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Abstract
Matrigel is a polymeric extracellular matrix material produced by mouse cancer cells. Over the past
four decades, Matrigel has been shown to support a wide variety of two- and three-dimensional
cell and tissue culture applications including organoids. Despite widespread use, transport of
molecules, cells, and colloidal particles through Matrigel can be limited. These limitations restrict
cell growth, viability, and function and limit Matrigel applications. A strategy to improve transport
through a hydrogel without modifying the chemistry or composition of the gel is to physically
restructure the material into microscopic microgels and then pack them together to form a porous
material. These ‘granular’ hydrogels have been created using a variety of synthetic hydrogels, but
granular hydrogels composed of Matrigel have not yet been reported. Here we present a
drop-based microfluidics approach for structuring Matrigel into a three-dimensional, mesoporous
material composed of packed Matrigel microgels, which we call granular Matrigel. We show that
restructuring Matrigel in this manner enhances the transport of colloidal particles and human
dendritic cells (DCs) through the gel while providing sufficient mechanical support for culture of
human gastric organoids (HGOs) and co-culture of human DCs with HGOs.

1. Introduction
Matrigel is a commercialized, protein-based extracellular matrix (ECM) produced by Engelbreth–Holm–
Swarm mouse sarcoma cells which is widely used
for mammalian cell and tissue culture [1–3]. Matrigel contains many essential ECM components such
as collagen, laminin, entactin, the proteoglycan heparan sulfate, and important growth factors which are
essential for cell growth and development [4, 5]. Matrigel was first reported in 1975 [6], and, over the past
four decades, has been shown to support a wide variety of two- and three-dimensional culture applications, both in vitro and in vivo [7–10].
Despite Matrigel’s widespread use, transport of
molecules, cells, and colloidal particles through Matrigel can be limited [11–17]. Matrigel is a polymeric
hydrogel with a median pore size, ξ ≈ 0.14 µm [18],
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which limits liquid flow; thus, transport of materials through Matrigel occurs primarily by diffusion.
Molecules and colloids smaller than ξ diffuse freely,
unless they bind to the gel, while molecules and colloidal particles larger than ξ are physically limited by
the gel. Living cells experience similar limitations in
Matrigel; although mammalian cells are larger than
ξ, some cells are able to actively migrate by deforming
or degrading the gel [19, 20], while others are physically limited by the gel [21, 22]. These transport limitations can restrict cell growth, viability, and function
and limit Matrigel applications [23, 24].
A strategy to address transport limitations within
a hydrogel, without modifying the chemistry or composition of the gel, is to physically restructure the
material to create mesoscale pores. ‘Granular’ hydrogels are created by dividing the bulk material into
small picoliter-scale volumes and then concentrating
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the resulting microgel spheres to form a porous
material [25–27]. The interconnected, liquid-filled
pore space of granular hydrogels allows for free diffusion of molecules and colloids, migration of cells,
and advective flow [28, 29]. In vitro and in vivo studies have shown that use of granular hydrogels as
scaffolds enables cell infiltration and tissue remodeling [27, 30–32]. Granular hydrogels have been created using a variety of synthetic hydrogels, but granular hydrogels composed of Matrigel have not yet
been reported. Restructuring Matrigel in such a manner would enhance transport without modifying the
composition or chemistry of the gel and would enable
a variety of new applications.
Here we present an approach for structuring Matrigel into a three-dimensional, mesoporous material composed of packed Matrigel microgels, which
we call granular Matrigel. We show that restructuring Matrigel in this manner enhances the transport
of colloidal particles and human dendritic cells (DCs)
through the gel while providing sufficient mechanical
support for tissue culture. We concentrate the microgels with centrifugation and use confocal microscopy
to characterize the structure and dynamics of granular Matrigel. We find that the microgels interact
attractively to form a dense granular gel. We find that
the granular Matrigel scaffolds allow for free diffusion
of colloidal microspheres and dramatically improved
migration of DCs, relative to bulk, non-porous Matrigel, and demonstrate the capability of the scaffolds
for supporting the growth of human gastric organoids
(HGOs) over 19 days. To demonstrate the potential
utility of this material, we co-culture DCs and HGOs
in granular Matrigel.

