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An automated pipeline for tracking and measuring cell spheroids
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Abstract

Cell spheroids have been exploited as fundamental engineering units applied as screening plat-
forms or assembled as building blocks for tissue engineering applications. While spheroid encap-
sulation into hydrogels creates more reliable 3D models, it also brings several constraints, e.g.,
hydrogel swelling and dynamicity, shading, limitations on depth-resolution, and cell staining
strategies for monitoring long real-time imaging. Hence, the objective of this work was to develop
a post-imaging automated pipeline for the accurate tracking and measuring of spheroids encap-
sulated in 3D hydrogels. Using NIS Elements ARv5.30 (Nikon) software, we created a sequence of
functions for enhancing spheroid borders, extending the depth of focus, reducing hydrogel shad-
ing, and identifying coordinates in an automated manner for time-lapse microscopy analysis up to
70 h. Additionally, we established a method for identifying and tracking migration trajectories of
protruded cell clusters that detached from spheroids into the hydrogel. For a comparative hydro-
gel analysis, fluorescent beads were encapsulated in the ionically crosslinked xanthan gum-alginate
(XG-Alg) and photocrosslinked methacrylate hyaluronic acid (HAMA). For pipeline validation,
human mesenchymal stem cell spheroids were encapsulated in XG—Alg hydrogel. By employing
our pipeline, a high dynamicity and intense swelling effect were detected within XG-Alg, while
HAMA remained stable, without noticeable movements up to 60 h. Accurate imaging and tracking
detected several spheroid morphological changes, including reversible spheroid-ellipsoid shapes,
axis rotational motion, outermost layer movements, spheroid fusion, and a spheroid migration
speed of approximately 1.3 um h™!. Protruded cell clusters were detected in high numbers (83-173
per spheroid), migrating arbitrarily into the hydrogel (16°-311°), with an average speed of approx-
imately 11.4 um h™!. Our results indicate that this automated pipeline can facilitate the under-
standing of several cellular dynamic events with high accuracy and low manual interference, which
are essential for scaling up tissue engineering and other advanced applications such as drug screen-
ing platforms.

© 2026 The Author(s). Published by IOP Publishing Ltd
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1. Introduction

Cell aggregates have been exploited as fundamental
bioengineering units and can be used as 3D screen-
ing platforms or assembled as building blocks for
tissue replacement in regenerative medicine [1-3].
Cell aggregates can be arranged into a variety of
densely packed 3D configurations, with the spher-
oid being the simplest and widely used [2], and
the organoid representing a more advanced 3D
model with significantly increased complexity [4].
Cell aggregate formation typically begins with cell
clustering, followed by compaction, which is mainly
driven by strong cell—cell interactions and adhesion
to secreted extracellular matrix (ECM) components.
Once formed, densely packed cells secrete ECM and
continuously reorganize and remodel their endogen-
ous microenvironment in response to environmental
and physiological conditions [2].

Due to their 3D structure, spheroids exhibit
internal gradients of nutrients and cell waste, and
the ECM density during compaction and remod-
eling determines the diffusion rates, consequently
impacting metabolic pathways and cell viability (2,
5]. Since compactness and remodeling are depend-
ent on spheroid size, assessing shape parameters in
real-time is valuable for determining their viabil-
ity and functionality, as well as for correlating with
biological processes such as differentiation, migra-
tion, and fusion of human mesenchymal stromal cells
(hMSCs) for tissue engineering applications [6—10].
Indeed, hMSCs spheroids have shown intense com-
pactness and shape retraction during prolonged cul-
ture in basal media, with a substantial impact on
their cell differentiation potential [11]. Spheroids
are also reshaping pre-clinical drug development by
providing more accurate assessments for drug effic-
acy and toxicity trials. For these in vitro assays, regu-
lar and well-rounded spheroids are more stable and
have shown less variability [12]. Therefore, monitor-
ing shape parameters (e.g., diameter, sphericity, area,
perimeter, and Feret diameter) over time is essential
for controlling variability and improving the repro-
ducibility of spheroids, thereby ensuring the efficacy
of toxicity trials.

Spheroids and, more recently, organoids, have
been encapsulated in hydrophilic hydrogels to create
physiologically relevant 3D in vitro models for tissue
engineering or drug screening applications. Examples
comprise blends of xanthan gum (XG) and algin-
ate (Alg) [13] or alginate-hyaluronic acid [14], and
methacrylate hyaluronic acid [15] or gelatin [16].
Hydrogels have viscoelastic properties that provide
a favorable biomimetic environment similar to the
natural ECM, known to enhance cell proliferation
and differentiation [17, 18]. Hydrogels can also
offer mechanical support to sustain spheroid fusion
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over long culturing periods. Hence, hydrogels are
frequently used in combination with spheroids or
organoids in automated deposition processes such as
bioprinting [8, 13—16]. However, due to their lar-
ger structure, 3D models exhibit a massive resist-
ance to movement or fusion with neighboring 3D
aggregates when embedded in a hydrogel network
compared to a liquid culture medium. Solute diffu-
sion in hydrogels is also delayed due to mass trans-
fer hindrance effects [13, 19]. Thus, finding the ideal
hydrogel viscosity that provides adequate mechanical
support while allowing cell aggregate migration and
ensuring the availability of nutrients remains a chal-
lenging task.

Inside hydrogels, cells located in spheroids com-
municate with neighboring spheroids through parac-
rine mechanisms, secreting signaling molecules that
enable long-distance cell-cell communication (e.g.
extracellular vesicles, mRNA, and miRNAs [20,
21]). Communication can also occur through phys-
ical contact between cell sprouting or protruding
mechanisms [22, 23]. However, both chemical and
physical communication mechanisms are affected by
the spheroid-spheroid distance and the resistance of
the hydrogel matrix to mass transfer [2]. It has been
reported that 250 pm is the maximum distance for
effective diffusion of paracrine signaling molecules
capable of acting on ECM homeostasis, angiogen-
esis, migration, and cell proliferation [22, 24, 25].
However, this distance is affected by the type and
composition of the hydrogel employed, and its influ-
ence is often underestimated [26].

It is clear that the more viscous the matrix,
the more challenging spheroid migration will be.
However, the impact caused by the type of poly-
meric network is crucial. While linear and fibrillar
chain hydrogels (e.g. collagen [27] or Alg [28]) tend
to offer a structural role that may facilitate migra-
tion, branched and high molecular weight hydro-
gels (e.g. polysaccharides-based) can easily entrap
spheroids within their network, impairing any kind
of movement. Nonetheless, in the previous study
by Decarli et al [13] it was demonstrated that XG-
Alg blends were successfully employed to encapsu-
late hMSC spheroids for bioprinting and cell dif-
ferentiation into larger cartilaginous constructs [13].
Likewise, in the previous study by Sanchez et al [15] it
was demonstrated that successful migration, fusion,
and differentiation of spheroids within hyaluronic
acid methacrylate (HAMA). This indicates that the
polymeric structure, the degree of modification, and
crosslinking critically influence spheroid motility and
interaction [15, 29].

