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This manuscript describes a new method for forming basal-in MCF10A organoids using commercial
384-well ultra-low attachment (ULA) microplates and the development of associated live-cell imaging
and automated analysis protocols. The use of a commercial 384-well ULA platform makes this method
more broadly accessible than previously reported hanging drop systems and enables in-incubator
automated imaging. Therefore, time points can be captured on a more frequent basis to improve
tracking of early organoid formation and growth. However, one major challenge of live-cell imaging

in multi-well plates is the rapid accumulation of large numbers of images. In this paper, an automated
MATLAB script to handle the increased image load is developed. This analysis protocol utilizes
morphological image processing to identify cellular structures within each image and quantify their
circularity and size. Using this script, time-lapse images of aggregating and non-aggregating culture
conditions are analyzed to profile early changes in size and circularity. Moreover, this high-throughput
platform is applied to widely screen concentration combinations of Matrigel and epidermal growth
factor (EGF) or heparin-binding EGF-like growth factor (HB-EGF) for their impact on organoid
formation. These results can serve as a practical resource, guiding future research with basal-in
MCF10A organoids.

In the past few decades, 3D organoid research has been actively conducted and has resulted in many remarkable
achievements' . Nonetheless, the reproducibility and accessibility of these 3D models is still a major challenge
in the field’-'°. We have previously demonstrated the formation of organoids in a one-drop, one-organoid format
using human non-tumorigenic mammary MCF10A cells'. To generate MCF10A organoids, a specialized hang-
ing drop culture plate was required. These organoids display large diameters with hollow lumens and express
mammary gland-specific and progenitor markers, thus resembling characteristics of human mammary tissue.
The hanging drop methodology consistently produces large, single organoids and contrasts with conventional
gel scaffold culture platforms and overlay systems where MCF10A cells form small, variably sized acini!>"14. A
key technical aspect of our method that drives this difference is the use of a minimal Matrigel scaffold—named
for its orders of magnitude less use of Matrigel compared to conventional methods. Furthermore, we discovered
that these MCF10A organoids, generated with the minimal scaffold, possess a basal-in phenotype where the
basement membrane is formed on the inner surface of the MCF10A epithelium". This phenotype is the opposite
of traditional organoids and provides easier analysis of cancer cell invasion'>. While several reports of so-called
inverted organoids exist'®'°, prior systems observe much smaller structures that often have mixed polarity
and form through eversion of an initially basal-out polarity organoid**-?2. Our hanging drop method produces
organoids with a stable basal-in phenotype and does not require eversion'.

While the hanging drop platform allows for reliable formation of organoids, it suffers from a lack of accessibil-
ity and requires a high degree of technical expertise to implement (Fig. 1a). Hanging drop plates are susceptible
to organoid loss due to plate disturbance, more prone to evaporation, and difficult to obtain from commercial
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Figure 1. 384-well ultra-low attachment (ULA) plates combined with centrifugation allow for basal-in
mammary organoid formation. (a) The ULA plate format provides several key advantages over hanging drop:
(1) compatibility with autofocusing microscopy systems, (2) increased resistance to physical disturbances,
and (3) reduced evaporation. (b) Schematic showing 384-well ULA plate centrifugation at 1000 rpm (142
rcf) for 5 min. (¢) Schematic and images of cell-Matrigel suspension in a ULA well without centrifugation.
(d) Schematic and images of ULA well with centrifugation. Scale bar represents 400 pm. (e-j) Brightfield and
immunofluorescence images from sections of day 16 organoids formed in the 10 ng/mL EGF and 120 pg/mL
Matrigel. All scale bars represent 150 pm.
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sources. Additionally, it is challenging to autofocus on cells within hanging drops. These combined limitations
have hindered our efforts to use various commercial automated imaging platforms with hanging drop plates, and
instead, we resort to manual and labor-intensive imaging. This constraint has precluded our ability to analyze the
early stages of organoid formation and other relatively fast (time scale on the order of hours) organoid structure
changes which require frequent image capture. In an effort to improve compatibility with automated imagers, we
attempted but failed to produce large MCF10A organoids in a one-well, one-organoid format using commercial
96-well ULA plates'!. We hypothesized that these 96-well ULA plates failed due to a lack of curvature-guided cell
aggregation. Therefore, we fabricated custom polydimethylsiloxane (PDMS) microwells with varying curvature to
systematically test this hypothesis. Indeed, we observed successful single organoid formation when the microwells
were sufficiently curved for gravity-driven cell aggregation. Building on this finding, we combined commercially
available 384-well U-bottom ULA (from here on described simply as 384-well ULA) plates—which are more
curved than the previously tested 96-well version—with an added centrifugation step to promote cell aggrega-
tion (Fig. 1b). This new method still utilized a minimal Matrigel scaffold and successfully produced basal-in
MCFI10A organoids. Furthermore, it allowed in-incubator imagers to capture time points more frequently: every
1-2 h compared to the once or twice daily possible with hanging drop plates. Together with a custom algorithm
for automated measurement of organoid size and circularity, we utilize this broadly accessible 384-well ULA
platform to rapidly screen combinations of Matrigel and growth factor that are most effective and reliable in
producing basal-in MCF10A organoids in a one-well, one-organoid format.