2. Materials and methods
2.1. Microfluidic device fabrication
PDMS microfluidic flow-focusing drop makers [33]
were fabricated with standard photolithography techniques [34]. SU-8 photoresist (Microchem SU-8 100,
Kayaku Advanced Materials Inc.) was patterned on
silicon wafers (ID No. 447, test grade, University
Wafer, MA, US) and polydimethylsiloxane (PDMS)
(Sylgard® 184, Sigma, MA, US) was poured at a 10:1
mass ratio of polymer to cross-linking agent onto
the patterned device master mold. Air was purged
from the uncured PDMS by placing the filled mold
in a vacuum chamber for at least 1 h. PDMS was
cured in an oven at 55 ◦ C for 24 h and then removed
from the mold with a scalpel. Ports were punched
into the PDMS slab with a 0.75 mm diameter biopsy
punch (EMS Rapid-Core, Electron Microscopy Sciences). The PDMS slab was bonded to a glass slide
(micro slides 48 382–179, VWR, PA, US) after plasma
treatment (Harrick Plasma PDC-001, NY, US) for
60 s at high power (30 W) and 700 mTorr oxygen pressure. Devices were then made hydrophobic by flowing
Aquapel Glass treatment (Aquapel, PA, US) through
2

the channels, followed by blowing the channels with
air filtered through a 0.2 µm filter (GVS ABLUO™
25 mm, Fisher Scientific, MA, US) before baking the
devices in an oven at 55 ◦ C for 1 h.
2.2. Fabrication of Matrigel microgels
Matrigel drops of different sizes were fabricated
using the devices described above. Matrigel (Corning® Matrigel® Matrix, Corning, AZ, US) was
used as the drop phase, and a surfactant solution
made of 3 wt% RAN (Neat (un-dissolved) 008Fluorosurfactant, RAN Biotechnologies, MA, US) in
1-methoxyheptafluoropropane (HFE, Novec™ 7500
Engineered Fluid, Sigma, MA, US) was used as the
continuous phase. For drop creation, flow rates of
400 and 1200 µl h−1 were used for the Matrigel and
surfactant solution, respectively. The microfluidic
device and precursor materials were first allowed to
cool inside a 4 ◦ C fridge to prevent the gelation of
Matrigel. Matrigel drops were gelled at 37 ◦ C for
45–60 min to form Matrigel microgels. Afterward, a
2:1 volume ratio of phosphate buffered saline (PBS,
1X, MFCD00131855, Sigma, MA, US) was added to
Matrigel microgels. Matrigel microgels were washed
by adding 1:1 volume ratio of 20 v/v% 1 H,1 H,2 H,2
H-perfluoro-octanal (99%, PA, US) in HFE, centrifuging at 100 g, and removing the oil phase. The washing process was repeated until no surfactant droplets
remained attached to Matrigel microgels. Matrigel microgels were imaged using an epi-fluorescent
microscope (Nikon TI-2, NY, US) and a 4x phase
contrast objective. To measure microgel size, image
analysis was performed using ImageJ [35]. For each
drop size, measurements were made on individual
Matrigel microgels (n ≈ 100). A high-speed camera
(1000 fps, EdgertronicTM , CA, US) was used to image
Matrigel drop formation.
2.3. Two-step centrifugation of Matrigel microgels
To form granular Matrigel, microgels were packed
with a two-step centrifugation technique. To avoid
the accumulation of Matrigel microgels in one corner
of the container (384-well plate, flat bottom, tissue culture treated, polystyrene, Eco-Sensa, NC, US),
the total volume of required Matrigel microgels was
divided in half and each half was sequentially centrifuged in opposite directions by rotating the plate
inside the plate-holder of the centrifuge (Z 300 K