Other strategies to modulate spheroid migration
kinetics within hydrogels have also been explored,
primarily based on the incorporation of structural
guidance cues via aligned patterns within hydrogels
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or chemical functionalization incorporating cell-
binding molecules. Some examples are the use of a
collagen matrix aligned with a magnetic field-induced
flow [27], functionalization with tagged recombinant
N-cadherins [30], or hydrogel functionalization with
the RGD peptides, the most widely used approach for
enhancing the migration of cells and spheroids [28].

Monitoring cell spheroids encapsulated in hydro-
gels in real-time is not trivial, as several drawbacks
such as shading, depth-resolution, limited field of
views, spheroids going out of focus, hydrogel swelling,
distinguishing spheroids from entrapper air bubbles
and other artifacts, limited data acquisition, and sub-
sequent analysis [26, 31, 32]. Conventional meth-
ods based on traditional microscope analysis cannot
overcome these drawbacks, and the resulting images
are often blurred and misplaced, thereby impair-
ing morphological analysis. Nevertheless, there is
a need for the development of 3D imaging meth-
ods that enable automated and quantitative analysis
of spheroids embedded in hydrogel systems [31].
More recently, some interesting automated imaging
pipelines have been reported for analyzing spher-
oids, but they have focused solely on high-throughput
platforms [33-35]. Some of them employed hydro-
gels, but their setups were limited to predefined spa-
tial conformations [33] or to tiny surface areas [35],
which were not suitable for analyzing multiple spher-
oid interactions. Therefore, the objective of this work
was to develop a robust and automated pipeline for
accurately tracking and measuring spheroids encap-
sulated in hydrogels across larger areas, without spa-
tial constraints, ideal for scaling up tissue engineer-
ing, as well as for other advanced applications such as
drug screening platforms, embryogenesis, and spher-
oid dynamic studies.

Here, we focus on the migration behavior of
hMSC spheroids in a hydrogel without cell adhesive
motifs, an area that remains understudied, for which
an automated pipeline for tracking and measuring
has not yet been established. This is a need for the
tissue engineering field since hydrogels without cell
adhesive motifs generally have a low-viscosity charac-
ter (except hydrogel gums) and are usually employed
with hydrogels with cell adhesive motifs to increase
the overall hydrogel viscosity and enable the man-
ufacturing of 3D models, scaffolds and bioprinted
constructs [36]. Since XG, Alg, and HAMA are good
examples of widely explored polysaccharide-based
hydrogels without cell-adhesive moieties, they were
the focus of this study. Additionally, they employ dif-
ferent crosslinking strategies; XG—Alg blend is ion-
ically crosslinked with calcium ions [13], whereas
HAMA is covalently crosslinked in the presence of
light [15]. Furthermore, XG is a branched and high-
molecular-weight polysaccharide, whereas Alg and
HAMA have linear networks with medium-to-low
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molecular weights. Using this automated pipeline, we
first compared the dynamic interactions caused by the
swelling effect of XG—Alg compared to HAMA (ionic
versus photo-crosslinking mechanisms). Then, we
assessed morphological changes of hMSCs spheroids
into XG-Alg, including reversible spheroid-ellipsoid
shapes, axis rotational motion, outermost layer move-
ments, spheroid fusion, and spheroid migration
speed. Finally, we evaluated the overall dynamics of
spheroid-protruded cluster , tracking these with auto-
mated calculations of several parameters, including
maximum distance, path length, cell cluster migra-
tion speed, and direction. A schematic illustration of
our automated pipeline is shown in figure 1.

2. Materials and methods

2.1. Culture conditions and production of hMSC
spheroids

Human mesenchymal stromal cells (hMSCs, 8F3543,
Lonza) were expanded by culturing 3000 cells cm 2
up to 70% of confluence (passage 7), at 37 °C under
a 5% CO;, atmosphere. For all experiments, alpha
MEM culture medium with GlutaMAX (32561-029,
Gibco) was used, supplemented with 10% (v/v) fetal
bovine serum (FBS, F7524, Sigma-Aldrich) and 1%
penicillin/streptomycin solution (11548876, Thermo
Fisher). A microwell array insert was employed to
produce hMSC spheroids, as previously described
[37]. Briefly, 5 x 10° cells were seeded into each
microwell array to obtain 164 spheroids containing
an average of 3048 cells per spheroid. The cells in the
microwells were then cultured for 5 days (d) to form
highly spherical and compact spheroids. The culture
medium was refreshed every 48 h.

2.2. Encapsulation of hMSC spheroids in the
XG-Alg hydrogel

A polysaccharide hydrogel composed of a mixture of
xanthan gum (XG) and alginate (Alg) was employed
to encapsulate hMSC spheroids. The hydrogel, with
a final concentration of 3.75% XG and 1.12% Alg
(w/v) in PBS (XG-Alg), was freshly prepared and ster-
ilized for each experiment, as previously described
by Decarli et al [13]. To prepare the samples for
the live cell experiments, 100 ul of XG-Alg hydrogel
was placed in a 96 flat-bottom well plate (N = 10
wells) and centrifuged (2000 g, 5 min) to obtain a
thin hydrogel layer as free of bubbles as possible.
HMSC spheroids were collected from the microw-
ell array inserts, washed twice with PBS, and ran-
domly mixed into this thin hydrogel layer. Ionic
crosslinking was performed using CaCl, (200 pl,
125 mm) for 10 min. Samples were washed with PBS
twice and covered with the culture medium. When
brightfield microscopy monitoring was not able to
provide enough segmentation power, hMSC were
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Figure 1. Automated pipeline developed for tracking and measuring spheroids in complex 3D hydrogel systems. (A) Dynamic
interaction between the xanthan gum-alginate hydrogel and hMSCs spheroids due to the swelling effect. (B) Shape changes in the
absence or combined with spheroid migration. (C) Cell protrusions and migration of protruded cell clusters from the spheroids

stained using 1 ym CellTracker™ deep red dye after
1 mm DMSO reconstitution following manufacturer
instructions (C34565, Thermo Fischer) and Hoechst
33342 nucleic acid stain ina 1 ug ml~! concentration
(H1399, Thermo Fischer). Spheroids were collected
from the microwell and incubated with both dyes in
a 15 mL tube, in the dark and at 37 °C for a max-
imum incubation period of 10 min. To avoid spher-
oid clumping and ensure efficient staining penetra-
tion, a gentle tap was performed every 2 min to main-
tain spheroids in suspension. Spheroids were washed
twice in PBS before being mixed into a thin layer of
XG-Alg hydrogel.

