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Constructing 3D physiological models in vitro requires precise positioning of cellular

structures, such as spheroids. However, current manipulation methods are limited in

selectivity, cell compatibility, and spatial precision. Here, we introduce photothermally

responsive microrobots incorporated within spheroids, which generate thermo-convective

flows to actuate controlled spheroid motion under laser actuation. This approach enables

selective manipulation of individual spheroids, preserves cell viability, and achieves high-

precision assembly of complex assembloid structures, providing a powerful new approach

for biofabrication and tissue engineering.
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Abstract

Three-dimensional (3D) cell spheroids provide a powerful model for studying cellular
behavior, tissue engineering, and drug screening. However, constructing
heterogeneous microtissues from basic spheroids remains challenging, as it requires
precise and biocompatible manipulation. Here, we present a method for 3D spheroid
manipulation by incorporating microrobots, which, upon laser stimulation, induce
thermophoretic fluid flow to actuate spheroid motion. The microrobots are incorporated
into spheroids in a reliable manner, relying on cell-driven self-assembly. Locomotion
of the microrobot-integrated spheroids is achieved by regulating the laser power (11.7-
17.6 mW) and frequency (0.33 Hz), which leads to three characteristic modes of motion:
jumping, vectoring, and pulling. The combination of these motions enables robust
spheroid assembly with excellent biocompatibility. The system allows for the
generation of complex tissue models, where fibrosarcoma (HT1080 cells) spheroids
and healthy fibroblast (HDF cells) spheroids are assembled separately and then
brought together using the microrobotic locomotion capabilities. The fusion of
assembled HT1080 and HDF spheroids reveals cancer-stromal cell interactions and
tissue integration, while a cancer-spheroid-centered radial arrangement of fibroblast
spheroids demonstrates the construction of spatially sophisticated assembloids. This
study establishes a versatile strategy for spheroid manipulation, advancing 3D
microtissue biofabrication for in vitro disease modeling.
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Constructing 3D physiological models in vitro requires precise positioning of cellular
structures, such as spheroids. However, current manipulation methods are limited in
selectivity, cell compatibility, and spatial precision. Here, we introduce photothermally
responsive microrobots incorporated within spheroids, which generate thermo-
convective flows to actuate controlled spheroid motion under laser actuation. This
approach enables selective manipulation of individual spheroids, preserves cell
viability, and achieves high-precision assembly of complex assembloid structures,
providing a powerful new approach for biofabrication and tissue engineering.
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1. Introduction

Three-dimensional (3D) spheroid-based cell culture systems provide an essential set of tools
for tissue engineering!'-3, disease modeling*®, and drug screening’®. In contrast to
conventional two-dimensional (2D) cultures, 3D models more accurately recreate the
physiological microenvironment by recapitulating cell-cell and cell-extracellular matrix
(ECM) interactions, as well as gradients of nutrients, oxygen, and therapeutic agents.!0 !
Nevertheless, the construction of complex multi-spheroid structures (assembloids) is
required to more accurately capture the complexity of tissue physiology and to fully
investigate the dynamic 3D interactions among different cell lineages, which entails precise

manipulation and spatial organization of spheroids.!?-14

A variety of techniques have been developed to manipulate spheroids for the construction of
organized 3D cellular structures. One of the earliest approaches was magnetic-assisted
manipulation, in which spheroids composed of magnetically labelled cells were patterned
using an external magnetic field.!> ¢ This strategy requires labelling cells with magnetic
materials, which can potentially impact cell function and cause cytotoxicity.!” As a label-
free alternative, acoustofluidic techniques employ standing acoustic waves to efficiently trap
and position spheroids.'® However, such field-driven approaches only offer global control
over spheroid positioning, limiting the selectivity of spheroids for complicated microtissue
assembly. To address this limitation, a microneedle-based system capable of generating
localized acoustic fields was developed for the selective manipulation of individual
spheroids.!® This approach, however, carries the drawback that the direct contact between
the spheroid and the rapidly vibrating microneedle may impair cell function. Meanwhile,
other strategies, including micropipette aspiration,?® dielectrophoresis,?! and photovoltaic
tweezers,?? have also been reported, yet these methods often expose cells to high mechanical
stress or intense electrical fields, raising significant concerns about biocompatibility. There
remains a need for contact-free and biocompatible methods that enable the precise
manipulation of single spheroids with high selectivity and flexibility.