Results

MCF10A organoid formation in curvature-controlled PDMS wells.  To test the hypothesis that bet-
ter cell and material aggregation will promote organoid formation, we fabricated PDMS microwells of constant
diameter and varying concave curvatures. The different curvatures were generated by coating flat bottom wells
with uncured tert-butanol (tBA)-PDMS mixtures. Curing of the PDMS along with evaporation of tBA resulted
in the formation of a curved surface at the bottom of the well due to capillary force filling the corners. The PDMS
microwells became more curved with increasing percentages of tBA in the mixture (see Supplementary Fig. S1
online). By comparing MCF10A organoid formation in these PDMS microwells, we found that the more curved
microwells were able to form single, circular organoids (see Supplementary Fig. S1 online). This success of the
highly curved PDMS microwells became a cornerstone for evaluating the potential of commercial 384-well ULA
plates to form basal-in MCF10A organoids.

Basal-in MCF10A organoid formation in commercial 384-well ULA plates. Understanding that
higher curvature promotes successful organoid formation, we sought an appropriate commercial microwell plate.
The well curvature in 384-well ULA plates approaches that of the successful PDMS microwells and is consider-
ably more curved than the previously and unsuccessfully tested 96-well ULA plate'! (see Supplementary Fig. S2
online). While initial results using the commercial 384-well ULA plates were encouraging, MCF10A organoid
formation was still slow and produced less circular organoids (Fig. 1c). Therefore, we added an initial centrifuga-
tion step to further promote cell aggregation and quickly form uniform rounded structures (Fig. 1d) with high
yield (96%). A video showing how the initial centrifugation step promotes cell aggregation and early sphere
formation is available in Supplementary Video S1 online. Next, we analyzed whether the MCF10A organoids
produced displayed a basal-in phenotype. Figure le-j represents brightfield and immunostaining images of
organoids obtained from culture in 10 ng/mL EGF and 120 pg/mL Matrigel. The organoid sections were stained
with laminin-5 (red), an indicator of cell-produced basement membrane. It is noted that laminin-5 is not present
in significant amounts in Matrigel'>'*****. Consistent with our previous publication with hanging drop?, the
staining showed localization of laminin-5 to the inner surface of the MCF10A epithelium, thereby confirming
the formation of basal-in mammary organoids in 384-well ULA plates (Fig. 1f). The resulting organoids consist
of basal-like epithelial cells as indicated by the cytokeratin-14 (red) and p63 (green) immunostainings (Fig. 1g,j).
The junction marker ZO-1 was stained with a diffuse pattern similar to MCF10A acini (Fig. 1h)*. Luminal
epithelial cell marker, cytokeratin-8 and other basal markers (i.e. calponin-1 and MYH11) were not detected.