2.3. Encapsulation of fluorescent beads in XG-Alg
and HAMA hydrogels

Fluorescent polystyrene beads with a mean diameter
of 160 pum (35-14, Thermo Fisher Scientific) were
used in control experiments to mimic hMSC spher-
oids. The samples were prepared using the same pro-
tocol described in section 2.2, but encapsulating the

fluorescent beads instead of hMSC spheroids in a
thin layer of XG—Alg or HAMA hydrogel. The HAMA
hydrogel was synthesized following the protocol
described by Sanchez et al [15], with no modifica-
tions. Briefly, a 2% (w/v) solution of 200 kDa sodium
hyaluronate (HA, Lifecore Biomedical) was prepared
in deionized water, and the pH was adjusted to 8.5
using a 1.0 m sodium hydroxide solution. Methacrylic
anhydride (Sigma-Aldrich) was added dropwise
under continuous stirring while maintaining the pH
between 7.5 and 8.5. The reaction proceeded on ice
for 2 h before being stopped with excess deionized
water. The product was purified via dialysis against
deionized water for seven days, followed by lyophil-
ization. The final degree of functionalization of 46%
was quantified using 1 H NMR spectroscopy. HAMA
hydrogels were prepared at a concentration of 2%
(w/v) in PBS. Fluorescent beads were homogeneously
dispersed in the HAMA solution using the same
protocol described in section 2.2 and crosslinked
via photopolymerization using 0.1% (w/v) lithium
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phenyl-2,4,6-trimethylbenzoylphosphinate ~ (LAP,
Sigma-Aldrich), under UV light exposure (365 nm,
with an intensity of 12 mW cm ™~ for 30 s).

2.4. Live-cell imaging experiments

Time-lapse microscopy was performed using a Nikon
Eclipse TI-E microscope (Japan) with an Okolabs
environmental control system (37 °C and 5% CO,
atmosphere) equipped with a Prime 95B sCMOS
camera and Lumencor Spectra X Light source. The
time-lapse imaging package of NIS Elements Software
(Nikon, Japan) was used to monitor the experiments,
together with a motorized high-accuracy image cap-
ture system. The analysis was based on spheroid and
cell cluster motility. To overcome small disturbances,
the well plate was maintained in static and dark
conditions inside the microscopy incubator between
image acquisition and no media change or any other
type of movement was performed. For the longest
experiments, the total well volume was filled with
media to ensure nutrient supply (approximately 1:3
hydrogel/media ratio). To ensure control of the atmo-
sphere humidity, the remaining empty wells of the 96-
well plate were filled with PBS to aid during the time-
lapse data acquisition experiment.

2.5. Swelling ratio

The swelling ratio of the XG—Alg hydrogel, as well as
two additional hydrogel controls made of their single
components (solely XGs 75 and A;;,), was determ-
ined after exposure to either PBS or culture medium
at 37 °C. The samples were carefully prepared as
described in 2.2 (not encapsulating spheroids), and
their masses were assessed using a high-precision
scale (initial mass). Samples were maintained in a
cell incubator, and after 2, 4, 6, and 24 h, the excess
liquid was removed by blotting, and their masses were
immediately determined (final mass). The swelling
ratio was calculated as previously described [13].

2.6. Automated pipeline for tracking and
measuring spheroids in 3D hydrogel systems

The created pipeline is discussed in detail in section
3.1, as it explains the need for each function
employed, which was based on the results obtained in
a feed-forward approach. First, 3D-acquired images
were transformed into a pseudo-2D image of each Z-
stack to better delineate and detect spheroid and pro-
truded cell clusters. Then, our pipeline was created
based on a sequence of multiple filters/functions for
enhancing spheroid borders, creating a Z-projection
using extended depth of focus, reducing hydrogel
shading, and identifying X and Y coordinates in an
automated manner. For the shape change analysis, the
filter functions employed in our image pipeline were
extended depth of focus, shading correction, Gaussian
Laplace, Region of interest (ROI), and filtering. For the
analysis of cellular protrusions from spheroids and

5
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migration of protruded cell clusters within the hydro-
gel, the parent-child function was used, in which we
tracked the distance between the centroid of indi-
vidual protruded cells to the closest edge of the spher-
oid using the child-distance function and extracted
the distance of the spheroid. Furthermore, the total
path covered by the cells and the direction of the
cell clusters were analyzed. These multiple filter func-
tions were synergistically integrated into a unique
automated pipeline within the NIS-Elements General
Analysis (GA3, Nikon) for detecting spheroids and
protruding cell clusters over 70 h time-lapse micro-
scopy (figure 2). All data related to tracking and meas-
urements were automatically generated, exported to
excel, and a complete set of parameters was calcu-
lated. For spheroids, area, sphericity, perimeter, max-
imum and minimum Feret diameter, and circular-
ity were determined. Migration parameters were sim-
ultaneously assessed for both spheroid and multiple
protruded cell clusters to automatically obtain migra-
tion directions, pattern of trajectories, straightness,
the total path length, the maximum distance achieved
from the spheroid, and migration speed.

2.7. Statistical analysis

Statistical analysis was conducted using Prism soft-
ware (10.6 version, GraphPad). Data are shown as
mean =+ standard deviation (STDEV) or represen-
ted using STDEV bars in the graphs. Non-parametric
t-test, two-tailed with p < 0.0.5 was employed to
evaluate statistical significance (ns, non-significant
and * significant difference). This study is based on
observation, tracking, and measuring spheroids in 3D
complex hydrogel systems. Hence, only phenomena
observed in at least three replicates were reported,
except for the migration of protruded cell clusters that
were assessed in duplicate.

3. Results

3.1. Development of an automated microscopy
method for time-lapse image acquisition

An automated imaging acquisition method was
developed to acquire time-lapse image datasets
with both brightfield and fluorescence microscopy.
During the implementation of this image acquisi-
tion method, we encountered challenges in obtaining
automated imaging of spheroids encapsulated in 3D
hydrogels, which were attributed to the volumetric
assessment inherent to 3D samples and related to the
swelling behavior of the hydrogels. Several strategies
were developed to guarantee efficient analysis for
time-lapse images.

-Imaging considerations to account for the 3D
environment and respective strategies to guarantee
efficient analysis for time-lapse images

One of the critical settings for image acquisition was
to establish the appropriate Z-focus, which is not
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trivial in a 3D hydrogel system. The Z-range should
encompass the full thickness of the hydrogel, result-
ing in a higher number of Z stacks acquired, which
in turn increases the acquisition time and leads to
larger file sizes. For example, tracking five samples
using brightfield and two fluorescence wavelengths
with 25 Z-stacks for 70 h resulted in a file of around
285 GB. Hence, data analysis and appropriate com-
putational power had to be taken into account, as this
would result in lengthy computational analysis while
implementing automated tracking and subsequent
quantifications. Assuming the imaging setup had the
required Z-working distance, the analysis can be
addressed by utilizing microscopes that offer higher
and ideally single-cell resolution. In conjunction,
smart microscopy approaches that employ advanced

programming and artificial intelligence to perform
live tasks during acquisition and improve the data-
sets prior to analysis. Yet, establishing such a setup
can also be a hurdle by itself. To ensure efficient ana-
lysis of time-lapse images using a simple strategy, we
first divided large files into independent samples. This
was followed by the implementation of a focused z-
project (Extended Depth of Focus) to convert a 3D
environment into a 2D representation of the stack.
This helped to detect and delineate boundaries effi-
ciently, while enhancing automated tracking and sub-
sequent quantifications.