Light-driven microrobots and micromanipulators have emerged as promising candidates for
contactless and high-precision micro-object manipulation.??> However, conventional light-
driven microrobots typically rely on chemical propulsion mechanisms, which can induce
cytotoxic effects due to chemical stress.?* 25 More recently, laser-driven microrobots based
on thermophoretic motion have been developed,?®?® offering contact-free and selective
microscale manipulation while maintaining cell compatibility through controllable and
localized heating.

Here, we present a laser-driven microrobot-based approach for 3D manipulation of cell
spheroids, enabling selective, biocompatible control via thermophoretic convection.
Building on our previous work, we leveraged the thermally activated cell-signal imaging
(TACSI)?¢ microrobots to manipulate spheroids in 3D workspaces. We modify the design of
TACSI microrobots by introducing RGD peptides to confer cell-adhesive properties and
enable the self-assembly into cell-microrobot mixed spheroids. Meanwhile, alginate

hydrogels provide a biocompatible matrix for cell culture, gold nanorods (AuNRs) act as a


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01861g

Page 5 of 21 Materials Horizons

View Article Online

laser-responsive heat source via surface plasmon resonance, and Rhodamine B (RhB) setves psmioissic
as a fluorescence-based temperature sensor, collectively enabling controlled locomotion
through laser-induced thermophoretic fluid flow. The incorporated microrobots endow the
spheroids with the ability to generate localized thermo-convection on a millimeter scale upon
laser illumination, facilitating controlled multimodal spheroid locomotion. As a proof of
concept, the spheroid motion control technique is applied to assemble fibrosarcoma
spheroids and fibroblast spheroids for fusion experiments, which confirms the cell viability
and functionality with incorporated microrobots after laser actuation. Furthermore, we
constructed a radial structure consisting of a central cancer spheroid surrounded by multiple
fibroblast spheroids to demonstrate the spatial precision and flexibility of this spheroid
manipulation method, which revealed its potential for high precision biofabrication of

complex, multi-component assembloids and microtissues.

2. Results and discussion
Fabrication of microrobots and cell-microrobot spheroids

The TACSI microrobots were engineered from functional alginate components: RGD—
alginate to promote cell adhesion?®, RhB-alginate to enable temperature sensing?, and
embedded AuNRs to provide photothermal actuation3!. To fabricate these microrobots, we
used a dual-phase cross-junction to produce aqueous droplets in an oil phase following our
previously established protocol.?® 32 In this configuration, hydrofluoroether (HFE)
containing acetic acid was injected into the oil-phase channel, where it intersected with the
aqueous phase composed of 20% RhB-modified alginate and 80% RGD-modified alginate
uniformly mixed with calcium carbonate (CaCOs3) nanoparticles and AuNRs (Figure 1A).

After droplet formation at the junction, acetic acid dissolved the CaCOs nanoparticles,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

releasing calcium ions that crosslinked the alginate polymers® to form structurally
homogeneous microrobots.
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The microrobots were systematically characterized to confirm their morphology, size

distribution, and the properties of the embedded gold nanorods. Bright-field optical

(cc)

microscopy (Figure S1IA-B, Supporting Information) revealed microrobots with well-
defined, uniform spherical morphology and an average radius of 17.7 £ 1.1 pm (Figure S2,
Supporting Information). Scanning electron microscopy (SEM) of freeze-dried microrobots
showed the overall microgel structure, and focused ion beam SEM (FIB-SEM) revealed a
cross-section of the alginate scaffold containing sparsely and homogeneously distributed
AuNRs, with only rare agglomerations (Figure S1C and D, Supporting Information). The
zeta potential of free AuNRs was measured to confirm their suitability for stable
encapsulation within alginate via electrostatic interactions (Figure S3, Supporting
Information). Transmission electron microscopy (TEM) further confirmed the nanorod
morphology with alginate encapsulation (Figure S4, Supporting Information), and
quantitative image analysis indicated an average size of 84.4 = 7.4 nm x 23.4 + 3.2 nm,
consistent with previous reports.?® Furthermore, UV—Vis spectroscopy (Figure S5,
Supporting Information) verified successful integration of AuNRs into the microrobots

