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Abstract

The controlled assembly and organization of multi-cellular systems to mimic complex tissue
structures is critical to the engineering of tissues for therapeutic and diagnostic applications.
Recent advances in micro-scale technologies to control multi-cellular aggregate formation
typically require chemical modification of the interface between cells and materials and lack
multi-scale flexibility. Here we demonstrate that simple physical entrapment of magnetic
microparticles within the extracellular space of stem cells spheroids during initial formation
enables scaffold-free immobilization, translocation and directed assembly of multi-cellular
aggregates across multiple length and time scales, even under dynamic suspension culture
conditions. The response of aggregates to externally applied magnetic fields was a direct function
of microparticle incorporation, allowing for rapid and transient control of the extracellular
environment as well as separation of heterogeneous populations. In addition, spatial patterning of
heterogeneous spheroid populations as well as individual multi-cellular aggregates was readily
achieved by imposing temporary magnetic fields. Overall, this approach provides novel routes to
examine stem cell differentiation and tissue morphogenesis with applications that encompass the
creation of new model systems for developmental biology, scaffold-free tissue engineering
strategies and scalable bioprocessing technologies.

Introduction

Mammalian tissues are comprised of individual cells assembled in a hierarchical manner to
form multi-cellular units that span micron to millimetre scales in order to coordinately
contribute to tissue function.> The engineering of tissues ex vivo seeks to emulate the
complexity of native tissues and organs by generating 3D multi-cellular constructs capable
of serving as models of healthy and diseased tissues for use as novel diagnostic and drug-
screening platforms? and potentially for organ replacement or regenerative therapies.3
Construction of 3D multi-cellular neo-tissues requires directed assembly of both
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homogeneous and heterogeneous populations of cells. Current approaches to control the
assembly and patterning of cells in 3D rely on intrinsic adhesive properties of the cells or
engineering cellular interactions. Intercellular adhesion is mitigated through natural cell-cell
adhesion mechanisms, such as cadherins,*° or can be engineered by chemically modifying
cell surface molecules to promote and stabilize multi-cellular assembly.8- In some
instances, otherwise nonadhesive cell types can be induced to form homotypic cell
aggregates; however, engineering of aggregates with multiple cell types requires a step-wise
building process which has thus far been limited to the formation of small aggregates
comprised of at most 24 cell layers.® One particular concern associated with engineering
cell surface adhesion properties of stem cells is the possibility of attenuating or inhibiting
signaling pathways important to differentiation that rely upon dynamic transmembrane
binding events, including cell-cell and cell-ECM interactions. An alternative approach to
controlling larger scale cell aggregation is to entrap cells within biomaterials, such as
hydrogels, which can then be assembled by engineering the chemical and physical properties
of the cellladen material building blocks.%19 Unlike modification of individual cells, cell
encapsulation technologies can control the spatial assembly of multi-cellular modules (100s
of um to mm in size) into composite structures. However, cell encapsulation limits the
interaction of cells in different modules and properties of hydrogel materials such as
degradability, stiffness and ligand density can independently and cooperatively influence
cell phenotype,11-13 thereby requiring that cell-specific design criteria potentially be
considered for different stem and progenitor cell populations. In either case, engineering cell
membrane properties and cell entrapment both require a priori design of parameters
including complementary cell adhesion mechanisms or design of material properties based
on the cell type and desired construct geometry. Thus, a robust method capable of
geometrically controlled multi-scale assembly for a variety of cell types without the need for
cell modification or a priori materials design would provide a novel and flexible route to
study the biology of multi-cellular structures in 3D.