Live-cell imaging and development of an automated image analysis script for organoid analy-
sis. Capitalizing on the ULA plate’s compatibility with in-incubator live-cell imaging, we utilized an Incucyte
S3 (Sartorious) microscope system to more frequently (up to 1 scan per hour) image our forming organoids.
The Incucyte S3 is capable of autofocusing on and individually imaging each well in the 384-well ULA plate, and
therefore, tens of thousands of images can accumulate over the course of a single experiment. One major chal-
lenge for analysis is handling this massive amount of image data. Here, we developed an automated MATLAB
script based on morphological image processing to extract the projected area (from here on described simply as
area) and measure the circularity of the largest cellular structure in each image (Fig. 2a—c). Incucyte timing con-
straints precluded us from performing whole well scans. Thus, we were limited to using the 10x objective which
reduced our fleld of view. The majority of cellular structures were still captured in our images, but some were
only partially captured. In particular, large, off-centered organoids could extend slightly beyond the image field
of view. Supplementary Fig. S3 online depicts some of these organoids which were considered as partial spheres.

Tracking of early structural changes in aggregated and not aggregated conditions. The com-
bination of more frequent imaging and automated analysis uniquely enables us to track structural changes with
enhanced temporal resolution. Therefore, we analyzed the first 48 h—the time period of greatest structural
change—for three experimental conditions. For comparison, we selected two conditions which successfully
aggregated into highly circular, single structures with high and low areas (Fig. 2a,b), and one condition which did

Scientific Reports |

(2022) 12:317 | https://doi.org/10.1038/s41598-021-03739-1 nature portfolio



www.nature.com/scientificreports/

a Aggregated (high area) C

b Aggregated (low area) Not aggregated

00d 00h

00d 12h

01d 00h

1 12 v - - - - - - - ™ 11

0.9 0.9

0.8 0.8

0.7

)
5

0.8

N 0.6 06 >
£ £
£, 05 0.6 0.5 %
S =
g 04 040

0.4+ 0.4 04
’ Area 03 03 03
il i 0.2 0.2 0.2
2 —&— Circularity o5 o
M i 4 MWVMJH -
oL 0 0 0 0 - 0
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time (hours) Time (hours) Time (hours)

Figure 2. Image analysis comparing aggregated (high area), aggregated (low area), and not aggregated
structures within the first 48 h. Original and processed images are shown for representative (a) aggregated
(high area) (200 pg/mL Matrigel and 100 ng/mL HB-EGF), (b) aggregated (low area) (no Matrigel and 100 ng/
mL HB-EGF), and (c) not aggregated (200 pg/mL Matrigel and 0.1 ng/mL HB-EGF) structure formation over
the first 48 h. Only the green object outlined in white (the largest structure) is quantified. Area and circularity
measurements for (d) aggregated (high area), (e) aggregated (low area), and (f) not aggregated structure
formation over time are calculated averages from quadruplicate experiments (shown as mean +sd).

not aggregate (Fig. 2c). These conditions were 200 pg/mL Matrigel + 100 ng/mL HB-EGE, no Matrigel + 100 ng/
mL HB-EGE, and 200 pg/mL Matrigel + 0.1 ng/mL HB-EGF respectively. These conditions showcase the broad
range of cellular structures which can result depending on the initial concentrations of Matrigel and growth
factor, and demonstrate how altering just one of these variables can drastically change the resulting cellular
structure—an anecdotal observation also noted from our previous hanging drop work!"*>,

Observing the changes in area and circularity over the first 48 h (Fig. 2d-f), we see noticeable differences in
profile. For the circularity time course, both aggregated conditions show a rapid increase in circularity which
plateaus to a high value around 0.9: a perfect circle would have a value of 1. The not aggregated condition dis-
plays sporadic changes in circularity over time ranging from approximately 0.4-0.7. For the aggregated (high
area) condition, the area displays a peak in size during the initial 24 h of culture (Fig. 2d), which differs from the
aggregated (low area) condition which rapidly decreases in area during the initial 24 h (Fig. 2e). These aggrega-
tion profile differences may delineate between hollow lumen formation and dense compaction; visual inspection
of the final structures (Fig. 2a,b at t=2 days) seems to support this hypothesis, but further experimentation is
required. The not aggregated condition maintains a small size for the entire time course (Fig. 2f).