without compromising their photothermal properties, as indicated by retention of the
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characteristic absorbance peak with only a slight blue shift relative to free AuNRs, gonsistend;pswioissic

with previous reports of AuNRs embedding in alginate matrices. 3% 33

To enable stable incorporation of microrobots into spheroids, RGD peptides were introduced
to promote integrin-mediated cell-material interactions. Rather than relying on passive
aggregation, the assembly process is driven by active cell adhesion and cytoskeletal coupling,
which facilitates the incorporation of microrobots during spheroid formation. The essential
role of RGD decoration in spheroid formation was experimentally confirmed (Figure S6,
Supporting Information). This mechanism is consistent with previous studies showing that
RGD-functionalized microstructures can be efficiently integrated into multicellular
spheroids through integrin-dependent interactions.3® Accordingly, the RGD-modified
microrobots were mixed with cells at a defined ratio (1:5) in low-adhesion, cone-shaped
Eppendorf tubes, and after at least 48 hours of incubation under cell culture conditions, they
consistently self-assembled into spheroids as projected (Figure 1B). To form single
spheroids with controlled size and morphology, a one-spheroid-per-tube workflow was
developed by limiting the number of microrobots (<400) and cells (<2000). Based on this
workflow, the spheroid-forming process was then adapted to a U-shaped 96-well plate to
enable time-lapse imaging. For this purpose, the wells were pre-coated with a thin layer of
PDMS to minimize cell attachment. Initially, the cells and microrobots were randomly
dispersed; however, over time, they gradually aggregated toward the central region of the U-
shaped wells, where multiple microrobot-cell assemblies formed. After 72 h of incubation,
these assemblies merged into a single 3D microrobot—cell structure (Figure 1C). The self-
assembly process was characterized by the counts and the average size of individual
microrobot-cell assemblies (Figure 1D). During the first 12 hours, the increasing number of
assemblies indicated gravity-assisted gathering from outside the field of view into the center
of the U-shaped well. Between 12 and 24 hours, the rapid decrease suggested extensive
binding of single cells and microrobots into larger assemblies. Subsequently, once the major
sub-assemblies had formed, the particle count gradually decreased to one, indicating
integration into the final structure. Moreover, the mean area of individual assemblies
increased consistently over time, indicating progressive growth of the microrobot—cell
structures. This trend suggests that cells actively pulled neighboring assemblies together,
leading to the formation of larger integrated structures with homogeneously distributed
microrobots (Figure S7, Supporting Information).

We then investigated the fabrication of size-controlled single spheroids by modulating the
number of microrobots and cells employed during the assembly process. Here, we varied the
microrobot count from 25 to 400 while maintaining a constant microrobot-to-cell ratio of
1:5 (Figure 1E). After 24 h of incubation, images of the spheroids were acquired (Figure 1F),
and their equivalent radii were calculated from the measured overviewed areas. Notably,
spheroid size increased with the amount of initial assembly material; however, when 400
microrobots were employed, the increase was only marginal. This was because the excess
microrobots and cells failed to fully merge into one single structure. Instead, they formed
multiple microrobot—cell subassemblies. On the contrary, when only 25 microrobots and 125
cells were used, the resulting spheroids exhibited a large deviation in size. This result was

primarily due to the low concentration of the microrobots and cells, which reduced the
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likelihood of adhesive microrobots interacting with cells in suspension, leaving,gesid¥al psvioissic
unbound units. In general, the optimal size-controlled spheroids were obtained with an
intermediate microrobot count from 50 to 200 and corresponding cell numbers from 250 to

1000.
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Figure 1 | Fabrication and characterization of microrobot—cell spheroids.