Magnetic forces can be broadly applied across multiple length scales to direct individual
cells at the micro-scale (i.e. microtweezers* and microfluidics!®) and have long been used
for larger scale applications including technologies for separation and sorting of cell
populations.18:17 In general, approaches to magnetically label and direct cells have required
surface modification of the magnetic particles and/or the cell plasma membranes in order to
permit stable association between the materials and the cells.18 Alternatively, the directed
endocytosis of magnetic material can be utilized to induce magnetic sensitivity of individual
cells;19 however, endocytosis of sub-micron magnetic material can interfere with
intracellular signaling and viability.20-21 In contrast, magnetic manipulation of multi-cellular
aggregates with larger(>1 pm diameter) paramagnetic material incorporated within the
extracellular space does not require cellular modification or material internalization and
remains an attractive route to control cell behavior because of the inherently flexible and
spatiotemporally controlledmanner in which magnetic fields can be applied. Recently our
lab has demonstrated that biomaterial microparticles (MPs) of varying sizes (1-20 pm) can
be efficiently incorporated in a dose-dependent and homogeneous manner within the
extracellular space of multi-cellular spheroids to engineer physicochemical properties of the
3D stem cell microenvironment.22-24 However, to date, controlling the spatial incorporation
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and distribution of MPs or populations of different cells within multi-cellular aggregate
environments has proven difficult. Thus, we aimed to incorporate magnetic microparticles
(MPs) as a means to spatially control homogeneous and heterogeneous multicellular
aggregates, without adversely impacting cell viability or phenotype.

We report here that magnetic MPs (magMPs) can be efficiently and stably incorporated in a
dose-dependent manner in the extracellular environment of 3D stem cell aggregates without
the need for biochemical modification of the cell membrane or material adhesive properties.
MagMP entrapment within multi-cellular aggregates enables the directed movement and
assembly of spheroids in suspension culture with an externally applied magnetic field to
yield complex organization of 3D constructs across broad length and time scales. Therefore,
this method can be used to address a variety of questions of relevance to stem cell and
developmental biology, tissue engineering and cell bioprocessing.

Materials and methods

Spheroid formation and magMP incorporation

D3 murine embryonic stem cells (ESCs) were propagated on 0.1% gelatin-coated tissue
culture dishes in DMEM media containing 15% FBS and 103 U/ml leukemia inhibitory
factor (LIF; Millipore, Billerica, MA). Embryoid bodies (EBs) were formed using a single-
cell suspension by forced aggregation in AggreWell™ 400 inserts (Stem Cell Technologies,
Vancouver, CA). Briefly 1.2 x 10° cells in 0.5 ml of medium were inoculated into
AggreWell inserts, containing approximately 1200 wells per insert, and centrifuged at 200
RCF for 5 min to pellet cells in the wells. Magnetic, polystyrene microparticles with a
diameter of 4 um (SpheroTech, Lake Forest, IL) were washed 3x with ddH20O, diluted in 0.1
mL DMEM media, and subsequently added ata1:10,1:3,1:1, and 3: 1 microparticleto-
ESC ratio. To pellet microparticles in the wells, either a second centrifugation was
performed at 200 RCF for 5 min or a magnet (10 Ib pull strength) was applied below the
plate for 5 min. All magnets used to create external magnetic fields were purchased from
Gaussboys Super Magnets (Portland, OR). After 24 h of culture, aggregates were removed
from the wells using gentle pipetting and transferred to a suspension culture on a rotary
orbital shaker (45 RPM) to maintain the homogeneous populations of spheroids.2>

Quantification of magnetic microsphere incorporation in EBs

After 24 h of culture, EBs containing magnetic microparticles were collected and transferred
to a 48 well plate where they were first counted and then lysed in a 5% SDS solution. The
magMPs remaining were counted using a Coulter Counter (Beckman Coulter, Brea, CA)
using a collection window of 3.5-4.5 um for each sample. The resulting count was divided
by the number of EBs lysed to calculate the average incorporation of magMPs per EB.

