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Abstract: Human cerebral organoids are readily generated from human embryonic stem cells and
human induced pluripotent stem cells and are useful in studying human neurodevelopment. Recent
work with human cerebral organoids have explored the creation of different brain regions and
the impacts of soluble and mechanical cues. Matrigel is a gelatinous, heterogenous mixture of
extracellular matrix proteins, morphogens, and growth factors secreted by Engelbreth-Holm-Swarm
mouse sarcoma cells. It is a core component of almost all cerebral organoid protocols, generally
supporting neuroepithelial budding and tissue polarization; yet, its roles and effects beyond its
general requirement in organoid protocols are not well understood, and its mode of delivery is
variable, including the embedding of organoids within it or its delivery in soluble form. Given
its widespread usage, we asked how H9 stem cell-derived hCO development and composition
are affected by Matrigel dosage and delivery method. We found Matrigel exposure influences
organoid size, morphology, and cell type composition. We also showed that greater amounts of
Matrigel promote an increase in the number of choroid plexus (ChP) cells, and this increase is
regulated by the BMP4 pathway. These results illuminate the effects of Matrigel on human cerebral
organoid development and the importance of delivery mode and amount on organoid phenotype
and composition.
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1. Introduction

Human cerebral organoids are readily generated from human embryonic stem cells
and human induced pluripotent stem cells and are useful in studying human neurode-
velopment. As with any experimental model, there are several goals: to improve their
reproducibility, complexity, and fidelity to in vivo tissues; to understand how components
and protocol parameters control model phenotypes; and to expand the range of pheno-
types that can be captured by the model. Recent work with human cerebral organoids has
explored the creation of different brain regions [1–7] and the impacts of soluble [8,9] and
mechanical cues [10,11].

Matrigel is a gelatinous, heterogenous mixture of extracellular matrix proteins, mor-
phogens, and growth factors secreted by Engelbreth-Holm-Swarm mouse sarcoma cells [12].
Previous work has examined and quantified Matrigel components [13,14], but due to the
complexity of Matrigel, it has been difficult to create a synthetic replacement. It is a core
component of almost all cerebral organoid protocols, generally supporting neuroepithelial
budding and tissue polarization [11,15,16]; yet, its roles and effects beyond its general
requirement in organoid protocols are not well understood [14,17,18], and its mode of
delivery is variable, including the embedding of organoids within it or its delivery in
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soluble form [1,11,19–22]. To our knowledge, the effects of Matrigel dosage and mode of
delivery on human cerebral organoids (hCOs) have not been reported.

Given its widespread usage, we asked how H9-derived hCO development and com-
position are affected by Matrigel dosage and delivery method. We found Matrigel exposure
influences organoid size, morphology, and cell type composition. We also showed that
greater amounts of Matrigel promote an increase in choroid plexus (ChP) cells, and this
increase is regulated by the BMP4 pathway. These results illuminate the effects of Matrigel
on H9-derived human cerebral organoid development and the importance of delivery
mode and amount on organoid phenotype and composition.

2. Materials and Methods
2.1. hESC Cell Lines

H9 (WA09; WiCell, Madison, WI, USA) were grown in E8 media (STEMCELL Tech-
nologies, Vancouver, BC, Canada) in 6-well culture dishes (Greiner Bio-One, Kremsmünster,
Austria) coated with 0.5 µg/mL Vitronectin (STEMCELL Technologies). Cells were pas-
saged every 3–5 days as necessary using 0.5 mM EDTA (Invitrogen, Waltham, MA, USA).

2.2. Solubilized Matrigel

Matrigel (Corning, Corning, NY, USA) was allowed to thaw on ice for 1–2 h until liquid,
while 50 mL falcon tube aliquots of cerebral organoid differentiation media were allowed
to warm to room temperature. Matrigel was then added directly to the room-temperature
media and pipetted up and down thoroughly (~20 times) to mix.