(A) Schematic of the microfluidic process used to fabricate microrobots. (B) Workflow for
fabricating microrobot—cell spheroids by self-assembly: cells and microrobots are mixed in an
Eppendorf tube and incubated for aggregation. (C) Time-lapse sequence of spheroid formation
by self-assembly. Scale bar: 500 ym (D) Quantitative analysis of the assembly process,
showing temporal changes in particle number within the field of view (blue) and the mean area
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of particle clusters (red). (E, F) Representative spheroid morphologies and corresponpding e iciaeic

equivalent radii generated using different initial microrobot numbers: (1) 25, (2) 50, (3) 100, (4)
200, and (5) 400. The cell-to-microrobot ratio was fixed at 5:1 across all conditions. Scale bar:
200 pym

Laser-driven spheroid manipulation

We first investigated the photothermal performance of individual microrobots and spheroids
to validate the laser actuation mechanism. To this end, the local temperature generated by
laser actuation was quantified using RhB-based fluorescence thermometry. Calibration
measurements on RhB-functionalized microrobots revealed a linear relationship between
laser power and microrobot temperature, with the maximum power used for spheroid
manipulation (17.6 mW) corresponding to an induced temperature of approximately 44 °C
(Figure S8, Supporting Information). The uniformity of photothermal response among the
microrobots was validated through repeated experiments (Figure S9, Supporting
Information). In addition, temperature mapping of the surrounding medium confirmed that
the laser-induced heating was highly localized around the illuminated spheroid and decayed
rapidly with distance from the spheroid (Figure S10, Supporting Information).

Next, we experimentally confirmed the thermal convection generated by the laser-actuated
microrobot-cell spheroid by visualizing the flow field with fluorescent tracer particles and
quantified the corresponding velocity fields (Figure S11-13, Movie S1, Supporting
Information). With the microrobot-cell spheroid fixed at the bottom of the well plate under
785 nm laser illumination, the measured flow field demonstrates a circulating convective
flow, characterized by upward flow near the spheroid and inward-directed flow toward the
spheroid within the horizontal plane. In contrast, the pure cell spheroid did not generate any
observable convection (Movie S2, Supporting Information). These observations validate that
microrobot-mediated photothermal heating induces convection, which may serve as the

driving mechanism underlying spheroid motion.

After validating the generation of laser-induced circulating thermal convection, we
investigated the resulting locomotion patterns of the microrobot-cell spheroids. Here, the
fabricated spheroids were transferred into 96-well plates with wells coated by a thin layer of
PDMS to reduce cell attachment to the well bottom. By adjusting the laser power and
actuation frequency, three distinct thermo-convective flow fields were generated around the
spheroid, enabling three motion modalities: jumping, vectoring, and pulling (Figure 2A—C,
Movie S3, Supplementary Information).

The jumping motion was achieved by continuous high-power laser illumination on the
microrobot-incorporated spheroid. As shown in Figure 2A, the intense laser-induced heating
generates a vigorous upward thermo-convective flow that produces a lifting force sufficient
to overcome gravity as well as plate adhesion, thereby lifting the spheroid vertically out of
the focal plane (Figure 2D (1-3) and 2E (1-3)).

When the laser power is reduced below the threshold for jumping, the vertical lifting
component of the thermo-convective flow becomes insufficient to elevate the spheroid, and
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the resulting motion transitions to predominantly horizontal displacement, termed ¥gct@LRE Dsmio1s61G
(Figure 2B). Here, we define vectoring as a reproducible unidirectional displacement of an
actuated spheroid arising from asymmetry in the surrounding thermo-convective flow in the
confined well geometry. When a spheroid is positioned away from the exact center of the
well plate, laser-induced thermo-convection generates a net flow that pushes the spheroid
radially outward from the well center. Due to the semi-symmetric confinement, this net flow
is restricted to the radial axis, resulting in linear spheroid motion (Figure 2D (3—4) and 2E
(3—4)). To clarify the mechanism underlying vectoring, we examined the influence of
spheroid position relative to the well boundary by analyzing flow fields using tracer particles.
As shown in Figure S11, the spheroid positioned off-center generates an asymmetric flow
field, with relatively lower flow velocity on the side closer to the boundary. This boundary-
influenced asymmetry becomes increasingly evident as the spheroid approaches the well
wall, but diminishes near the well center where confinement effects are minimal (Figure S12
and Movie S4, Supporting Information). Consistently, in a larger 6-well plate, where
boundary influence is reduced, both the overall flow magnitude and the flow asymmetry are
substantially weaker (Figure S13, Supporting Information). Moreover, asymmetric heating
within the spheroid itself was ruled out as the origin of vectoring: regardless of the
illumination position on the spheroid, laser actuation of the microrobots consistently
produced the same vectoring direction. (Movie S5, Supporting Information) These
observations confirmed that the unidirectional, boundary-seeking characteristic of vectoring
in confined spaces is caused by the asymmetrical global thermal convection.