Universal Centrifuge, Hermle LaborTechnik GmbH,
Wehingen, Germany). This technique resulted in a
relatively homogenous granular Matrigel packing.
For example, to form granular Matrigel with thickness of ∼1600 µm in a 384-well plate, 50 µl PBS or
culture media was added in each well, and then 15 µl
of Matrigel microgel suspension (50 v/v% in PBS) was
added. The plate was centrifuged at 6 g for 15 s, 15 µl
of Matrigel microgel suspension was added, and then
the plate was centrifuged at 6 g for 15 s in the opposite
direction.
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2.4. Microscopy imaging
All confocal imaging was performed with a Leica SP5
inverted microscope. To visualize the 3D structure of
granular Matrigel, 2 v/v% of concanavalin A (Alexa
Fluor® 488 Con A, Molecular Probes Inc., OR, US)
was added into each well containing the granular
Matrigel, washed with PBS after one minute [36, 37],
and imaged using confocal microscopy.
2.5. Structural analysis of granular Matrigel
Effects of Matrigel microgel size and centrifugation
force on the packed structure of granular Matrigel
were investigated. Microgels of 100, 150, 200, and
250 µm diameter were fabricated and packed by centrifugation at 6, 250, 500, 750, 1000, 2000, 3000 g
for 15 s, not including the acceleration and deceleration time. To observe the structure of granular
Matrigel, we imaged XY planes 300 and 800 µm
above of the well bottom using back-scattered laser
light. We use back-scattered microscopy instead of a
fluorescent dye to avoid any effect that a dye might
have on microgel surface chemistry. To assess the
homogeneity of granular Matrigel structure, images
were taken from the center and corner of the well
at each XY plane. Image analysis software (ImageJ,
National Institute of Health, US [38]) was then
used to measure the 2D microgel area fraction ϕ2D .
The 3D microgel area fraction ϕ3D was estimated as
2
3 ϕ2D as described in figure S2 (available online at
stacks.iop.org/BMM/17/045020/mmedia). To assess
microgel interactions, we performed time-lapse backscattered imaging for 10.5 h 300 µm from the bottom
of plates. The 384-well plates containing the granular
Matrigel were kept at 37 ◦ C, 95% humidity, and 5%
CO2 during imaging to represent typical cell culture
conditions.
2.6. Permeability experiments
Microspheres were prepared by adding a drop of
2.5% aqueous suspension (1 µm diameter, Fluoresbrite® Yellow Green Microspheres, PolyScience Inc.,
PA, US) into 500 µl PBS. Next, 50 µl of the microsphere particle suspension was added to the supernatant above the granular Matrigel (D̄ ≈ 150 µm).
DCs were obtained from heparinized whole blood
samples randomly selected from a pool of approximately 20 healthy male and female adult volunteers aged 21–60. Blood was obtained with informed
consent and institutional review board approval.
DCs were prepared by isolating CD14+ monocytes from peripheral blood mononuclear cells from
human blood donation by gradient centrifugation
with Histopaque®-1077 (10 771, Sigma, MA, US) and
CD14 MACS beads (130-050-201, Miltenyi Biotec,
Cologne, Germany), as previously described [39].
Next, the isolated monocytes were cultured in RPMI1640 (SH30027.01, Cytiva, UT, US) with 10% human
AB serum (35 060 CI, Corning, VA, US), 100 U l−1
penicillin, 100 mg l−1 streptomycin (Gibco, MD,
3