To explain these differences in area and circularity profiles, we can reference the processed images at select
time points. For the aggregated (high area) condition at t=0 h, the cell and extracellular matrix (ECM) material
is widely dispersed throughout the entire well, and our image processing algorithm identifies many small discrete
objects. Since only the largest contiguous object is analyzed, the starting images all result in low area values.
Figure 2a at t=12 h displays the initial aggregation for this condition. For the aggregated (low area) condition,
aggregation is faster; our algorithm can detect a single contiguous object from the very first image (Fig. 2b at
t=0 h), thus explaining the high initial area. For the not aggregated condition, irregularly shaped cell clumps
form throughout the experiment and never aggregate into a single mass (Fig. 2c). These clumps vary widely in
their circularity, and this is shown in the higher variance values for the not aggregated condition. While it is pos-
sible for a not aggregated structure to contain a circular cell clump, this structure is not maintained consistently
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throughout the time course. Moreover, since aggregation often occurs during the first 24 h of culture, we were
previously not able to observe these processes. In hanging drop culture, images are only taken every few days to
avoid plate disturbance and to minimize the frequency of tedious manual imaging.

High-throughput screen of Matrigel and growth factor combinations. With our new ULA-based
system, a broad screen of 63 distinct combinations of Matrigel and growth factor—with concentrations rang-
ing from 0-240 pg/mL and 0-100 ng/mL, respectively—was performed in a quadruplicate experiment (Fig. 3).
We tested two of the most commonly used growth factors for MCF10A cell culture: HB-EGF and recombinant
human-EGF (EGF). Images after 2 and 16 days of culture were manually labeled to denote if a fully aggregated
structure had successfully formed, and area and circularity measurements were calculated using our image anal-
ysis protocol (see Supplementary Fig. S4 online). After 2 days (Fig. 3a), 34 out of the total 63 conditions (54%)
had at least one replicate form an aggregated structure. Of these 34 conditions, 26 (76%) had all four wells form
aggregated structures. In contrast, at day 16 (Fig. 3b), 46 out of the total 63 conditions (73%) had at least one
replicate aggregated, and of these 46 conditions, 40 (87%) had all four replicates successfully aggregate. These
results show that the majority of structures will fully aggregate in the first 2 days. However, some conditions—
particularly those with higher Matrigel concentrations—may take longer. A comparison of conditions with a
constant growth factor concentration of 10 ng/mL in Fig. 3a,b demonstrates this effect. Additionally, in general,
increasing either Matrigel or growth factor concentration will increase the size of the aggregated structure; a
finding which corroborates previous results'"'>. Yet, arbitrarily increasing either one of these variables alone
will not produce the largest possible organoids. Balance between Matrigel and growth factor concentrations
is necessary for successful aggregation (i.e. sufficient growth factor levels must support increases in Matrigel).
Observation of this effect can be seen in the 1 ng/mL growth factor conditions in Fig. 3b.

Finally, among the best performing conditions—those which all four replicates aggregated by day 16—we
conducted statistical analyses to identify significant differences in structure area (Fig. 3c). Here, we have pro-
vided lists of these conditions divided by growth factor type and sorted by descending mean area to serve as a
practical resource for future basal-in MCF10A organoid studies where careful selection of organoid size may be
required. These results also have utility in conserving expensive reagents. For example, the 10 ng/mL EGF and
240 ug/mL Matrigel condition is able to produce similarly sized organoids (i.e. not significantly different) to the
100 ng/mL EGF and 240 ug/mL Matrigel condition while using only a tenth of the amount of growth factor. On
alarger scale, this type of insight could result in substantial cost-savings in both academic and industry settings.