Beyond the vertical and horizontal single-spheroid motions, a multi-spheroid manipulation
mode (pulling) can be achieved, in which one stationary target spheroid attracts one or more
passive spheroids (Figure 2C). In this mode, the target spheroid is continuously heated with
a reduced power, generating a circulating convective flow weaker than that in the jumping

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

motion. This circulating thermo-convection exerts a pulling effect on nearby passive
spheroids, guiding them toward the target spheroid without lifting it. In the end, this
interaction brings the passive spheroids into direct contact with the target spheroid (Figure

Open Access Article. Published on 26 February 2026. Downloaded on 2/27/2026 12:59:22 AM.

2D (4-5) and 2E (4-5)). To evaluate the operational range of the pulling mode, we performed
experiments with spheroids initially separated by distances of 442, 642, 1750, and 2370 pm.

(cc)

As shown in Figure S14 and Movie S6 (Supporting Information), all separated spheroids
were successfully brought into contact. For the largest separation distance, where the
spheroids were positioned on opposite sides of the well plate, alternating actuation of both
spheroids enabled sustained thermophoretic motion and prevented prolonged adhesion to the
well bottom. These results demonstrate that the pulling mode is effective over a wide range
of initial distances. Notably, pulling provides a complementary capability to vectoring by
enabling motion toward a target spheroid of the boundary-seeking tendency of vectoring,
thereby allowing spheroids to be guided back toward the central region of the well during
manipulation.

Combining the above-mentioned motion mechanisms, we demonstrated the assembly of two
spheroids in a 96-well plate (Figure 2E, Movie S3, Supplementary Information). To
characterize the spheroid motion dynamics, a centroid-tracking program was used to

measure the velocities of the spheroids (Movie S7, Supplementary Information), with the
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speed corresponding laser actuation profiles shown in Figure 2F. Under the laser powerof
17.6 mW, the spheroid rapidly ascended out of the focal plane while simultaneously
vectoring toward the well boundary. When the laser was switched off, the spheroid gradually
settled onto the well bottom, completing a ‘forward jump’ through the combined effects of
lifting and vectoring. This jumping mode offers a practical strategy for 3D obstacle crossing,
relevant to tissue engineering applications. At 60 s, a short-term on—off 14.5 mW laser
stimulation induced vectoring-dominant motion. Despite reduced energy input, the spheroid
exhibited rapid horizontal displacement, showing vectoring as an efficient and
biocompatible 2D manipulation method. At 95 s, pulling was initiated by heating the
stationary spheroid at a laser power of 11.7 mW, which gradually drove the moving spheroid
into contact via thermo-convection. Notably, the stationary spheroid itself remained
immobile (Figure 2E and F), as the relatively low-power heating and thermo-convective drag
from the moving spheroid were insufficient to overcome its adhesion to the plate. Thus, only
specifically activated spheroids participated in the thermofluidic manipulation, ensuring
high selectivity.

While tracer-based flow visualization and fluorescence thermometry provide experimental
evidence for laser-induced thermo-convective flows to support the interpretation of spheroid
motion mechanisms, they do not provide quantifiable information on the fluid force acting
on the spheroid. To evaluate this point, we conducted additional numerical simulations to
validate the predicted convection patterns and quantify the stresses acting on the spheroid
(Figure 2G). Here, we modeled a 200-pum spheroid incorporating a 30-pm microrobot placed
in a water domain in the geometry of a 96-well plate, 15 um above the bottom. Heating the
microrobot to 50 °C, a value consistent with experimentally measured laser-induced
temperatures (Figure S8, Supporting Information), generated a circulating thermo-
convective flow (Figure 2G). Front- and top-view slices through the spheroid center showed
that the lifting flow reached velocities of up to 100 um s™!, whereas the center-directed
pulling flow at a height of 30 um reached up to 25 wm s™!. These results are consistent with
the experiments (Figure 2F, Movie S3, Supporting Information), in which the jumping
spheroid was rapidly lifted while the passive spheroid under pulling moved slowly.
Moreover, the lifting and vectoring forces acting on the spheroid were calculated from a
surface integral of the fluidic stress acting on the spheroid (Figure S15, Supporting
Information), further validating the dynamics of spheroid motion.