US), 50 mg ml−1 gentamycin (IBI Scientific, IA,
US), 0.25 µg ml−1 Amphotericin B (Omega Scientific, CA, US), and 2 mmol l−1 L-glutamine (Hyclone, UT, US). Monocytes were differentiated to
DCs by culture with 7 ng ml−1 rhIL-4 (204-IL-050)
and 25 ng ml−1 recombinant human granulocytemacrophage colony-stimulating factor (215 GM-050)
(R&D Systems, MN, US). After four days of culture,
DCs were recovered by vigorous pipetting followed by
washing with PBS. DCs were stained with CellTracker
Deep Red (C34565) (ThermoFischer, MA, US), using
the protocol suggested by the manufacturer. A 30 µl
suspension of human blood monocyte-derived DCs
(6 × 109 cells ml−1 media) was added to the supernatant of granular Matrigel in a 384-well plate. For
both microspheres and DCs, time-lapse microscopy
was used to image a 400 µm thick sample volume
(100 µm above the well bottom and 1100 µm below
the granular Matrigel surface) using fluorescent timelapse microscopy (∆t = 3 min for 12 h). Particle
movement over time was tracked using Imaris.
2.7. Cell migration experiments
Chemokine solution was prepared by mixing 3 µl of
5 µg ml−1 chemokine (CXCL1, 300–11, PeproTech,
NJ, US) and 7 µl of Matrigel at 4 ◦ C. 5 µl of the
chemokine/Matrigel solution was added into a corner
of the well 3 h after addition of DCs (30 µl of DC
suspension). Migration of DCs through a 400 µm
thick volume (100 µm above the bottom of the well)
was imaged using time-lapse confocal microscopy
(∆t = 4 min for 4 h). A negative control sample was
prepared and imaged in the same manner, but no
chemokine was included in the 5 µl Matrigel added.
To ensure minimal disruption of the granular Matrigel structure solutions were added gently using narrow pipet tips and imaging was performed far from
the injection site to avoid any possible effect caused
by addition of solutions. Similar conditions were used
for bulk Matrigel migration experiments. After imaging, individual cells were tracked using Imaris to
quantify cell motion. To determine the migration direction of each tracked cell, the following parameters were used: automatic background object subtraction; cell size = 11 µm; maximum cell displacement
between each frame = 100 µm. The ‘autoregressive
motion’ tracking algorithm was selected and maximum gap size of three set by Imaris. No extra filter
was selected. Individual x and y track displacement,
which is defined in Imaris as the distance between
the first and last cell’s position along the selected axis,
was used to calculate the migration angle of each cell
track. Cell velocity of each track was determined from
the xy displacement length over the time of each track.
2.8. Organoid and DC culture
Gastric organoids were generated from gastric glands
isolated from human tissue as previously described
[40]. Human gastric tissue was obtained from sleeve
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gastrectomy surgeries with institutional review board
approval. Lentiviral transduction was used to generate mCherry or GFP fluorescent organoids as previously described [41]. Organoids were cultured for
4–6 d in Matrigel with L-WRN media: advanced
DMEM/F12 (12 634 010, Gibco, MD, US) with 10%
FBS (FB-02, Omega Scientific Tarzana, CA, US),
2 mmol l−1 L-glutamine (SH30034.1, Hyclone, UT,
US), 50 mg ml−1 gentamycin (IB2030; IBI Scientific,
IA, US), 0.25 µg ml−1 Amphotericin B (# FG-70,
Omega Scientific, CA, US), 10 µM ROCK-inhibitor
Y-27 632 (1254, Tocris Biosciences, Bristol, UK) and
10 µM TGF-beta-inhibitor SB431542 (1614, Tocris
Biosciences, Bristol, UK), with 50% conditioned
media from L-cells constituently expressing Wnt3a,
R-spondin 3, and Noggin, as previously described
[42]. Afterward, whole organoids were removed from
Matrigel by incubation on ice with Cell Recovery
Solution (354 253, Corning, Az, US) for 30 min. After
incubation, organoids were gently resuspended with
a wide bore tip to prevent aggregation and centrifuged at 200 g for 2 min. Cell Recovery Solution
was removed, and organoids washed with cold PBS
(<4 ◦ C) to remove any remaining Matrigel before use.
For organoid culture, organoids were added to 30 µl
suspension of Matrigel microgels in L-WRN media
and centrifuged in 384-well plates to form granular
Matrigel. Organoids were cultured for eight days in
granular Matrigel and media (20 µl) was refreshed
daily. Daily confocal microscopy was performed to
evaluate the growth and integrity of organoids. For
co-culture experiments, organoids were first cultured
in granular Matrigel for four days. Afterward, 50 µl
of DC suspension (2 × 106 cells µl−1 L-WRN media)
was added to the organoid culture. Migration of DCs
(stained with CellTracker deep red) was imaged using
time-lapse confocal microscopy for 40 h at 15 min
time intervals.