During spheroid movements, the border of the
spheroid was often compromised, causing limit-
ations for automated morphological assessment.
Furthermore, in the slices within the Z-focus depth
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that were far away from the Z-average region,
the automated tracking system easily misidenti-
fied entrapped air bubbles as cell spheroids (sup-
plementary figure 1, blue squares). To tackle this,
two strategies were investigated. First, to distin-
guish spheroids from bubbles without causing any
external disturbance in the experiment, we extended
the recording experiments to longer periods, allow-
ing air bubbles to displace or to gradually exchange
with the medium. We further excluded these initial
frames from the final analysis. Alternatively, we per-
formed previous staining of spheroids using Hoechst
33342 nucleic acid stain (supplementary figure 2(A))
or in combination with the CellTracker™ Deep Red
(supplementary figure 2(B)). Results showed that
when using 1 pm CellTracker, the stained spheroids
remained viable, allowing improved identification of
the outer layer even when multiple spheroids were in
physical contact (supplementary figure 2(A)), mak-
ing this approach ideal for automated morphological
assessment for up to 50 h. After that, we identified
that the dye signal was reduced and was also gradually
eliminated by the cells, remaining within the hydro-
gel, which compromised the automated assessment
due to increased background interference (supple-
mentary figure 3). Higher concentrations of the dyes
were tested, aiming to improve the retention within
the cells for longer than 50 h. Despite this, no visual
improvement was observed until the identification of
athreshold dose (10 concentrated dye solution) that
resulted in spheroid death, which was also confirmed
by the absence of metabolic activity (supplementary
figure 4).

-Imaging consideration to account for hydrogel
swelling and respective strategies to guarantee effi-
cient analysis for time-lapse images

Due to the typical swelling behavior of hydrogels, we
initially assessed the dynamicity of XG—Alg. Initial
results indicated that spheroids moved within the
hydrogel, and an appropriate XYZ focus was not
always possible without compromising the upstream
morphological analysis of later time-lapse stages. As
indicated in supplementary figure 5(A), when the
automated imaging monitoring started, four spher-
oids could be observed at the edge of the settled
focused region (pink square). Over time, three of
them moved to an area outside the XY focus, which
impaired tracking analysis, and only one remained.
(supplementary figure 5(B)). This was a repeated
imaging challenge due to the limited XY area selec-
ted for imaging. Our results indicated that when
the spheroids were centered in the focused region
when acquisition started (0 h) (supplementary figure
5(A) and (B), red arrow), the time-lapse tracking was
usually successful. For post-processing, to guarantee
accurate analysis, we employed a ROI on the image.
This strategy helped in focusing on central regions,

M C Decarli et al

resulting in higher accuracy of data analysis for longer
periods.

Excessive shading was another aspect of imaging
that should be considered when imaging these 3D
hydrogels. Our results indicated that shading differ-
ences were caused by entrapped air bubbles (sup-
plementary figure 6, red arrows), artifacts (supple-
mentary figure 6, yellow arrows), water evaporation,
and the presence of heterogeneous hydrogel micro-
regions. The latter reason is commonly observed
when employing hydrogel blends, such as the XG-
Alg. The excessive shading had a more pronounced
effect on the tracking of small, protruded cell clusters
that migrated from the main spheroid within the
hydrogel (supplementary figure 6, blue square). To
address excessive shading, attempts to improve the
imaging setup (e.g., increasing light exposure) or
sample preparation (extensive hydrogel centrifuga-
tion) were insufficient. However, an efficient ana-
lysis by our pipeline successfully overcame shading
as a post-processing approach. This was based on
subsequent steps of functions shading correction and
a Gaussian Laplace, in addition to the inclusion of
spheroids and protruded cell clusters within the ROI
(figure 2(A)). Hence, we successfully excluded areas
with excessive shading, which had caused false posit-
ive detection of cell clusters. Lastly, additional analysis
of time-lapse images included the function filtering
applied on different object sizes to distinguish spher-
oids from small cell clusters, as well as enhancing the
contrast between the spheroid and cells on one hand,
and the hydrogel itself on the other (figures 2(A) and
(C)). By succeeding within this function, we could
partially mitigate our initial lack of detection, and
clean backgrounds were obtained, which highlighted
the movements of spheroids and cell clusters before
further image quantification (figures 2(B) and (D)).
Moreover, we were able to segregate spheroids from
cell clusters, allowing us to study the dynamics of
the spheroids and the protruding cells independently
from the same dataset.

Therefore, by having a complete automated
pipeline to mitigate the hydrogel background and
enable accurate quantification, we investigated three
different phenomena. First, the dynamicity and swell-
ing properties of XG-Alg and HAMA hydrogels,
followed by several hMSC spheroid shape changes,
and migration trajectories of protruded hMSC cell
clusters from the spheroids into the hydrogel. Taking
these three aspects into consideration allowed a
deeper understanding of spheroid cellular behavior
within dynamic hydrogel systems.

3.2. Spheroids versus hydrogel: investigating
dynamicity and swelling properties

To first analyze the influence of the properties of
the hydrogel matrix on both spheroid, cell motil-
ity and imaging, we assessed the dynamicity and
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ity of the XG—Alg and HAMA hydrogel networks while encapsulat-

ing fluorescent beads. (A) Schematic illustration of the automated pipeline developed for assessing dynamicity and swelling, and
(B) a real image during tracking assessment showing the movements of the fluorescent beads in a 3D view due to the dynamicity
and swelling of the XG-Alg hydrogel in culture medium. Fluorescent particles tracked in (C) XG-Alg and (D) HAMA hydro-

gel networks for 60 h (scale bar = 300 pum). (E) Swelling ratio assessed in culture medium and in a chemically defined solution
(PBS) for 24 h of the E) XG-Alg hydrogel, (F) alginate (Alg) and (G) xanthan gum (XG), independently. (H) Timeline proposed

to jointly consider the dynamicity and equilibrium of different

swelling behavior of the XG-Alg hydrogel system.
As previously reported, this hydrogel was character-
ized in terms of rheological assessments, stability,
mass change, and swelling over 28 d [13]. Although
it is a highly viscous hydrogel due to the intrinsic
character of natural XG, it can also be considered
a soft system, with a stiffness of 1 kPa [13]. Since
XG is an efficient thickening agent that tends to
absorb enormous amounts of water [36], we aimed
to investigate whether the polymeric mesh of XG-Alg
hydrogel exhibits high dynamicity that could influ-
ence automated imaging, even when crosslinked with
calcium ions.

hydrogel systems, e.g. HAMA, alginate, and XG—alginate blends.