After investigating the controlled locomotion of jumping, vectoring, and pulling, we next
assessed whether repeated laser actuation is compatible with living cells, as prolonged
manipulation is required for building larger structures. For this purpose, spheroids
comparable in size to those used for manipulation were exposed to continuous or periodic
full-power laser heating (Figure S16 A-B, Supporting Information). There were no
significant differences in cell viability among any of the actuated groups and the control
group (Figure S16C, Supporting Information). These viability results are consistent with the
experimentally measured local temperature profiles (Figure S8, Supporting Information),
which indicate that cells experience only transient temperature around 44 °C. In summary,
these experiments validated jumping, vectoring, and pulling as effective and selective

spheroid manipulation modes, with viability assays confirming their biocompatibility under
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Figure 2 | Laser-actuated spheroid locomotion.

(A—C) Schematic illustrations of spheroid manipulation modalities: (A) jumping, (B) vectoring,
and (C) pulling. (D) Schematic showing a combined sequence of (1-3) jumping, (3—4) vectoring,
and (4-5) pulling for the spatial assembly of two spheroids; the dark spheroid (6) denotes the
stationary target. (E) Time-sequenced images of experimental spheroid manipulation toward
the target following the same sequence of motions: (1-3) jumping, (3—4) vectoring, and (4-5)
pulling. Scale bar: 200 um. (F) Laser stimulation profile on the moved spheroid (blue) and the
stationary target spheroid (orange), and corresponding spheroid horizontal speed during the
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three motion phases. (G) Numerical simulation of circulating thermal convection in @,96;welli v S craeic

plate, presented in front and top views. Scale bar: 1 mm.
After manipulation: spheroid fusion characterization

After establishing the spheroid manipulation capabilities, we explored their post-assembly
interactions as a proof-of-concept for applying this method to biological studies. Two types
of spheroids, one composed of HT1080 cells and the other of human dermal fibroblasts
(HDF), were introduced to investigate inter-spheroid interactions. Three spheroid pairs
(HT1080-HT1080, HT1080-HDF, and HDF-HDF) were assembled using the laser-guided
manipulation techniques described above. From Figure 3A, we observed that the two
attaching microrobot-incorporated spheroids gradually fused into one structure after 12-24
hours of incubation. This finding aligns with previous reports demonstrating fusion
dynamics of cell-only spheroids within 24 hours.3”- 38 To characterize the cell distribution
during fusion, the two spheroids were stained with cell trackers of distinct fluorescent
wavelengths. Particularly in the HT1080—HDF pair, HT1080 cells were labeled green and
HDFs red. Based on these fluorescent cell trackers, we observed cell migration on the
spheroid contact boundary. A small number of cells migrated into the foreign spheroid,
exhibiting invasive behavior in the 3D microrobot-cell matrix. To quantify the degree of cell

invasion, the average distance to the nearest foreign cell was defined as:

Dasp=-2i% min d(ayb)) (D
4 1<j<mn

where A = {a;,a,, ..., an,} is the set of positions of type A cells; B = {by,by, ..., bp,} is
the set of positions of type B (foreign) cells; d(x,y) is the distance between two cells.
Smaller D45 values indicate deeper invasion of type B cells into the type A cluster. In
practice, we adopted a pixel-sampling approach inspired by the Monte Carlo method to
approximate the spatial distributions of red and green cells, as single cells are difficult to
distinguish in 3D fluorescence images (Figure 3B). As illustrated in Figure 3C—E, the
normalized distance to the nearest foreign cell in each spheroid decreased over time,
indicating progressive intermixing of cells between the two original spheroids. We observed
Dy upr < Dy_pr for X andY of any cell type, particularly at the 24 h timepoint. This result
suggests that more HDFs than HT1080 cells migrated into the neighboring spheroid during
the fusion process. This phenomenon is consistent with previous reports showing that cancer
cells can biochemically activate fibroblasts into cancer-associated fibroblasts (CAFs),
thereby promoting fibroblast proliferation and extracellular matrix remodeling3®- 49, which
may facilitate fibroblast migration and settlement within neighboring spheroids.