3. Results and discussion
3.1. Matrigel microgels of various diameters
To fabricate Matrigel microgels, we use a microfluidic flow-focusing drop-maker [33] to create monodisperse drops of Matrigel in fluorinated oil at
T = 4 ◦ C, as shown in figure 1(A). This temperature is
below the gelation temperature of Matrigel subjected
to shear in a microfluidic device (T gel = 6 ◦ C) [43];
thus, the Matrigel remains liquid during the drop
making process. To gel the liquid drops, we warm the
drops to 37 ◦ C for 45–60 min and then use successive washing and centrifugation steps to remove the
oil and surfactant from the system. A representative
brightfield microscopy image of monodisperse Matrigel microgels is shown in figure 1(B). To produce
microgels of different sizes, we systematically vary the
characteristic channel dimension, W. We find that by
varying W in increments of 50 µm over the range
4

100 ⩽ W ⩽ 250 we can produce monodisperse Matrigel microgels of average diameter, D̄ ≈ 100, 150, 200,
and 250 µm, as shown by the drop size probability
distributions in figure 1(C). Plotting D̄ as a function
of W reveals that drop size scales linearly with W over
this range (figure 1(D)).
3.2. Porous structure of granular Matrigel
To concentrate Matrigel microgels, we use centrifugation. We find that the density difference between
the Matrigel microgels and suspension media is sufficiently large that mild centrifugation can be used to
concentrate the microgels (figure S1). This is illustrated by the fluorescence microscopy images of different sized microgel particles in figures 2(A)–(D). To
explore the effect of centrifugation on the concentration of microgels, we systematically vary the effective gravity, g eff over the range: 6 g ⩽ g eff ⩽ 3000 g
by varying the centrifuge rotational frequency, ω over
the approximate range: 211 rpm ⩽ ω ⩽ 4725 rpm
(see Methods). To quantify the concentration of the
microgels after centrifugation at each ω, we capture
2D microscopy images, and use a simple geometric
approximation to estimate the microgel volume fraction, ϕ in 3D (figure S2). We find that ϕ increases
with g eff from approximately 0.25–0.35 as shown in
figure 2(E). This ϕ range is well below ϕ for random closed packing of repulsive spheres, ϕRCP ≈ 0.64,
which provides strong evidence that the microgels
are interacting attractively. We also observe that the
data in figure 2(E) exhibits power law scaling with
ϕ ∼ g eff 0.062 . A theoretical description of this scaling,
while beyond the scope of this study, would require
consideration of all the microgel-microgel bonds that
are broken and formed during compression of a dense
attractive gel.
To better understand the interactions between
Matrigel microgels and the impact of these interactions on the dynamics of the packing, we perform
time-lapse microscopy imaging of granular Matrigel. We observe minimal internal movement,
even over 10 h, and observe stable linear particle
‘strings’, as shown by the series of microscopy
images in (figures 2(F)–(H), video S1). Near the
edges of a microgel packing, we observe that tenuous particle clusters occasionally break away and
rotate slowly as rigid bodies (figures 2(I)–(M),
video S2). These observations provide additional
evidence that Matrigel microgel particles interact attractively and also that the bonds between
microgels are shear-rigid [44]. This behavior contrasts with that of most granular hydrogels reported in the literature, which interact repulsively and
approach volume fractions ϕRCP ≈ 0.64 through settling. These attractive interactions between Matrigel
microgels will have implications in the rheology,
dynamics, and applications of granular Matrigel
systems.
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Figure 1. Production of monodisperse Matrigel drops with drop-based microfluidics. (A) High-speed video micrograph of
microfluidic drop-maker producing Matrigel drops. (B) Representative brightfield microscopy image of monodisperse Matrigel
microgels made using channel width, W = 150 µm. (C) Measured probability distribution, p(D) of Matrigel microgel diameter,
D produced by four different drop-makers with varying channel widths, W = 100 µm (red), 150 µm (green), 200 µm (blue), and
250 µm (grey). (D) Average Matrigel microgel diameter, D̄ as a function of W. Error bars represent one standard deviation.
Straight line is linear fit (S = 8.9531, p-value = 0.00003).

3.3. Improved permeability of granular Matrigel
The porous structure of granular Matrigel should
enhance material transport and cell migration relative to bulk Matrigel. To assess this, we introduce
fluorescent colloidal microspheres and fluorescently
tagged human monocyte-derived DCs to both granular Matrigel and bulk Matrigel and track their motion
using time-lapse confocal microscopy. We observe
that the colloidal microspheres, with average particle
diameter, d ≈ 1 µm and density, ρ = 1.05 g cm−3 ,
exhibit Brownian motion and settle slowly (video S3),
5