Histological analysis and cell viability

Spheroids cultured for 2 days were collected and rinsed in PBS, fixed in 10% formalin and
embedded in Histogel (Thermo Scientific), processed and paraffin-embedded. Sections of 5
um in thickness were deparaffinized before staining with Fast Green. Histological samples
were imaged using an 80i upright microscope (Nikon) and an SPOT Flex camera (15.2 64
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MP Shifting Pixel, Diagnostic Instruments). Cell viability was analyzed after 2 days of EB
differentiation using LIVE/DEAD staining (Invitrogen, Carlsbad, CA). Samples were
incubated in serum-free, phenol red-free medium containing 1 mM calcein AM and 2 mM
ethidium homodimer | at room temperature for 30 min. Spheroids were then washed three
times with PBS and imaged using an LSM 510 confocal microscope (Carl Zeiss, Inc).

Spheroid translocation

Cell labeling

Spheroids formed from 1 : 10 and 1 : 3 magMP: cell seed ratios were aligned linearly in a
100 mm suspension culture Petri dish using a bar magnet (65 Ib pull strength) placed below
the dish. The magnet was removed from directly below the magMP laden spheroid
population and placed under the dish at a distance of 4 mm away from the linear array of
cell aggregates. The movement of individual spheroids was recorded at 3 frames per second
using an SPOT Flex camera mounted on an Elipse TE2000U phase microscope (Nikon).

Adherent ESC monolayers were rinsed in PBS and incubated with a 5 uM solution of
CellTracker™ (Blue, Red or Green, Invitrogen) in serum-free medium for 30 min. The
CellTracker solution was aspirated and cells were incubated with serum containing medium
for 30 min prior to trypsinization and spheroid formation.

Magnetic manipulation

4 mm x 1 mm nickel plated neodymium magnets were used to spatially confine the location
of spheroids in rotary orbital suspension culture. The desired configurations of magnets were
created by magnets held in place on opposing sides of the culture lid. The ability of the
magnets to pattern the spheroids was dependent on the distance of the magnets to the level
of culture medium, which could be adjusted by stacking magnets on top of each other to
increase the thickness of the magnet layer. After the magnets were configured, the dish was
placed on a rotary orbital shaker at 40-50 RPM. In order to reversibly manipulate the
translocation of individual spheroids between paramagnetic elements, iron rods were
embedded in a PDMS gel approximately 4 mm in thickness such that the ends were spaced
2-3 mm apart and the opposite end of each iron element protruded at least 2 cm from the
PDMS gel near the outside edge of the dish. Individual rods were transiently magnetized by
contacting the free end of each with a 10 Ib pull force bar magnet in a sequential manner
such that after removing the magnet, one of the other rods could be magnetized. Individual
spheroids were added in 1 ml of medium on top of the PDMS gel and imaged continuously
as the rods were sequentially magnetized and demagnetized.

Spheroid merging

Spheroids were first formed from ESC populations labeled with CellTracker fluorescent
dyes. For multi-aggregate assembly patterning, a 15 mm x 2 mm nickel plated neodymium
magnet was applied underneath cell culture dishes to control spheroid location. Populations
of spheroids were then added to the dish in small volumes of medium (100-500 pL) in the
order shown in Fig. 4A and D. The EBs were then guided to a closely packed formation by
swirling the magnet around the area occupied by the spheroids. After a population of
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spheroids was closely packed, spheroids labeled with a different color were added to the
culture. For a stacked Venn diagram configuration, spheroids were sequentially added to the
side of magnet each time, whereas for “bullseye” configuration, the spheroids were added in
a circle around the magnet each time.

For merging of individual aggregates, single spheroids labeled green, red or blue were
transferred from batch suspension culture to a 30 mm suspension culture Petri dish
containing 500 pl of medium. A 3 mm x 9 mm nickel plated neodymium cylindrical magnet
positioned beneath a Petri dish was used to direct the spheroids to the desired position.
Merging of two spheroids was monitored at 37 °C via time-lapse microscopy (Biostation
IM, Nikon) with images taken every 3 min for a period of up to 15 h. Merging of 3 and 4
spheroids composed of fluorescently labeled cells was performed similarly by adding
different colored individual spheroids (one blue, red, green and no fluorescent label)
sequentially to a culture dish. Each spheroid was then magnetically guided to the desired
position and allowed to sit for 10 min before other spheroids were added. After spheroids
were in contact with each other, the plate was placed in a cell culture incubator overnight
and imaged using epifluorescent microscopy after 18-24 h.