Aiming to assess the dynamicity of the hydro-
gel, excluding the cell spheroid intrinsic dynamicity,
fluorescent beads with a diameter equivalent to the
hMSC spheroids were encapsulated in the XG-Alg
hydrogel, and the movements of beads were assessed
up to 60 h exposed to culture medium, as schem-
atically depicted in figures 3(A) and (B). After ana-
lyzing the tracking images of the XG-Alg hydro-
gel, we observed a displacement of the beads in
the matrix during the first 10 h, which indicated
that this high dynamicity could be correlated with
a rapid swelling of XG-Alg (supplementary video
1). However, the swelling may have become less
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pronounced somewhere between 0 and 10 h in cul-
ture, when the beads appear to have achieved their
equilibrium, from 10 to 40 h (figure 3(C)). After 40 h,
the fluorescent beads began to settle towards the bot-
tom hydrogel layer and moved out of the set Z-plane
at 60 h.

For comparison purposes, HAMA with the same
stiffness as XG-Alg (1 kPa) was used as a compar-
ison. In contrast to what was observed for XG-Alg,
the beads encapsulated in the HAMA hydrogel were
completely static throughout the whole experiment,
from 0 to 60 h, indicating that this hydrogel for-
mulation did not swell significantly (figure 3(D)).
Besides the similarities of these hydrogel systems in
terms of mechanical properties, XG—Alg was ion-
ically crosslinked with calcium ions, while HAMA
photocrosslinked via methacrylate groups (covalent
crosslinking).

To corroborate the microcopy observations, we
assessed the swelling ratio of the hydrogels, taking
into consideration the conditions used in the auto-
mated analysis. The results showed significant swell-
ing of XG-Alg in the culture medium until 6 h, reach-
ing an increase of 75% in the swelling ratio at this
timepoint (figure 3(E)). Additionally, employing a
nonlinear fitting curve analysis (considering a 24 h
period), resulted in the equilibrium being experi-
mentally reached at around 10-12 h, which contin-
ued for up to 24 h. These results corroborate our
automated spheroid tracking analysis, in which high
dynamicity of the hydrogel occurred in the first 10 h
of imaging. Since we used culture media supplemen-
ted with fetal bovine serum to replicate the condi-
tions used when culturing hMSC spheroids and the
bead experiment, an additional experiment with PBS
was performed to analyze the behavior of the hydro-
gel using a chemically defined solvent. As a result,
the same trend was observed (figure 3(E)). Hence,
the experimentally assessed swelling effect validated
the dynamic phenomena observed by the automated
imaging, even when using two different solvents.
Considering the swelling observed in the first 10 h,
when imaging a blend of XG-Alg, caution should
be taken in the inclusion and analysis of these early
timepoints, as they can drastically impact the mater-
ial and cellular dynamics interpretations. For shape
change analysis (section 3.2) and migration of pro-
truded cells (section 3.3), we excluded the initial 10 h
to exclude the pronounced effect of the hydrogel
swelling effect, focusing as much as possible on cell-
driven movements of spheroids and cell clusters.

Due to the extensive dynamicity observed in the
blend of XG-Alg, we investigated the polysacchar-
ides individually to identify the primary responsible
for such a high swelling ratio. The result showed
that Alg undergoes considerable swelling (an increase
of 75% on average) in the first 2 h, but stabil-
izes after reaching a plateau of approximately 100%
after 4 h. From 4 h until 24 h, the swelling ratio
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remains unchanged in both PBS and culture medium
(figure 3(F)). XG hydrogel, on the other hand, swelled
78 £+ 8% in the first 2 h and 169 £ 15%, after 24 h
in PBS. In the presence of culture medium, the swell-
ing ratio reached 120% on average in the first 2 h.
In earlier timepoints, variable results were obtained,
which may be attributed to protein attachment to XG
from culture media supplemented with FBS, as repor-
ted before [13]. Thus, a significantly higher swell-
ing ratio was observed for XG matrix alone, without
an evident equilibrium within the 24 h investigated
(figure 3(G)). Interestingly, this intense swelling ratio
could be considerably reduced and controlled when
XG was blended with alginate (figure 3(E)), probably
due to the strong crosslinking effect of calcium ions
with alginate combined with the non-covalent chem-
ical interaction between the two polymers.

Taking these results into consideration, the swell-
ing behavior of the hydrogels used for encapsulating
spheroids should be considered for the data analysis
and interpretation. Ideally, hydrogels should be stable
to uncouple the cell dynamics as much as possible
from the hydrogel swelling. Our results indicated that
the timeline for starting the analysis depends on the
hydrogel formulation, where image acquisition could
begin at 0 h for HAMA, after 6 h for Alg, and after
10 h for XG-Alg (figure 3(H)). Excluding these early
timepoints, where hydrogel swelling is predominant,
could be used to simplify data acquisition and sub-
sequent analysis. Despite this, it is important to con-
sider that these early-stage events might be determin-
ants of the overall system dynamicity.

3.3. Shape changes of hMSC spheroids embedded
into XG-Alg hydrogel
The pipeline enabled us to extract automatically the
spheroid coordinates and diverse morphological data
for accurate quantification, including area, perimeter,
minimum and maximum Feret length, and circular-
ity (used to calculate sphericity). Several morpholo-
gical changes were noticed in spheroids during migra-
tion (figures 4(A)—(C)) and also in the absence of
noticeable migration (figures 4(D)—(F)) in the XG—
Alg hydrogel. In several cases, spheroids could easily
undergo major structural deformation, assuming an
ellipsoid form [5], a symmetric oval-shaped structure
less investigated than the spheroid. During migra-
tion, spheroids also showed reversible conformation
changes, from ellipsoid to spheroid within a period
of 23 h (figures 4(A) and (B)), with a new change
to elliptical conformation within 46 h (figure 4(C)).
These shape changes observed in spheroids were
frequently associated with migration, resulting in a
measured average migration speed of 1.2 um h™!,
detected for hMSC spheroids with a mean diameter
equal to 178.3 £ 4.0 um embedded into the XG-Alg
hydrogel.

Spheroids were also able to rearrange their con-
formation to perform rotational motion around their
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axis. An intense movement of the cells present in the
outermost layers of spheroids was observed, demon-
strated by a flexible and less dense cells-ECM net-
work, which facilitated cell motility (supplementary
videos 2—4). On the other hand, a darker, compact,
and more dense area is noticed in the core of these
spheroids (supplementary figure 7). This indicates
that a denser cell-ECM network was concentrated in
the core, where the cells were unable to move freely, in
contrast to the outermost layers, where cells acted as
motile cilia, with the capability to coordinate move-
ment to propel the entire 3D spheroid. Finally, shape
change was also noticed during spheroid fusion pro-
cesses (supplementary video 5).