2.3. Cerebral Organoid Generation

hCOs were generated through modifying the Lancaster whole brain organoid pro-
tocol [1,2]. Stem cells were grown to 75% confluency before dissociation into a single
cell suspension using EDTA and Accutase (Invitrogen). 9000 cells were plated into a
low-attachment U-bottomed 96-well plate (Corning) in hESC media supplemented with
50 µM Y-27632 (LC Labs, Woburn, MA, USA) and 4 ng/mL β-FGF (Gibco, Waltham, MA,
USA). hESC media contained DMEM-F12 (Gibco), 20% v/v knockout serum replacement
(Gibco), 3% v/v fetal bovine serum (Corning), 1% v/v MEM-NEAA (Gibco), 1% v/v Glu-
tamax (Gibco), and 7 µL/L β-mercaptoethanol (Amresco, Solon, OH, USA). After 48 h,
half of the media was replaced with hESC media containing Y-27632 and β-FGF. After
another 48 h, half the media was removed again and replaced with hESC media without
Y-27632 and β-FGF. On day 6, each organoid was transferred to its own well of a 24-well
ultra-low-attachment plate (Corning) with 500 µL of neural induction media containing
DMEM-F12, 1% v/v N2 supplement (Gibco), 1% v/v MEM-NEAA, and 1% v/v Glutamax,
and 50 µg/mL heparin (Sigma, St. Louis, MO, USA). On days 8 and 10, an additional
500 µL of media was added to each well. At day 11, media were removed and replaced
with cerebral organoid differentiation media without vitamin A consisting of 50:50 DMEM-
F12: Neurobasal (Gibco) mixture, 0.5% v/v N2 supplement, 1% v/v Glutamax, 0.5% v/v
MEM-NEAA, 1% B27 supplement w/o vitamin A (Gibco), 1% v/v Penicillin/Streptomycin
(Lonza, Walkersville, MD, USA), 3.5 µL/L β-mercaptoethanol, 12.5 µL/L 4 mg/mL Insulin
(Gibco), and solubilized Matrigel (Corning). The plates were immediately placed on an
orbital shaker at 105 RPM to prevent organoids from settling into the Matrigel on the plate
surface. Media were replaced with fresh cerebral organoid differentiation media without
vitamin A after 48 h. After an additional 48 h, media were replaced with cerebral organoid
differentiation media with vitamin A, which contained same components except the B27
supplement w/o vitamin A is replaced with B27 supplement with vitamin A (Gibco).
Media were replaced with fresh cerebral organoid differentiation media with vitamin A
every 2–3 days as necessary. Matrigel was added to fresh media until the targeted number
of applications for a condition had been achieved.
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2.4. Cryosectioning and Immunohistochemistry

Tissues were fixed in 4% paraformaldehyde (Sigma) for 15 min at 4 ◦C followed
by three 10 min PBS washes (Gibco). Tissues were placed in 30% sucrose overnight
at 4 ◦C and then embedded in 10% gelatin/7.5% sucrose (Sigma) in PBS. Embedded
tissues were flash-frozen in an isopentane (Sigma) bath between −50 and −30 ◦C and
stored at −80 ◦C. Frozen blocks were cryosectioned (Epredia, Kalamazoo, MI, USA) to
30 µm. For immunohistochemistry, sections were blocked and permeabilized in 0.3%
Triton X-100 (Sigma) and 5% normal donkey serum (VWR) in PBS. Sections were incubated
overnight with primary antibodies: rabbit anti-TUJ1 (1:100, Sigma T2200), goat anti-SOX2
(1:20, R&D Systems AF2018), mouse anti-Phospho-Vimentin (1:200, MBL International
D076-3S), rabbit anti-EMX1 (1:50, Atlas Antibodies HPA006421), mouse anti-SATB2 (1:100,
Abcam ab51502), mouse anti-Calretinin (1:100, Sigma MAB1568), rabbit anti-FOXG1 (1:1000,
Abcam ab18259), sheep anti-TTR (1:100, Bio-Rad, AHP1837), mouse anti-TTR (1:100, R&D
Systems, MAB7505), and rabbit anti-AQP1 (1:200, Abcam ab15080) in 0.3% Triton X-100, 5%
normal donkey serum in PBS at 4 ◦C. Sections were then incubated with Alexa Fluor 488 and
647 conjugated secondary antibodies (1:250) in 0.3% Triton X-100 and 5% normal donkey
serum in PBS for 2 h at RT, and nuclei were stained with 300 nM DAPI (Invitrogen). Slides
were mounted using ProLong Antifade Diamond (Thermo Fisher, Waltham, MA, USA).

Images were taken using a Nikon AR confocal laser scanning microscope (Nikon,
Tokyo, Japan). All samples within quantification experiments were imaged using the
same laser intensity settings using the 10X, 20X, and 40X objectives. Quantifications were
performed manually in FIJI. Organoid condition names were first removed, and the images
randomized before quantification to avoid bias. A 10,000 by 10,000 grid was overlaid over
the image and each grid was manually counted as positive for containing tissue if the grid
contained DAPI+ cells. These grids were then remeasured, and regions were considered
positive if TTR+ staining was present in the grid. At least 4 organoids per condition were
collected and measured.