Statistical analysis

Results

Experimental values are reported as mean + standard deviation (n = 6). Statistical analysis
was determined using one way ANOVA coupled with Tukey’s post hoc analysis using
Systat (v12, Systat Software Inc.). p-values < 0.05 were considered statistically significant.

Magnetic microparticle incorporation in cell spheroids

Mouse ESCs and magMPs (4 um diameter) were sequentially seeded in PDMS microwells
through successive centrifugation or a combination of centrifugation and magnetic pull-
down (Fig. 1A). Immediately after centrifugation or magnetic pull-down, magMPs were
clearly observed on top of the cell layer (Fig. 1Bi, arrows) and were primarily visible along
the edges of the wells (Fig. 1Bii, arrows). Within 18-24 h, multi-cellular aggregates formed
within the wells (Fig. 1Biii) with magMPs distributed throughout the entirety of the
spheroids (Fig. 1Biv). Time-lapse microscopy analysis indicated that cell movement during
spheroid formation corresponded with displacement of the magMPs, but no significant
differences were observed in the kinetics of spheroid formation with or without the
introduction of magMPs (Supplemental Video 1). The number of magMPs incorporated
within cell spheroids significantly (p < 0.01) increased in a dose-dependent manner as a
function of the microparticle-to-cell seed ratio (Fig. 1C). After transferring the multi-cellular
aggregates from the microwells to suspension culture, the resulting spheroid populations
exhibited comparable sizes and shapes, and the magMPs (observed as opaque regions)
remained readily apparent in contrast to the translucent cells (Fig. 1D). EBs formed with a
1:10and 1 : 3 seed ratio were sufficiently sensitive to magnetic manipulation; therefore,
further analysis on the effects of magMP incorporation on EB morphology and cell viability
were performed with these groups. MagMPs in histological sections were visibly brown, due
to their iron composition, and were clearly identifiable in the extracellular space of the cell
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spheroids in proportion to the respective seed ratio. The addition of magMPs (1: 10 or 1 : 3)
did not alter the cellular organization within EBs or affect the morphology of the cells in
direct contact with the magMPs (Fig. 1E). Additionally, no difference in cell viability was
observed between EBs with or without magMPs as assessed by LIVE/DEAD® staining after
2 days of culture. Differentiation of EBs, with and without magMPs, was assessed by gene
expression analysis of pluripotent and germ layer specific markers over seven days of
culture in serum containing medium. The expression of pluripotent markers, Nanog and
OCT4, decreased with differentiation time and temporal expression patterns of markers from
each of the three germ lineages (Pax6 — ectoderm, Brachyury-T — mesoderm, and Gata4 —
endoderm) appeared as expected, with no significant differences between the experimental
groups indicating that the presence of magMPs did not interfere with the normal
differentiation process (Supplemental Fig. 1). MagMPs were also similarly incorporated
within spheroids of human mesenchymal stem cells (Supplemental Fig. 2) and human
induced pluripotent cells, indicating the broad applicability of this technique.