To study these types of movements, manual
tracking and measurements are possible, although
extremely laborious and inefficient, especially con-
sidering long time-lapses. The automated pipeline
allowed for monitoring and simultaneously assess-
ing and measuring shape change (figure 4(G)).
This was measured through several morphological
parameters of hMSC spheroids encapsulated in the
XG-Alg hydrogel (figures 4(H)—(L)). The spheri-
city (figure 4(H)) varied from 0.75 to 0.98, thus
indicating a dynamic remodeling from a loose to
tight conformation for most spheroids over 46 h.
Sphericity is relevant for determining the uniform-
ity of spheroids, where values higher than 0.95 indic-
ate an almost perfectly shaped sphere (example of
one spheroid, blue line in the graph). The spheroid
area (figure 4(I)) was maintained at a slightly constant
level over the whole experiment duration, whereas the
outer perimeter oscillated significantly (figure 4(J)).
This confirms that the outermost surface layer of
spheroids was more active in terms of movements
than the core, corroborating the previous observa-
tions (supplementary video 2—4). The Feret diameter
(figures 4(K)—(L)) allowed for monitoring the elong-
ation from spheroids to ellipsoids through the ana-
lysis of the caliper lengths (min and max). The Max
Ferret is the longest distance between any two points
along the selection boundary, and the Min Ferret is
positioned at 90° to the first, while also measuring
the longest distance between the selection bound-
ary. HMSC spheroids oscillated significantly in the
Max Feret (figure 4(K)) and much less in the Min
Feret (figure 4(L)), demonstrating an intense revers-
ible spheroid-ellipsoid change.

Finally, the developed automated pipeline was
also useful for tracking the migration trajectories of
spheroids. Through the identification of the centroid,
we tracked the movement of the centroid during
spheroid migration, while simultaneously tracking
shape change deformations (figure 4(M) and sup-
plementary video 6). Using this tool, it was possible
to identify the absence of migration (figure 4(N)),
the noticeable circular trajectories around spheroid
axes (figure 4(0)), and larger migration trajectories
(figure 4(P)).
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3.4. Cellular protrusions from spheroids and
migration of protruded cell clusters

Upon the analysis of the spheroid shape changes and
movement as previously described, we also observed
the movement of the cell clusters, which was analyzed
independently, using an additional module on the
developed pipeline (figure 2(D)). With this approach,
the distance from the protruded cells to the spheroid
was determined over time. This allowed us to mon-
itor and quantify the diverse peripheral movements
of cell clusters observed around the spheroids. As a
result, diverse migration parameters were simultan-
eously assessed to automatically obtain migration dir-
ections, pattern of trajectories, straightness, total path
length, maximum distance achieved from the spher-
oid, and migration speed.

While analyzing single spheroids, it was possible
to observe the formation of cellular protrusions, fol-
lowed by the detachment of cell clusters from the
spheroid surface, which migrate into the hydrogel, as
schematically illustrated in figure 5(A), and experi-
mentally observed in figure 5(B). Two different phe-
nomena were identified, one characterized by cell
migration without return to the main spheroid (as
shown in figure 5(C), blue arrows, and supplement-
ary video 7(A)) and the other characterized by migra-
tion of the protruded cells and return to fusion in
the main spheroid (as shown in figure 5(D) and
supplementary video 7(B)). Supplementary videos
7 A and B clearly show these two contrasting phe-
nomena. These two examples were further analyzed
during 70 h with the automated tracking pipeline.
Results showed that 83 and 173 cell clusters pro-
truded from the migration samples without and with
return, respectively. Furthermore, when investigat-
ing the migration direction (figure 5(E)), we iden-
tified that protruded cell clusters migrated with a
direction varying from 16° to 311° of the spher-
oid center with minimal differences between the
two examples. Thus, they were migrating arbitrarily
within the hydrogel, independently of whether they
returned to the main spheroid or not. Regarding their
trajectories, we identified that they did not migrate in
a straight line, but in movements of zig—zag or waves
(figure 5(F)) with straightness ranging extensively
from 0.025 to 0.943 (figure 5(G)). The average fitting
lines of these trajectories, which were related to time
and distance from the spheroid, were also determ-
ined (supplementary figure 8). This indicates that
a hydrogel was heterogeneous and could not guide
cell motility, which can be generally attributed to the
branched and randomly polymeric network of the
XG-A.

Regarding total path lengths, the protruded cell
clusters that traveled a maximum path length within
the XG-Alg hydrogel achieved a distance of 729 ym
(figure 5(H)). However, the maximum distance
achieved from the main spheroid (considering a line
that passes through the spheroid and the protruded
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Figure 5. Automated tracking and measurements of protruded cell clusters migrating within the crosslinked XG-A hydrogel.
(A) Schematic illustration of the automated pipeline developed for protrusion of cell clusters tracking and quantification and
(B) a real image during tracking assessment. Representative cases of the phenomena characterized by (C) cell cluster migration
without returning (blue arrows pointing to the cell cluster that remained in their positions at 70 h and (D) with return to the
main spheroid after 70 h. Several migration parameters were simultaneously assessed, and the data were automatically gener-
ated: (E) migration direction, (F) trajectory migration patterns, (G) straightness, (H) total path length, (I) maximum distance
of spheroid (considering a line that passes through the spheroid and the protruded cell cluster), (J) maximum travelled distance
(not straight, in zig—zag or waves movements) and (K) migration speed of cell clusters that return and not to the main spheroid.

cell cluster) was always below 400 pym (figure 5(I)).
On average, the majority of protruded cells traveled
an average distance of 125 gm from the main spher-
oid, but not in a straight line, but in movements

of zig—zag or waves (figure 5(H)). Interestingly, we
found that the average total path for cells that did
not return was 123 pm (maximum distance from
the spheroid), whereas for those that did return,
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it was 52 pum (figure 5(J)). Surprisingly, a couple
of protruded cell clusters reached a distance of
371 pm from the spheroid and did not return.
Regarding speed (figure 5(K)), the average for pro-
truded cell clusters migrating in the XG-Alg hydro-
gel was 11.4 £ 12.7 um h~!, 8.75 times faster
than the average speed of spheroids (1.3 yum h™! ).
Interestingly, when the protruded cell clusters did not
return to the main spheroid, some clusters exhibited
rapid migration, with speeds reaching 0.4, 0.6, 1.2
and 1.4 um min~!. Thus, the faster protruding cell
clusters we could assess (1.5 ym min~!) reached a
migration speed in the hydrogel that was 70 times
faster than that of a spheroid. Since spheroids had a
diameter of 178.3 4+ 4.0 um and satellite cells had a
much smaller diameter (varying from 10 to 30 ym),
the polymeric branched mesh of the blend hydro-
gel with XG of high molecular weight impaired the
movements of spheroids, but not of the protruded cell
clusters.