For cell density measurements, a region of interest was generated around the organoid
DAPI outline. The area was then calculated. Cell density was measured through the
calculation of the area fraction of DAPI+ to the total organoid area. At least 3 organoids
per condition were collected and measured. For rosette measurements, a region of interest
was generated around the organoid SOX2+ rosette outline. The area was then calculated.
The average size of all rosettes from an organoid was calculated. At least 2 organoids
per condition were collected and measured. For cell death measurements, a region of
interest was generated around the organoid DAPI outline. The area of both DAPI and
Caspase-3 within the organoid were then calculated. Finally, the cell death was calculated
from the area fraction of Caspase/DAPI. At least 3 organoids per condition were collected
and measured.

2.5. Granular Surface Phenotype Quantification

Images for size experiments were taken using an epifluorescence microscope with
a documentation camera (Nikon). Quantifications were performed manually in FIJI.
Organoids exhibiting more than 5 changes in curvature (2nd derivative) per 1 mm of
the organoid edge were considered granular.

2.6. Inhibitor Treatment Experiments

hCOs were treated with either a physiologically relevant 2 µM dose of FAK Inhibitor
14 [23,24] (Tocris Biosciences, Bristol, UK), 100 ng/mL DKK-1 [25,26] (Peprotech, Cranbury,
NJ, USA), 200 ng/mL of Noggin [27,28] (Peprotech), or an ultrapure water control (Invitro-
gen). Organoids were continually exposed to compounds as long as Matrigel remained in
the media.

Images for size experiments were taken using an iPhone 11 Pro (Apple, Cupertino,
CA, USA). All samples within quantification experiments were imaged using the same
lighting and 1X zoom. Quantifications were performed manually in FIJI.
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2.7. Statistical Analysis

All statistical comparisons were performed using one-way ANOVA with Tukey–Kramer
post hoc analysis. The results were considered statistically significant if p-values < 0.05.

3. Results

Lancaster and colleagues developed a protocol for generating “whole brain” hCOs [15,22].
In this protocol, early organoids (<11 days) are embedded within Matrigel. In contrast,
Velasco and colleagues added Matrigel in solubilized form when generating cortical hCOs.
As Matrigel embedding is one of the most labor- and time-intensive steps of the whole brain
hCO protocol, we asked if Matrigel could be added directly to the media in solubilized
form and what concentration ranges would be appropriate. We generated hCOs following
the Lancaster protocol [15,22] until Matrigel embedding (Figure 1A). Instead of embedding
the hCOs in 30 µL of Matrigel per the protocol, we added Matrigel directly to the cerebral
organoid differentiation media at concentrations ranging from 0 to 3% v/v and lengths of
time (in number of applications or media changes) ranging from 2 to 39 days beginning on
day 11. Media were changed every 2–3 days. Due to differences in both concentrations and
lengths of time, the total volumes of Matrigel added are also reported. Organoid size was
significantly affected by the Matrigel amount added (Figure 1B,C). hCOs exposed to higher
amounts of Matrigel in solution were larger compared to those embedded in Matrigel and
to those not exposed to any Matrigel (Figure 1B,C).

Figure 1. Amount of Matrigel in solution increases organoid size. (A) Schematic of experimental
protocol, adapted from Lancaster and colleagues [15,22]. (B) Brightfield images of organoids with
multiple Matrigel delivery regimens over a 50-day time course. Total Matrigel exposure shown in
parentheses. Scale bar = 500µm. (C) Summary of hCO size measurements through time course
experiment (mm2). * p < 0.05, via one-way ANOVA relative to embedded (30 µL) with Tukey–Kramer
post hoc analysis, n ≥ 8 organoids per condition.
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From a simplistic perspective, the presence of growth factors in Matrigel might simply
explain the monotonic relationship between size and Matrigel amount. However, in
addition to hCO size, the amount of Matrigel affected gross hCO architecture. Three unique
morphological hCO phenotypes correlated with low (<15 µL total), medium (15–50 µL
total), and high (≥75 µL total) amounts of Matrigel (Figure 2). Medium amounts of Matrigel
yielded standard hCO phenotypes, characterized by a smooth, rounded surface and solid
tissue [15,22] (Figure 2A). These hCOs contained diverse cell types which are characteristic
of whole brain hCOs (Figure 2B). hCOs exposed to low amounts of Matrigel exhibited a
thin, granular surface characteristic of non-neural epithelia [19] (Figure 2C). Interestingly,
about 10% of hCOs that initially had a smooth surface developed a granular surface after
removal of Matrigel relatively late in development (after 6 weeks; day 41) (Figure 2D). hCOs
exposed to high levels of Matrigel developed large, fluid-filled cysts with a thin enveloping
membrane (Figure 2E). Unlike the fluid-filled cysts of expanded neuroepithelium that
sometimes develop in the standard protocol after initial exposure to Matrigel and hCO
differentiation media between days 11 and 20 [15,22], these large fluid-filled cysts did
not develop into thick, light-impermeable tissue. In addition to morphological analysis,
additional hCO characteristics were assessed (Figure 2F). Interestingly, Matrigel absence
resulted in larger rosettes which are characteristic of early organoid development [15,22],
while cell death increased in only low-Matrigel conditions (<15 µL).