On the spheroid scale, we characterized spheroid fusion rate by measuring the distance
between the farthest points of the dual-spheroid structure (doublet length, Figure 3F), which
decreased over time, indicating enhanced tissue cohesion during fusion (Figure 3G). Notably,
the two HDF-involved fusion groups exhibited faster volume reduction than the HT-HT
spheroids, which was consistent with the ECM contraction behavior of fibroblasts3®: 41,
secreting ECM*? to form a tight microtissue. We then measured the contact angle of the dual-
spheroid structure as a morphological metric (Figure 3H), where the rise in contact angle

(Figure 31) reflected the rearrangement of cells and microrobots at the spheroid confrontation
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boundary, with cells migrating to fill the inter-spheroid gap. In accordance with ;thess psmioissic
observations, the HDF-HDF spheroids showed the fastest increase in contact angle
compared to mixed and pure HT spheroids.

Figure 3 | Characterization of spheroid fusion dynamics.

(A) Time-lapse images of the fusion process of fibrosarcoma (HT1080) spheroids and healthy
human dermal fibroblast (HDF) spheroids in different pairings: HT1080-HT1080, HT1080—-HDF,
and HDF-HDF. In the HT1080—-HDF group, HT1080 spheroids were labeled green and HDF
spheroids red using cell trackers of different wavelengths. (B—I) Quantitative analysis of
spheroid fusion is presented, including (B-E) average distance to the nearest foreign cells, (F,G)
doublet length (distance between the farthest points of the dual-spheroid structure), and (H,I)
contact angle. (B, F, H) Representative images illustrate the measurement of morphological
metrics. (C—E) Normalized distance to the nearest foreign cells in the three spheroid pairings
is presented for three types of assembloids: (C) HT1080-HT1080, (D) HT1080-HDF, and (E)
HDF-HDF. (G) Doublet length and (I) contact angle measurements are plotted over fusion time
for HT1080-HT1080, HT1080-HDF, and HDF-HDF assembloids. Scale bars: 200 um.
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Spheroids as building blocks for complex tissue construction

The successful fusion of spheroids highlights their potential as building blocks for complex
tissue construction. With our approach, spheroids can be heterogeneously assembled through
microrobotic manipulation, thereby substantially increasing the spatial complexity of tissue
structures. To demonstrate the feasibility and precision of this strategy, we constructed a
radial arrangement of spheroids, placing a central HT1080 cancer spheroid surrounded by
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multiple healthy fibroblast HDF spheroids (Figure 4A, Movie S8, Supporting Infogmation)s nsvioissic

Using a combination of pulling, vectoring, and 3D jumping motions spheroids were
assembled into defined spatial configurations, specifically, satellite spheroids surrounding a
central core (Movie S8). Interestingly, multi-spheroid constructs (assembloids) exhibited
rotational motion under asymmetric laser actuation, which was not observed within single
spheroids. This observation is likely due to the magnitude of torque derived by the higher

thermo-convective flow in larger constructs.

Cancer cells were labeled with cell tracking fluorescent probes to distinguish them from
HDFs during tissue formation. In the first 24 h, six satellite spheroids in direct contact with
the central cancer spheroid fused into a single assembloid, while the remaining HDF
spheroid fused at 36 h. Interestingly, the top-left HDF spheroid, which directly contacted
both HDF and HT1080 spheroids, fused preferentially with the HT1080 spheroid. This
observation might suggest the cancer-induced activation of fibroblasts into CAFs, enhancing
their ability to form new cellular structures.*> Meanwhile, cancer cells spread and dispersed
widely within the fused 3D structure. The dispersion of cancer cells, quantified by their
normalized mean distance from the geometric centroid, increased continuously during the
first 18 h (Figure 4B), suggesting migration. As reported by previous studies, ECM
remodelling#*, intercellular signalling*>, and mechanical coupling*? can facilitate cancer cell
migration and invasion, which could provide a possible explanation for the observed
dispersion of HT1080 cells. After 18 h, cell dispersion slightly decreased as a result of
assembloid shrinkage (Figure 4B), which was additionally quantified by measuring the total
projected area of the structure.