4. Discussion

Imaging a 3D environment is a challenging task,
and even more, setting up reliable automated ima-
ging acquisition methods and subsequent data ana-
lysis. However, the ability to monitor and assess
3D environments is critically needed. This becomes
even more important as research increasingly adopts
3D models rather than traditional 2D counterparts
to accelerate the transition to clinical settings [31].
The automated imaging system described here rep-
resents a solid technical advance toward automated
analysis of spheroids in complex 3D environments
such as hydrogels, containing one or more poly-
saccharides, crosslinked by ions or photopolymer-
ization. Our pipeline specifically enables analysis
without requiring spatial confinement of spheroids,
as demonstrated previously [33] and upgrades the
3D environment from tiny surface areas (e.g., 10—
50 pl scale [35],) to a bulkier environment contain-
ing 100-500 pl of hydrogel, which is essential to
investigate spheroid—spheroid and spheroid-hydrogel
interactions. Furthermore, our pipeline advances by
delivering automated imaging while maintaining a
fixed-z, and being technically capable of handling
files with multiple positions. However, there are tech-
nical challenges in moving the stage to multiple pos-
itions, which depend strongly on the type of hydro-
gel employed. As demonstrated in figure 3(H), if the
hydrogel is very stable (e.g., HAMA), multiple-region
analysis is feasible. Conversely, if the hydrogel remains
in motion for extended periods (e.g., in a xanthan
gum-alginate blend), large fields of view would be
needed to compensate for its movement, which is cur-
rently not feasible. Hence, in the presented pipeline,
our limitations are the inability to handle multiple
regions when the hydrogel exhibits high dynam-
icity and the lack of high-throughput capability.
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Some tools are being developed in the field that
could overcome these limitations and supplement our
approach in the near future. Regardless, this auto-
mated pipeline has been successfully applied to evalu-
ate shape changes in hMSC spheroids when encapsu-
lated in XG—Alg hydrogel, as well as the cellular pro-
trusions and protruded cell clusters migrating within
the hydrogel. Furthermore, our results indicate that
this automated pipeline can facilitate the understand-
ing of several cellular dynamic events occurring in
hydrogels with high accuracy and low manual inter-
ference, which are essential for the upscaling tissue
engineering applications and advanced drug screen-
ing platforms.

While developing this automated pipeline for
tracking and measuring spheroids encapsulated in
hydrogels, several considerations were addressed.
While software modules can calculate a wide variety
of parameters, a key initial challenge was adequate
detection of both the spheroids and the protruded
cell clusters, while excluding the background caused
mainly by extensive shadowing effects and entrapped
air bubbles. The use of the Extended Depth of Focus
module was important to establish a clearer delin-
eation between the hydrogel and cell boundaries.
However, shadowing effects and air bubbles could
not be completely filtered, requiring the use of ROIs
to include regions with cells and exclude regions
with shadows. Ideally, this should, where possible, be
optimized, as this did require additional review of the
images, and hinders more automated acquisition and
(online) analysis. Alternatively, implementation of
proper fluorescent markers that can stably show both
the spheroid and the protruded cell clusters could
help in avoiding the shadowing issue and improve
automated pipelines. It is, however, important to note
that due to the density and size of the spheroid, a
fluorescent signal from a cell tracker will always be
significantly brighter than those of cell clusters. While
this could allow thresholding based on varying fluor-
escence intensity, we observed that the combination
of loss of signal over time and the generally low fluor-
escence intensity of the cell clusters from the start was
not sustained for the full timelapse. Instead, with our
pipeline, we have shown that only brightfield datasets
successfully overcame the challenges with 3D hydro-
gels while still providing accurate tracking and quan-
tification throughout the timelapse. Such approaches
are critical in the case of full detection and tracking
in 3D.

Our automated pipeline proved useful to assess
the influence of the dynamicity and swelling of hydro-
gels on the behavior of the encapsulated hMSC spher-
oids. In fact, it is becoming widely recognized that
the microenvironment and the interstitial matrix sur-
rounding spheroids play a major role in regulat-
ing healthy cell cluster or spheroid migration and
fusion [28, 38—40]. The XG—Alg hydrogel shows some
advantages, such as the stability and transparency for
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automated imaging, dynamic rearrangements of its
network, allowing the contact and fusion of neighbor
spheroids that are closely located [13]. This hydrogel
also allows bioprinting structures containing spher-
oids, that can be successful differentiated towards
chondrogenic tissue while offering long-term mech-
anical support, for up to 56 d [13]. On the other
hand, the observed dynamicity during imaging due
to the extensive swelling ratio of XG impaired accur-
ate imaging in the first hours of the experiments.
Even though this progressive swelling was previously
demonstrated [13, 41], herein such swelling could
be modulated with the addition of Alg. This blend
allowed to achieve a slower swelling kinetics that were
more appropriate for automated imaging analysis.

On the other hand, for hydrogels with a low
swelling ratio, such as HAMA, our automated
pipeline allowed to track fluorescent bead movements
throughout the whole experiment. However, this
photocrosslinked hydrogel may also not be as adapt-
able and might not show responsiveness to stimuli,
presenting less dynamicity and remodeling potential,
which are crucial for the ability to mimic the func-
tionality of human tissues [42]. The main difference
between the two hydrogels employed herein lies in
their crosslinking strategies. While both had stiff-
ness values of around 1 Kpa, XG-Alg was ionically
crosslinked via a reversible electrostatic interaction
between carboxylic groups of alginate and calcium.
HAMA was photocrosslinked via permanent chem-
ical interaction by covalent bonds to functionalized
hyaluronic acid with methacrylate groups [15, 43].
Overall, in our imaging analysis, XG-Alg showed a
higher mobility of its network when compared to
covalently crosslinked HAMA where no noticeable
motility was observed. Indeed, HAMA is often used
for achieving spatial patterning while XG and Alg
are used as thickeners. Thus, the hydrogel choice is
a fundamental point for establishing parameters for
automated imaging analysis.

Several shape changes during or in the absence
of spheroid migration were observed in this study.
While the mechanisms that drive shape changes in
spheroids are not yet understood, it is challenging to
investigate them by employing in vitro experiments.
Using a finite element analysis based on molecular
diffusion, Leung et al [5] proposed that oxygen sat-
uration is the most probable reason for the reversible
spheroid-ellipsoid deformation. The authors have
shown that when spheroids and ellipsoids show sim-
ilar volume, the deformed aspect ratio of the ellips-
oid enhances its surface area. Modeling oxygen con-
centration gradients according to this hypothesis has
demonstrated that the more elongated the structure
(which can be investigated by the Max and Min
Feret diameters), the smaller the core-surface dis-
tance, and consequently the smaller the oxygen gradi-
ents. As a result, the ellipsoids allow more oxygen
delivery to the cells regardless of their dimensions
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[44]. Corroborating with this model, the presence of a
hypoxic and necrotic core is often reported in spher-
oids, unlike in ellipsoids [44]. Hence, the spheroids
conformation change observed in the present study
might also be related with a response to the concen-
tration of oxygen and nutrients in the microenviron-
ment. Along these lines, shape changes can also be
associated with other influences, such as chemotaxis
[45] and cellular signaling [21, 23, 46].