We hypothesized the cystic phenotype would reflect distinct cellular composition.
Due to similarities in the morphology of the large fluid-filled hCOs to the choroid plexus
(ChP) hCOs generated by Pellegrini and colleagues [2], we hypothesized that high Matrigel
exposure increased ChP differentiation. To test this, we immunostained for transthyretin
(TTR), a transporter protein produced in the ChP (Figures 3A and S1). Compared to
the embedded control, hCOs exposed to high-Matrigel conditions exhibited significantly
increased numbers of TTR+ regions. Additionally, we examined whether the fluid-filled
cysts of the ChP hCOs exhibited expected apical polarization [2]. We confirmed the
correct apical–basal polarity of the ChP hCOs fluid-filled cysts through observing the co-
localization of TTR with apical water transporter aquaporin-1 (AQP1) (Figures 3B and S1).
Fluid-filled cysts exhibited co-localization of TTR with apical water transporter aquaporin-1
(AQP1), confirming correct apical–basal polarity (Figure 3B).

To develop a better understanding of how Matrigel might be driving ChP formation,
we asked if the pharmacological inhibition of different signal transduction pathways might
abrogate this process. Pellegrini and colleagues [2] induced ChP hCOs through pulsing
with BMP4, a dorsal telencephalic morphogen, and CHIR, a WNT pathway activator.
Interestingly, TGF-β is one of the growth factors present in Matrigel and shares overlapping
signaling transduction pathways with BMP signaling [29], so we added an inhibitor of
BMP4 signaling, Noggin. Additionally, we asked if the mechanical effects of Matrigel
embedding might influence ChP formation. To this end, we used FAK inhibitor 14 [30] to
negatively perturb mechanotransduction. Finally, we also used DKK1 to inhibit the WNT
pathway. hCOs were generated and cultured in hCO differentiation media with 3% Matrigel
in solution, and the inhibitors were added during the initial Matrigel exposure on day
11. While inhibitors did not strongly alter hCO size, the presence of Noggin significantly
ablated the appearance of fluid-filled cysts to the level observed in control, Matrigel-
embedded hCOs (Figure 4A). We further confirmed this effect through immunostaining for
the ChP markers TTR and AQP1 (Figure 4B).
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Figure 2. Soluble Matrigel dosage drives three distinct morphological phenotypes. (A) Brightfield
images of standard hCO phenotype achieved with moderate Matrigel exposure (15–75 µL). Total
Matrigel exposure shown in parentheses. Scale bar = 500µm. (B) Moderate Matrigel exposure (15–75 µL)
drives standard hCO phenotype exhibiting broad cell type composition. Scale bars = 100µm. Total
Matrigel exposure shown in parentheses. (C) Low Matrigel exposure (<15µL) creates hCOs with granular
surfaces. Total Matrigel exposure shown in parentheses. Scale bars: left = 500µm; right (insets) = 50 µm.
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(D) Granular surface phenotype increases after Matrigel removal from media. (E) High Matrigel
conditions (>75 µL) yield large fluid-filled cysts. Total Matrigel exposure shown in parentheses (top,
bottom). Scale bar = 500µm. (F) Developmental characteristics including rosette development, cell
density, and cell death across different conditions. Total Matrigel exposure shown in parentheses.
Organoids were generated in a single experiment in separate wells. * p < 0.05, via one-way ANOVA
with Tukey–Kramer post hoc analysis, n ≥ 2 organoids per condition. Error bars are 95% confidence
intervals. Scale bars = 100µm.