distributing throughout the granular Matrigel (thickness, h = 1.6 mm) over the course of the imaging
period (∆t = 10 h), as shown by the microscopy
image in figure S3(B). By contrast, the microspheres
do not penetrate the surface of bulk Matrigel, as
shown by the microscopy image in figure S3(A). Similarly, we observe that DCs fail to penetrate the surface
of bulk Matrigel, even after 10 h (figure 3(A), video
S4), but rapidly penetrate and migrate through granular Matrigel by attaching to the surface of the microgels and migrating along their surfaces (figure 3(B),
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Figure 2. Structure and dynamics of dense, attractive gels formed by concentrated Matrigel microgels. (A)–(D) 3D volume
projections obtained with fluorescence confocal microscopy after low-speed centrifugation (effective gravity, g eff = 6) of
microgels with D̄ ≈ 100, 150, 200, and 250 µm, respectively, from left to right. Microgels labelled with green fluorescent lectin.
Void spaces indicate microgel-microgel interaction is attractive. (E) Microgel volume fraction, ϕ for microgels in (A) plotted as
function of g eff . At the highest g eff , ϕ ≈ 0.35, well below ϕ ≈ 0.64 associated with random close packing. Data is fit to a power law
(black line, R = 0.9867). Error bars represent standard deviation. (F)–(H) Time-lapse imaging of concentrated microgels using
back-scattered laser light reveals minimal internal movement over 10 h. Linear particle strings (white outline) and open (dark)
voids indicate that the particle-particle interaction is attractive and not repulsive. (I)–(M) Rotation of particle cluster behaving as
a rigid body provides additional evidence of attractive interaction. White arrow points to particle moving into the imaging plane
during rotation. Image series beginning with F and I were started approximately 2 h after centrifugation at g eff = 6 for 30 s
(see Methods). Scale bars in (D), (H), and (M) correspond to 300, 200, and 100 µm, respectively.

video S5). Enhanced mobility of particles could prove
beneficial for nutrient [45] and drug delivery applications [46, 47]. Enhanced cell migration is important for stem cell therapy [48–50], tissue engineering
[51, 52], cancer research [53, 54], organ development
applications [55, 56], and basic immunology research
[11, 57].
Here, DCs are chosen because of their migratory capacity and their central role in tissue immunosurveillance [58–62]. In the body, DCs and other
immune cells migrate through the ECM in response
to chemotactic gradients [63]. To explore this capability in granular Matrigel, we prepare granular systems containing DCs, impose a chemokine gradient
using recombinant CXCL1, and image DC dynamics over 4 h by time-lapse confocal microscopy. We
observe clear directed motion in the presence of the
chemokine gradient but not in the no-chemokine
control. This is shown qualitatively by the representative microscopy images and DC migration tracks in
figures 4(A), (B) and figures 4(E), (F) (videos S6 and
S7). We quantify DC chemotaxis through granular
Matrigel using image analysis, as shown by the DC
displacement vectors and Rose graphs in figures 4(C),
(G) and figures 4(D), (H), respectively. We also
observe increased DC migration speed in the presence
6

of the chemokine, relative to the non-chemokine control, as shown by the probability distribution of DC
velocities in figure 4(I). As an additional test, we
embed DCs in bulk Matrigel and impose a chemokine
gradient; under these conditions we do not observe
DC migration (video S8). This lack of migration is
likely due to limited DC mobility, but could also be
caused by limited diffusion of the chemokine in Matrigel, which has been shown for other proteins like
VGEF [64].
3.4. Granular Matrigel application for 3D cell
culture scaffold
To evaluate granular Matrigel for long-term 3D
cell culture applications, we culture human gastric epithelial organoids (HGOs) in granular Matrigel for multiple days. We select organoids due to
their growing importance in various research areas
such as human physiology [65, 66], disease modeling [67, 68], and drug development [69, 70]. We find
that HGOs remain apparently viable and maintain
their integrity for multiple days after transfer from
bulk Matrigel cultures to granular Matrigel of all sizes
(100 µm ⩽ D̄ ⩽ 250 µm). Representative brightfield
and fluorescent image time series for HGOs grown
in granular Matrigel (D̄ ≈ 250 µm) over eight days
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Figure 3. Human blood monocyte-derived dendritic cells (DCs) migrate into granular Matrigel but not bulk Matrigel. (A) Left:
illustration of DCs (red spheres) added to liquid media above bulk Matrigel. Right: fluorescence confocal microscopy volume
projection image 10 h after addition of DCs shows they remain on the surface of the Matrigel and do not migrate into the bulk.
(B) Left: illustration of DCs (red spheres) added to liquid media above granular Matrigel. Right: fluorescence confocal microscopy
volume projection 10 h after addition of DCs shows DCs migrate deep into the granular Matrigel (top of imaging volume > 1 mm
from surface of granular Matrigel). Granular Matrigel composed of microgels of D̄ ≈ 200 µm concentrated at 6 g. Micrographs in
(A) and (B) constructed of 450 µm z-stacks. DCs labelled with CellTracker Deep Red. Scale bars correspond to 100 µm.

