, while no reverse crawling was ob-
served (Fig. 5(d)). This verified our previous assumptions.

4. Conclusion

In this 3D microfilament structure-induced directional
migration experiment of cell spheroid, we took reference from
bionics and designed a directional transport structure for soft
condensed matter concerning the principle of liquid direc-
tional transport bionic structure, which is relatively mature
at present. In this experiment we first verified the directional
transport ability of the designed structure for liquid substances
by pure water. After determining that the structure was able to
exhibit our functional expectations, we performed co-culture
experiments of the structure with an A549 cell spheroid. The
results showed that the printed structure with a wedge angle of
26.6° had a good effect on inducing directional migration of
3D cell spheroids, with almost no counter-axial movement of
the cells observed in the first 72 h. At the same time, quan-
titatively comparing the directional transport of droplets, we
found that the effect of the filament structure on the directional
transport of cell spheroids was similar or even better than that
of droplets for a certain period. We also discussed and con-
ducted secondary experiments on the possible causes of the
anti-axial movement of cells in extended cultures. It was ver-
ified that smaller surface area-to-volume ratios help cells ex-
hibit more pronounced directional migration phenomena in the
structure.

Overall, this study designed a 3D-printed cell-guided mi-
gration structure and validated its functionality through co-
culture with cell spheroids while discussing key phenomena
observed in cell migration experiments. In the future, the de-
signed cell-guided migration filaments may enable intercon-
nection between multicellular spheroids, providing a novel
direction for the development of multi-organ chips and the
construction of complex physiological environments. Further-
more, by leveraging differential adhesion mechanisms among
various cell types, our structure could potentially regulate the
spatial distribution of cells within spheroids. Additionally, the
impact of filament structures on cancer cell spheroid migration

may offer insights for studying cancer metastasis in complex
microenvironments.
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