Spatially directed translocation of EBs containing magMPs

Having demonstrated robust incorporation of magMPs within stem cell spheroids, the ability
to manipulate the spatial positioning and translation of stem cell spheroids was examined in
static and dynamic culture systems using externally applied magnetic fields. Under static
culture conditions, entire fields of individual spheroids could be concentrated, translated and
rotated based upon the relative location, direction and manner in which external magnetic
fields were applied (Supplemental Video 2). As expected, spheroids containing a higher
density of magMPs were more sensitive to applied magnetic fields (increased acceleration
towards the magnet) compared to spheroids with a lower density of magMPs. In order to
demonstrate the quantitative relationship between magMP incorporation and magnetic field
strength, the positions of individual spheroids were tracked over time as they moved towards
a magnet placed at a lateral distance of 4 mm (Fig. 2A and D). Spheroids formed at a ratio of
1: 3 (magMPs : cells) were translated (Fig. 2B) at an average speed of 451 + 96 pm s~2,
whereas spheroids formed at a ratio of 1 : 10 moved at an average speed of 144 + 80 ym s~1
in response to an identical magnetic field (500 Gauss). Spheroids with a lower seed ratio (1 :
10) demonstrated increased variability in their response to the magnet, presumably a
consequence of the greater variability of magMPs per spheroid with lower seeding ratios. As
expected, weaker or stronger magnets (10-65 Ib pull strength) resulted in slower or faster
translocation, respectively, of the same magMP-spheroid populations (data not shown). It
was notable that the velocities of the distinct spheroid populations did not overlap (Fig. 2B
and C), suggesting that complex mixtures of different types of spheroids could be sorted and
organized rapidly based simply on the number of magMPs incorporated in distinct
multicellular aggregate populations.

Magnetic control of hydrodynamic suspension cultures

Bioreactor culture is often utilized or envisioned in stem and progenitor cell culture as a
means to produce high yields of cells thought to be required for large-scale
biomanufacturing and clinical efficacy.26:27 The inability to control the spatial position of
cells and aggregates under hydrodynamic conditions becomes problematic because shear
forces, which can affect stem cell differentiation, vary as a function of position within
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individual mixed/stirred systems.28:29 As a simplified example, we examined the use of
patterned magnetic fields to constrain spheroid location within rotary orbital culture. Our lab
and others have previously reported on the use of rotary orbital shaker culture of ESCs to
create and maintain homogeneous populations of EBs in suspension culture
conditions.25:30:31 |n rotary culture, spheroids generally occupy a focused region of the dish
(Fig. 3A) and are subjected to a range of shear forces depending on their precise location,
which changes slightly with each revolution of the culture. By adhering magnets in a
circular pattern on the lid of a Petri dish (Fig. 3B), we observed that the distance of the EBs
to the center of the dish could be confined exclusively to the region below the magnetic
pattern, which constrains the range of shear forces experienced by the cell spheroids. Other
patterns could also be imposed on dynamically cultured spheroids including discrete islands
across the dish (Fig. 3Bii), a “four leaf clover” pattern (Fig. 3Biii) or a straight line (Fig. 3iv)
by altering the configuration of the magnets on the lid of the Petri dish (shown in the insets
of Fig. 3B). Asymmetric geometries (Fig. 3C) could also be formed and maintained by
simply altering the externally applied magnetic field via the configuration of the magnets on
the lid of the dish.

The transient application of magnetic fields was also investigated as a method to control the
spatiotemporal localization and translocation of individual spheroids. A triangular
configuration was created with iron rods embedded in a thin layer of PDMS approximately 1
mm apart (Fig. 3D) and individual spheroids containing magMPs were placed in the center
of the configuration on top of the PDMS (Fig. 3Di). In the absence of an external magnetic
field, a spheroid remained free-floating in the center of the configuration, but as soon as one
of the iron rods was magnetized, the spheroid was immediately attracted by the magnetic
field to the end of that particular rod (Supplemental Video 3). By sequentially magnetizing
other rods, the spheroid could be rapidly and specifically translocated from point-to-point,
demonstrating the ability to direct multi-cellular movement and location in suspension
culture purely by alternating magnetic fields of paramagnetic elements (Fig. 3Dii—iv).