Discussion

We describe the development of an alternative and technically more robust method (Fig. 1a) to form basal-in
MCF10A mammary organoids using 384-well ULA plates combined with a centrifugation step (Fig. 1b). Addi-
tionally, we simultaneously present a custom MATLAB script designed specifically for handling the increased
image load. Together, we believe these advancements circumvent the factors—such as technically-demanding
handling, droplet evaporation, and labor-intensive imaging—which may preclude broad adoption of our hang-
ing drop technology; the use of commercially available microwell plates, a staple in biological research, greatly
improves the accessibility of our basal-in MCF10A model. Moreover, we have broadly tested and optimized this
platform over 63 conditions spanning several fold concentrations of Matrigel and growth factor, and we have
produced practical lists of some of the most consistent conditions for producing fully aggregated structures.
However, we recognize that our image analysis protocol is limited to only measuring organoid area and circular-
ity and that other features may be important to function. For instance, high EGF concentrations will produce
organoids with partially cell-filled interiors (see Supplementary Fig. S5 online)—an observation only seen after
organoid sectioning. Future adaption of our analysis methodology to include more advanced image processing
techniques could help to tease out these differences.

Enabled by the augmented temporal resolution of our system, we demonstrate as a proof-of-concept the
analysis of rapid structural changes during early cell and ECM material aggregation, but this tracking can be
expanded to observe other events which cause structural changes on short time scales (hours). Moreover, based
on PDMS microwell experiments, this system should be scalable to even higher-throughput well plates (e.g.
1536 well) and could have industry applications. These higher-throughput plates are more curved and therefore
are expected to aggregate cells and extracellular materials without centrifugation (see Supplementary Fig. S2
online). Nonetheless, further optimization would be needed, and these studies may be limited by the capabilities
of the microscope system.

While the present work focused on basal-in MCF10A organoid formation, the methodology presented could
be expanded to work with other cell types. We believe this work will accelerate future discoveries in 3D organoid
research.

Material and methods

2D cell culture. MCF10A cells were purchased from the American Type Culture Collection (ATCC) and
were cultured in growth media containing DMEM/F12 (Gibco #11330-032, lot 2186800) and supplemented
with 5% horse serum (Gibco #16050-122, lot 2104932), 20 ng/mL HB-EGF (Peprotech #100-47, lot 0618325
10319), 0.5 pg/mL hydrocortisone (Sigma #H0888, lot SLBT5910), 100 ng/mL Cholera toxin (Sigma #C8052, lot
019M4023V), and 10 pg/mL insulin (Sigma #11882, lot SLCB0128)"°. 2D cultures were maintained at 37 °C and
5% CO, in T75 culture flasks, supplemented with 1% penicillin/streptomycin (Gibco #15140-163, lot 2289325),
and routinely passaged at 70-80% confluence.
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Figure 3. Screening the effects of Matrigel and growth factor concentration on organoid formation. Summary
of organoid formation under 63 different Matrigel and growth factor combinations at (a) day 2 and (b) day

16. Projected area, circularity, and whether the structure is aggregated or not aggregated are represented by
the marker size, color, and shape respectively. Each marker represents a different replicate in a quadruplicate
study. Conditions are divided by growth factor type (HB-EGF: left, EGF: right), and the no growth factor
conditions are duplicated on both sides for ease of visualization. (c) Statistical analyses of the most consistent
conditions with 4 out of 4 wells aggregated at day 16 are shown. Conditions not connected by the same letter
have significantly different areas (ANOVA and post-hoc Tukey test: P <0.05). Conditions depicted in Fig. 2 are
labeled.
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3D organoid culture. To culture MCF10A mammary organoids in 3D ULA culture, cells were seeded in
384-well U-bottom ULA plates (S-bio #MS-9384UZ, lot 90639317), centrifuged at 1000 rpm for 5 min (142 rcf,
Thermo Scientific Sorvall ST16 centrifuge), and maintained in the plate using the various culture conditions
(Fig. 3). Briefly, 3000 MCF10A cells were seeded in each well in a final volume of 25 uL. The cells were supple-
mented with 0.24% methocel A4M (Sigma #94378, lot BCBR9701V), 0-240 pg/mL Matrigel (Corning #356231,
8.5 mg/mL, lot 9301006), 10% FBS (GeminiBio #900-108, lot A52G00J), and 0-100 ng/mL growth factor, HB-
EGF or EGF (Peprotech #AF-100-15, lot 1020AFC05). On day 3 of organoid culture, the media was exchanged
3 times to wash out the seeding supplements using a CyBio FeliX liquid handling machine (Analytik Jena). This
culture media was supplemented with 0-100 ng/mL growth factor depending on condition and was exchanged
2 times every 2-3 days. Organoids were maintained in culture for 16 days.