When investigating shape changes in cancer
spheroids compared to the stem cell spheroids herein
studied, another reason could be considered. Cancer
spheroids can use conformational changes to improve
their motion, resembling an amoeboid, lopopodial
or collective cell migration that undergoes constant
cycles of protrusion and contraction with significant
mechanical distortions in their structures [47, 48].
While for cancer spheroids this may have a poten-
tial influence on cancer metastasis, for healthy spher-
oids with a stem cell character, it might be related
to a potential for regeneration or neotissue form-
ation. Further studies are required to validate this
hypothesis.

The intense movement in the outermost layers
of spheroids, including rotational motion, observed
in our study allowed for rearrangements in their
conformation and further migration (supplementary
videos 2—4), has been reported elsewhere [49, 50].
The authors [49] reported spontaneous rotation in
rings of kidney epithelial cells and identified this phe-
nomenon as the natural alignment of cell polarity.
Interestingly, they reported that below a threshold
perimeter, the cell rings underwent spontaneous rota-
tions, concluding that spontaneous coherent motion
results from competitions between cell orientations
and active molecular cables at boundaries. Here, we
employed cell spheroids of the same size, but further
investigation employing larger spheroids may yield
more comprehensive insights, since these motions are
also known to be crucial for embryo morphogenesis
[49]. In a more recent study, [50], this phenomenon
of cell tumbling was identified for enhancing stem
cell differentiation in hydrogels via nuclear mechan-
otransduction, which is particularly interesting since
we observed the same in our study using hMSC
spheroids.

The formation of cellular protrusions, followed by
the migration of cell clusters towards the hydrogel,
was also assessed by the automated pipeline. Several
studies reported this phenomenon in the literature,
most of them using cancer cell spheroids as models
for cancer invasion [27, 51], or using endothelial cells
as a model for vascularization, for which sprouting is
a sign of angiogenesis [39, 52, 53]. However, none of
the studies reported the use of hMSC spheroids in a
hydrogel without cell adhesion moieties.

Several studies have shown that an aligned hydro-
gel network can guide and modulate cell migration
[54-57]. Hence, cells would establish a central axis in
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which they form cell protrusions, followed by spread-
ing and cluster migration. This often results in fewer
protrusions being generated, although the ones pro-
duced present higher efficiency in migration, assessed
by both faster speed and increased distance travelled
when compared with random 3D hydrogel networks
[27]. As suggested by Carey et al [27] the efficient
migration in aligned hydrogels is because cells detect
and respond to local ECM structures. In heterogen-
eous 3D hydrogels, the alignment is absent, which
suggests that the cells need to explore the hydro-
gel matrix, trying to detect ECM structures where
they could bind. This premise helps to elucidate the
contrasting behaviors of the detached cell clusters
observed in our study. Some cell clusters remained
for 34 h in the same position, while others performed
reversible movement back towards the main spheroid
after around 70 h, in an apparently stochastic manner.
The XG-Alg polymeric matrix used herein is made of
a heterogeneous network that does not have any type
of structural alignment, anchoring moieties, aligned
fibers, or micropores. This might explain why cells
were moving randomly in the surroundings of the
spheroid without a preferred direction.

HMSCs spheroids consist of cells that may exhibit
multiple roles, being less dynamic when compared
to endothelial cells, for example, which create chan-
nels or organized structures typical of angiogenic
responses [39]. Stem cells secrete various types of
matrix metalloproteinases (MMPs) to remodel the
ECM for regulating the ECM-cell interactions and cell
fate [58]. However, the expression of MMPs as medi-
ators of physical adaptation and cell motility can be
induced by the 3D environment, triggered by diseases,
or regulated during tissue development [58]. Thus,
stem cell spheroids seem to be less active in terms of
migration and sprouting compared to specialized cell
types. Indeed, in our study, the average distance of
hMSC protruded cell clusters that did not return to
the main spheroid was 123 pum, whereas those that
did return were an average of 51 pm from the main
spheroid. Only 2.5% of the cell clusters could reach
a larger distance (371 pm) from the main spheroid
within 70 h. When compared with human microvas-
cular endothelial spheroids in a collagen matrix, more
intense sprouting was observed, reaching on average,
a distance of 230 pm in only 24 h, with some clusters
reaching more than 500 pm of distance from the main
spheroid [39]. Thus, the absence of cues to guide the
cells throughout the hydrogel network, along with
the stem cell character of spheroids, may justify the
fact that they migrate less and in a random pattern.
Hence, the most probable cause for hMSC cell migra-
tion within the hydrogel formulation tested remains
unclear.

Herein, we developed a pipeline using the NIS
software to process images acquired on a Nikon
microscope, but in principle, it can be used with
images generated in any other microscope that allows
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further analysis in any software that includes a 3D
tool package. The pipeline shown in figure 2 provides
useful insights that can be adopted in other imaging
software. Moreover, if the proper metadata is avail-
able, any TIFF image can be used, relying as well
on the performance of the software, as previously
addressed elsewhere [59]. For example, our team has
successfully tested similar pipelines to quantify data
from other microscope brands, as well as data from
microCT scans. For this, proper licenses are needed
and a translation of the algorithm. Hence, this is a
flexible, intuitive, and automated pipeline that has
great potential for imaging and tracking within com-
plex 3D cell systems.

5. Conclusion

An automated pipeline was successfully developed
to track and measure shape changes of encapsulated
spheroids within a 3D hydrogel with a high swelling
ratio. This pipeline was also used to quantify protru-
sion of cell clusters from spheroids and their migra-
tion within the hydrogel. This pipeline successfully
overcame several constraints for real-time imaging
monitoring, namely Z-resolution, shading, hydrogel
swelling and dynamicity, and limitations in data and
processing. This pipeline proved to be robust enough
to enable the simultaneous analysis of both spher-
oids and hundreds of protruded cell clusters, thereby
obtaining a set of shape and migration paramet-
ers automatically. Cell cluster migration speed and
the maximum distance reached from the spheroid
embedded within a hydrogel are crucial parameters
for biofabrication of tissues, as well as for emulating
diseases such as the spreading of cancer cells. Yet, they
are rarely available. Furthermore, this pipeline was
easily employed for hydrogels involving one or more
polysaccharides and proteins, crosslinked by ions or
photopolymerization. This offers an efficient tool to
understand the dynamicity of hydrogels and to obtain
accurate data that considers hydrogel swelling and
mesh movements. Hence, this pipeline brings signi-
ficant advances to these 3D model systems and other
correlated applications.
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