Figure 3. High-concentration Matrigel conditions promote ChP fate. (A) Immunostaining confirms
hCOs with large fluid-filled cysts exhibit increased number of regions containing ChP cells. Total
Matrigel exposure shown in parentheses. Organoids were generated in a single experiment in
separate wells. * p < 0.05, n.s.: not significant, via one-way ANOVA with Tukey–Kramer post hoc
analysis, n ≥ 4 organoids per condition. Error bars are 95% confidence intervals. Scale bars = 500µm.
(B) Immunostaining reveals ChP cysts exhibit the expected polarization (apical side: arrows; basal
side: arrow heads). Total Matrigel exposure shown in parentheses. Scale bar = 100µm.
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Figure 4. Matrigel promotes ChP differentiation through the BMP4 pathway. (A) Brightfield images
showing gross morphological differences between hCOs generated in the presence of different
pathway inhibitors. Total Matrigel exposure shown in parentheses. Organoids were generated in
a single experiment in separate wells. * p < 0.05, n.s.: not significant, via one-way ANOVA with
Tukey–Kramer post hoc analysis, n ≥ 18 organoids per condition. Error bars are 95% confidence
intervals. Scale bar = 500µm. (B) Immunostaining confirms reduction in the number of ChP cells in
the presence of Noggin. Total Matrigel exposure shown in parentheses. Error bars are 95% confidence
intervals, n ≥ 3 organoids per condition. Scale bars = 500µm.

4. Discussion

We have shown that hCO growth and development is strongly influenced by Matrigel
dosage and delivery method. A traditional hCO phenotype results from moderate levels
of soluble Matrigel exposure, while high soluble Matrigel exposure promotes organoid
ChP differentiation through the BMP4 pathway, consistent with literature [31,32]. This
highlights the tunability of cerebral organoid cell type composition with Matrigel. Through
carefully regulating the amount of Matrigel organoids are exposed to or the timing of the
exposure, the composition of cerebral organoids can be tuned.

This work reinforces the need for caution when developing and executing protocols,
including those beyond cerebral organoids. For example, many non-neural organoid pro-
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tocols currently require Matrigel, such as those of the liver, heart, and kidney. Similar
examinations in those systems may be warranted, even as the specific factors within Ma-
trigel that affect development in different tissues will likely be different. In addition, there
are many new competing matrices that have been developed, including Geltrex, LunaGel,
ExtragelMatrix, and Cultrex, that will likely have varying compositions in addition to
variabilities introduced between lots of these matrices. This work emphasizes the need to
understand the dose-dependent effects of any matrix material used in organoid protocols.

Even when Matrigel is not used, this work illustrates the strong change in effect
that can occur over relatively small changes in the concentration of a media component.
This may explain the variability in organoid phenotypes and quality often observed and
reported in the field. Substantial work has been pursued to attempt to replace reagents such
as Matrigel [33–46], but it is a complex task to be able to replace all the complex components
and functions of such matrices. Perhaps more broadly, the entire media composition for
stem cell-derived systems including organoids could be revisited. This is because the
media components driving these protocols remain largely derivative of prior base media
historically used in cell culture, for example, DMEM media bases. It is unclear if these are
still the most appropriate base media compositions for stem cell-derived systems, and if
the same effects seen here with Matrigel would be altered or shifted when the base media
are changed.

It is important to consider that while these studies shed light on the ability of Ma-
trigel to tune H9-derived hCOs based on dosage, further work should be carried out to
explore whether similar effects are observed in other cell lines. Variability between stem
cell lines and their propensities to differentiate into different cell and tissue types is well
known [47–50]. If upheld in other cell lines, using soluble Matrigel addition for whole brain
hCO generation would significantly reduce the time and labor of organoid experiments
through circumventing the most time-intensive step in the hCO generation process and en-
abling higher throughput and more comprehensive experiments to be carried out. It would
also be interesting to explore if similar effects are observed when Matrigel is delivered in a
solid form, with potential mechanobiological mechanisms also contributing in those cases
to organoid development [51].

We also observed two more detailed but interesting phenotypes. In the absence
of Matrigel, we observed larger rosettes, which are usually observed early in organoid
development and yield larger numbers of rosettes further in development [15,22]. This may
suggest that the absence of Matrigel stunts or pauses organoid development. In addition,
we observed an increase in cell death only in low-Matrigel conditions (<15 µL) but not in
the absence of Matrigel. This may suggest low Matrigel is sufficient to induce additional
organoid maturation or induce cell proliferation and differentiation but not sufficient to
trophically fully support that development.

Finally, a significant impact of this work is providing a simple method for studying
the ChP. Despite its essential functions in producing cerebrospinal fluid and acting as the
blood–CSF barrier, the ChP has been understudied due to its relatively inaccessible location
within the brain, the surrounding vasculature, and its structural fragility [52–54]. This
work provides another valuable tool to address biological questions pertaining to the ChP.
Overall, this analysis emphasizes the importance of careful attention to detail required
when using, altering, or developing cerebral organoid protocols.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/organoids2040013/s1, Table S1: Supplemental Data. Figure S1:
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