are shown in figure 5. We observe that HGOs exhibit
many of the same behaviors reported in bulk Matrigel
[71]; for example, small organoids (yellow arrows,
figure 5) fuse together to form larger organoids (red
arrows figure 5). In cases where imaging time was
freely available, we observed HGO growth for much
longer than eight days; for example, images of a
19 day culture are provided in figure S4. While we
hesitate to report conclusions comparing growth of
HGOs in granular Matrigel with bulk Matrigel (figure
S5) without further studies, our results indicate that
granular Matrigel provides sufficient nutrient transport and mechanical support for long-term organoid
cultures.
3.5. Granular Matrigel for co-culture model
applications
To better understand human physiology and disease, the ability to co-culture more than one cell
type in the same matrix material to enable physiological cell interactions is critical [62–69]. We previously used co-cultures of HGOs and DCs embedded in Matrigel to analyze mechanisms of DC
recruitment and antigen uptake [58]; however, subsequent studies revealed that DC migration in bulk
Matrigel varied significantly from batch to batch and

7

was most often highly limited [11]. We found that
higher-permeability, synthetic hydrogels allowed for
increased DC migration, but did not support robust
HGO growth [11]. Thus, to demonstrate the utility of granular Matrigel for co-culture applications,
here we combine DCs and HGOs together in granular Matrigel. We begin by culturing HGOs for four
days and then adding DCs. Following the addition of
DCs, we image the system using confocal microscopy
for 40 h. Images of the HGOs immediately following
the addition of DCs and 30 h after their introduction
are shown in figures 6(A) and (B). Importantly, we
find that DCs migrate through the granular Matrigel
and interact closely with the basolateral surface of the
HGOs. DC migration is illustrated by a microscopy
image volume projection overlaid with DC migration pathways in figure 6(C). DC interaction with the
basolateral surface of an HGO is illustrated by the
image series in figures 6(D)–(G). A full 40 h video of
DC migration in the co-culture is shown in videos S9
and S10. The mechanical stability of granular Matrigel can be clearly seen in video S10. Our results here
show the promising potential of granular Matrigel for
applications that require both a solid matrix to support 3D cell culture and high permeability to allow for
migration and interaction of cells.
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Figure 4. Time lapse microscopy of DC migration in granular Matrigel in response to a CXCL1 chemokine gradient. (A),
(E) Fluorescence confocal micrographs of two granular Matrigel samples containing DCs (red; microgels not labelled). Matrigel
(5 µl) without chemokine (A) and with chemokine (E) added to the top right corner (arrow) in each sample, ≈1 mm from the top
right corner in the field of view. Images correspond to t = 0, before 4 h time-lapse imaging. (B), (F) DC migration tracks extracted
from 4 h video. (C), (G) DC displacement vectors extracted from 4 h video. (D), (H) Rose graph histograms of DC migration
angle reveal biased migration in the direction of the chemokine gradient. (I) Probability distribution of DC velocity, V in the
presence (red) and absence (blue) of a chemokine gradient reveals an increase DC velocity in presence of chemokine gradient.
Histogram bins are overlaid on the same scale, not additive in y. Scale bar in (A) represents 200 µm and applies to all images.

Figure 5. Granular Matrigel as a scaffold for long-term, 3D organoid culture applications. Representative brightfield (A) and
fluorescence (B) time-lapse confocal image series of mCherry-expressing HGOs cultured for eight days in granular Matrigel
(D̄ ≈ 250 µm) reveals robust growth. Yellow arrows denote the small HGOs fusing together and forming larger HGOs shown
with red arrows. Scale bar is 100 µm for all images.
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Figure 6. Granular Matrigel for organoid-immune cell co-culture. Fluorescence confocal microscopy max projection images of
(A) GFP-expressing HGOs (green) after four days of culture in granular Matrigel (not fluorescently labelled), and (B) the same
culture in (A) after the addition of human blood monocyte-derived DCs stained with CellTracker Deep Red. Image taken 30 h
after DC addition. (C) 3D volume projection depicting the migration of DCs (red lines) over 40 h tracked with Imaris software.
(D)–(G) Time series of confocal images show DCs (CellTracker Deep Red stained, pseudo-colored blue) interacting with the
basolateral surface of an mCherry-expressing HGO (red). Scale bars in (A) and (D) apply to images (A)–(C) and (D)–(G),
respectively. Imaging volume depth for (A)–(C) is 340 µm.

4. Conclusions
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