Multi-scale complex assembly of spheroid units

The sequential assembly of bulk populations of magMP containing spheroids (hundreds to
thousands of aggregates) was next examined using external magnetic fields in static culture
environments. A single population of fluorescently labeled spheroids, indicated with a “1” in
Fig. 4A and D, was added to a Petri dish and aggregated into a circle using a magnet 5 mm
in diameter. When subsequent populations, labeled “2”, “3” were added only on one side of
the magnet, the spheroids aggregated into a stacked VVenn diagram pattern (Fig. 4B). At the
interfaces between the different spheroid populations little mixing was observed,
demonstrating that geometry could be controlled with good pattern fidelity (Fig. 4C). When
subsequent aggregate populations were added around the entire circumference of a fixed
magnet, large numbers of spheroids could be arranged in a “bullseye” pattern of concentric
circles (Fig. 4E). Again, higher magnification analysis revealed that the interface between
different spheroid populations was largely conserved even in a construct as large as 5 mm in
diameter (Fig. 4F).
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Spatial patterning of magnetically sensitive spheroids can be applied to various cell types
which can be grown as aggregates but embryonic stem cell spheroids are prone to E-
cadherin mediated agglomeration during early stages of differentiation. 2% In general,
agglomeration increases the heterogeneity of culture and is avoided; however, controlled
agglomeration may yield a platform for local control of the spheroid microenvironment. In
order to test this hypothesis, individual spheroids, pre-labeled with CellTracker™ Red, Blue
or Green (or not labeled), were magnetically guided within close proximity of each other
(Fig. 5Ai) and monitored continuously thereafter with time-lapse microscopy. After 5 h of
static culture, the individual spheroids remained in contact and began to merge along the
interface adjoining adjacent aggregates (Fig. SAii). After an additional 5 h, the initially
distinct spheroids continued to merge to form an oblong, oval structure (Fig. 5Aiii) that
eventually became a fully conjoined aggregate by ~15 h (Fig. 5Aiv, Supplemental Video 4).
Interestingly, throughout the entirety of the merging process, the fluorescently labeled
populations of cells remained largely in the same hemispheres corresponding to the initial
relative location of their original respective spheroids. Based on the ability to assemble
spheroids that retained the relative position of the original sub-units, the same process was
applied to the stepby- step construction of more complex multi-spheroid aggregates (Fig.
5B). Two spheroids were magnetically oriented adjacent to one another (Fig. 5Bi-ii) before
introducing a third (Fig. 5Biii) and fourth spheroid (Fig. 5Biv) on opposite sides. Within 18
h the individual spheroids had merged to form a multi-quadrant aggregate, whose
contributing multi-cellular units could be identified and distinguished by epifluorescent
microscopy (Fig. 5C).

Discussion

In these studies, we have shown that magnetic manipulation of stem cells in 3D cultures
provides a simple approach to control the aggregation and design of multi-cellular
geometries for neo-tissue constructs. The method described herein relies upon high-
throughput formation of magnetically sensitive stem cell spheroids, which differs
significantly from other lowerthroughput methods,1%:32 in part because it is not dependent
on engineered cell or material properties. Entrapment of magnetic microparticles can be
conducted with various types of stem cells that are commonly grown as spheroids including
embryonic,33 induced pluripotent,3* mesenchymal32:36 and neural stem cells.37:38
Magnetizing cells or cell spheroids generally requires internalization of sub-micron material
or conjugation to the cell surface which can impede cell motility and induce cell death.20 By
simply physically entrapping magMPs within the extracellular space of stem cell spheroids,
magnetic fields can be applied to induce multi-cellular aggregates to rapidly assemble into
higher order structures without directly perturbing intracellular machinery and signaling
pathways. In addition, the patterns that we report in these studies could all be created in
static suspension culture using a relatively weak (10x weaker than a 3 tesla magnetic
resonance imaging electromagnet) and transiently (1min or less) appliedmagnetic field. In
such case where a continuous magnetic field may be necessary, the effects of magnetic field
strength on stem cell differentiation could be assayed, though adverse effects on viability are
not expected, based on prior reports of ESCs and neural stem cells cultured in the
continuous presence of a magnetic field for 48-72 h.39:40
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Patterning of spheroids in dynamic suspension culture systems, such as bioreactors, can be
used for more uniform control of the extracellular environment and therefore offers
advantages for stem cell bioprocessing. Spheroids with incorporated magMPs could be
strictly confined to specific locations within dynamic suspension culture suggesting a
possible route to study confined regions of shear forces for individual EBs. The distinct
position of spheroids could also be controlled by magnetizing paramagnetic elements that
could be physically integrated into the culture vessel design. This method introduces the
possibility of automating electromagnetic field patterning for precise control of spheroid
locations within a bioreactor to better direct stem cell differentiation in batch culture
processes.