To ensure the cell health was maintained in the fused assembloid, we investigated changes
in apoptotic and proliferative behavior using a standard TUNEL assay along with Ki67
immunostaining. As shown in Figure 4C, apoptotic and proliferating cells were observed in
both the bottom and middle layers of the microtissue. The signals localized mainly at the
boundary of the 3D assembloid, as a consequence of limited fluorescence imaging quality
in the interior. Notably, in the middle layer, numerous apoptotic signals were detected in the
latest fused spheroid (dark), suggesting a possible association between apoptosis and
impeded spheroid fusion. In comparison with the control groups of pure HT1080 and HDF
spheroids (Figure S17, Supporting Information), the percentage of apoptotic cells in the
assembloid was similar, suggesting that the spheroid manipulation and fusion process did
not induce notable apoptosis. Furthermore, HT1080 cells in the control group exhibited a
substantially higher proliferation rate, whereas HDFSs rarely expressed Ki67, indicating that
the majority of proliferating cells were cancer cells. Accordingly, the percentage of Ki67-
positive cells in the assembloid was lower than in pure HT1080 spheroids but higher than in
pure HDF spheroids. Overall, the cancer-spheroid-centered radial arrangement of fibroblast
spheroids highlighted the potential of thermo-convection-mediated manipulation for

constructing complex assembloids and microtissues.
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Figure 4 | Fusion of radial spheroid structure.
(A) Time-lapse images showing spheroid fusion in a radial configuration. The red fluorescent
dye—labeled spheroid represents an HT1080 cancer cell spheroid, surrounded by unlabeled
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fibroblast spheroids. Scale bar: 200 ym. (B) Quantitative analysis of the fusion process,
depicting temporal changes in cancer cell dispersion (blue) and the overall structure area (red).
Dispersion was calculated as the normalized mean distance of fluorescently labeled cells from
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their centroid. (C) TUNEL-KIi67 staining of the final three-dimensional structure after completion
of the fusion process. Scale bar: 200 ym.
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3. Conclusion

In summary, we demonstrate 3D manipulation of microrobot-incorporated cell spheroids
through laser-induced thermo-convection. The self-assembly of cells with cell-adhesive
microrobots enables convenient and reproducible fabrication of single microrobot—cell
spheroids. Under different laser stimulation profiles, spheroids exhibit three distinct motion
modalities: jumping, vectoring, and pulling, which facilitated their assembly with spatial
control. As a proof of concept, the fusion of assembled HT1080 and HDF spheroids
demonstrates three-dimensional interactions between cancer cells and fibroblasts,
highlighting the potential of this platform for biologically relevant applications. The
exquisite radial arrangement of spheroids further illustrates the capability of the thermo-
convection-mediated spheroid manipulation to form complex cancer—fibroblast assembloids
with high precision and biocompatibility, revealing the potential of this approach for
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studying 3D cell behaviour and constructing microtissue. DOI- 10.1039/DSMHO1B61G

This work lays the foundation for microrobot-assisted spheroid manipulation and provides a
versatile toolset for the 3D construction of heterogeneous micro-organoids and tumor
microenvironments. Building on this technique, we aim to construct sophisticated
multicellular 3D assembloids that better mimic physiological conditions and extend the

capabilities of in vitro physiological models for biological and pharmaceutical investigations.

Furthermore, this platform opens opportunities for localized and spatiotemporally controlled
stimulation within assembloids. By leveraging photothermal actuation and incorporating
functional materials into the microrobots, future studies may enable controlled modulation
of local temperature, mechanical stress, or chemical microenvironments within spheroids
and organoids. Such localized stimulation strategies could facilitate systematic studies of
cell migration, tissue remodeling, and intercellular signaling in three-dimensional
microtissues, which remain challenging to achieve using conventional culture and assembly
techniques.
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