Another distinct advantage of incorporating magMPs within multi-cellular aggregates is the
ability to manipulate their movement over multiple length scales, thereby providing new
ways to study interactions of heterogeneous cell populations or homogeneous cells
engineered within heterogeneous microenvironments. Distinct types of cells or preformed
spheroids can be conjoined with control over the ratios of different cells, as well as their
spatial organization with respect to one another in order to create more complex 3D spatial
patterns.! The sensitivity of the spheroids in this study to magnetic manipulation was
dependent on the number of magMPs incorporated. Therefore the magnetic sensitivity can
be determined during the formation of spheroids and populations can be self-sorted in a
rapid and scalable manner to form complex, organized structures from mixed populations of
different types of spheroids. Magnetic field patterns could be specifically created with this
purpose in mind to form hierarchical tissue architectures with multiple cell types from a
mixed population of multi-cellular aggregates.

The magMPs incorporated within multi-cellular aggregates are currently used for magnetic
control of the spheroids; however, recent work from our lab and others has shown that MPs
can also be used to deliver morphogenic factors locally within cell spheroids.23:42-44 Dyal
incorporation of magMPs and morphogen-laden MPs within pluripotent stem cell aggregates
could be used to engineer the types of gradients observed during embryonic morphogenesis,
a novel and powerful approach to study fundamental principles of developmental biology in
a more controlled and tractable manner. This approach could also be complemented by
encapsulation of individual 3D cell aggregates, like EBs, in engineeredmicrogel niches to
expose cells to patterned, heterogeneous environmental signals.#® Specifically, a spheroid
containingMPs loaded with a single morphogen could be merged together with three other
spheroids each containing MPs loaded with complementary or antagonist molecules, as in
Fig. 5C, to pattern pluripotent cells in a polarized manner similar to what is observed in pre-
gastrulation stage embryos. As such, spatiotemporal effects of controlled morphogen and
inhibitor delivery could be studied to model aspects of human or mouse embryonic
development and potentially be applied to the production of tissues from stem cells ex vivo.

Conclusions

The incorporation of magnetically sensitive microparticles within the extracellular
environment of stem cell spheroids provides a facile means to control the subsequent spatial
location of spheroids in dynamic and suspension cultures using transiently applied magnetic
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fields. The number of magMPs incorporated could be controlled during the aggregate
formation stages and determined the magnitude of aggregate response to applied magnetic
fields. The method described herein was applied to single aggregates as well as large
populations of spheroids without a priori design of materials or alterations to the cellular
membrane. This work is suited to the construction of neo-tissues comprised of aggregates
made from different cell types in which the spatial orientation is important to tissue function.
In addition, combining magMPs with morphogen loaded MPs for localized delivery of
multiple molecules within a single aggregate could be used for spatially controlled
heterogeneous differentiation. Altogether, the incorporation of magMPs within stem cell
spheroids represents an easily implemented method to further address significant questions
of interest to the fields of stem cell biology, tissue engineering and cell bioprocessing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Insight, innovation, integration

In this report, we describe a facile approach to incorporate magnetic microparticles
within the extracellular space of stem cell spheroids to enable spatial patterning of
multicellular aggregates in 3D dynamic and suspension culture systems. Dose-dependent
control of microparticle incorporation during multicellular aggregate formation in PDMS
microwells was achieved and dictated the relative sensitivity of aggregates to transiently
applied magnetic fields. This approach permits spatially organized assembly of complex
aggregates and neo-tissues from spheroids comprised of different cell types and/or
different engineered microenvironments over multiple length scales (um—mm). Thus, this
method enables a new route to investigate principles of stem cell and developmental
biology and spatially control multicellular assembly for tissue engineering and cell
bioprocessing technologies.
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Fig. 1.

Magnetic MPs are incorporated in a dose dependent manner. (a) MagMPs were incorporated
within stem cell spheroids within PDMS microwells (b) MagMPs (arrows) were observed
after ESC and magMP centrifugation (i,ii) as well as throughout the spheroids that were

Spheroids were formed using centrifugation or magnetic pull-down and the number of MPs
incorporated per spheroid was determined after 24 h of culture. *p < 0.05 Comparison of
loading ratios, tp < 0.05 comparison between pull-down and centrifugation. (d) EBs formed
at cell seeding ratios of 1 : 10 (i), 1 : 3 (ii), 1 : 1 (iii), 3 : 1 (iv) were of similar shape and size
and dark regions of magMPs increased with the seeding ratio. Scale bar 100um. (e)
Histological sections stained with Fast Green stain revealed that magMP incorporation did
not disrupt cellular arrangement or morphology. No differences in cell viability were
observed for any of the groups (LIVE/DEAD assay, dead cells labeled red and live cells
labeled green). Scale bars 100 pm (first and third columns) and 20 pm (middle column).
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Fig. 2.
Spheroids with magMPs respond in a dose dependent fashion to magnetic fields. (a)

Spheroids can be directed to move in a dish by an externally applied magnetic field. (b,c)
Spheroids formed with a higher ratio (1 : 3) of magMPs to cells move faster and more
uniformly relative to spheroids formed with a 1 : 10 seed ratio. (d) The distance moved
between frames was tracked and suggests that the populations could be sorted based on
magnetic sensitivity alone. Scale bar 500 pm.
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Fig. 3.

Spgheroid location can be controlled in dynamic suspension culture. (a) Without magnets,
spheroids cultured on a rotary orbital shaker (45 RPM) cluster in the center of the dish. Scale
bar 20 mm. (b) The placement magnets on the lid of the dish (configuration shown in insets)
could be used to confine the spheroids to (i) a defined radius, (ii) distinct islands, (iii) a four-
leaf clover, (iv) or a line configuration. Scale bar 20 mm. (c). More complicated patterns,
including the Georgia Tech logo, could be made at slower culture speeds. Scale bar 20 mm.
(d) In addition, the location of a single spheroid could be manipulated back and forth
between iron pillars embedded in PDMS. The iron pillars were alternately magnetized
(demonstrated by a “+” label), resulting in attraction of the spheroid to the magnetized pillar
(i-iv). Scale bar 1 mm.
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Fig. 4.
Large populations of magMP spheroids were manipulated to form macroscopic patterns

including a “stacked Venn diagram” shape (a—c) or a “bullseye” pattern (d—f). Populations
of CellTracker labeled EBs were added sequentially as shown in panels a and d and were
aggregated using a magnet applied underneath the Petri dish. Mixing between the layers was
limited as demonstrated in panel ¢ and f, magnified from the boxed areas in b and e. Scale
bars 1mm (b), 250 pm (c), 2 mm (e), 500 pm (f).
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Fig. 5.
Merging of EBs can be spatially controlled on the single aggregate level. (a) The merging

process of two spheroids was visualized over a period of 15 h using time lapse microscopy.
Fluorescently labeled stem cell spheroids were brought in contact with one and other using a
magnetic probe (i) and began to merge after 5 h of culture (ii). The spheroids continued to
merge after 10 h (iii) and became more rounded after 15 h (iv). Scale bar 100 um. (b)
Merging of more than two spheroids could also be controlled by magnetic manipulation.
Spheroids were drawn together magnetically in a sequential manner (i—iv) which maintained
the position of the spheroids relative to each other. Scale bar 100 um. (c) After 24 h of
culture 4 spheroids merged to create a single construct consisting of four distinct quadrants
of fluorescence. Scale bar 100 pm.
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