Fabrication of PDMS microwells of varying concave curvature. The master mold for a cylindrical
microwell array was produced by a micro-milling machine (Minitech Machinery Corp., CNC Mini-Mill/GX).
The design of an acrylic master mold was created using SOLIDWORKS, which was converted to G-code for
operating the micro-milling machine. In this process, a 0.039-mm diameter square endmill was used to generate
the post of cylinders.

The PDMS cylindrical microwell array was fabricated using conventional soft lithography methods??’. Briefly,
a mixture of 10:1 PDMS prepolymer and curing agent (Dow Corning, 184 Sylgard Silicon Elastomer) was poured
over the master mold, degassed for 1 h in a vacuum chamber, and cured at 70 °C for 12 h. After curing, the PDMS
replica was carefully peeled off the master mold. The diameter and height of the fabricated cylindrical microwell
were 2 mm and 2.5 mm respectively.

The varying concave curvature in these PDMS microwells was generated by using capillarity-induced solvent
evaporation. In detail, an uncured PDMS mixture of prepolymer and curing agent in a 10:1 ratio was dissolved
in tBA (Sigma-Aldrich, 308250) with varying final percentages of tBA: 5, 10, 15, and 20%. Then, the tBA-PDMS
mixture was poured onto the cylindrical microwell plate and incubated at 70 °C for 12 h. Solvent evaporation and
curing produced the PDMS structures with differing curvatures depending on the tBA percentage. The resulting
PDMS microwells were used for 3D organoid culture after UV sterilization.

To measure PDMS well curvature, raw micrographs were analyzed using Image] to quantify bottom and
top well diameters and well depths. Curvature values were calculated from the measured bottom diameters.
These values were compared to curvature values calculated for commercial 96-, 384-, and 1536-well plates; well
dimensions obtained from Corning Inc. (catalog numbers: 4515, 4516, and 4527, respectively) were used for
calculation (see Supplementary Fig. S2).

Real-time cell imaging of morphological changes in different ULA culture conditions. We
tested, in quadruplicate, a combination of 63 different culture conditions with varying Matrigel concentrations
and the proliferative growth factor EGF or HB-EGF. The various conditions for real-time cell imaging in ULA
culture are depicted in Supplementary Fig. S3 online. While the organoids were maintained for 16 days in ULA
culture, they were imaged using an Incucyte S3 (Sartorious) in-incubator microscope system. The Incucyte S3
autofocuses on each well of the microwell plate. 10x brightfield images were acquired at 1 h intervals for the
first day, every 2 h for second day, and then every 4 h for the remainder of the experiments. For early time-lapse
tracking of circularity and area, images from the first 48 h were exported and analyzed in MATLAB using our
custom script. For analysis of all 63 tested conditions, images from day 2 and day 16 were exported and analyzed
in MATLAB. JMP was utilized to generate the plots seen in Fig. 3a,b. Additionally, one-way ANOVAs and post-
hoc Tukey tests were performed in JMP using a significance level of 0.05.

Image analysis. A custom script in MATLAB was prepared to automatically analyze each organoid image.
First, threshold segmentation was used to separate each organoid from its background and to create a binarized
image. Then, these images were inverted and a disc-shaped structuring element with a radius of 30 pixels was
used to perform a morphological opening process followed by a closing step. This filtering process helped to
remove pixels that did not belong to the organoid. The bwboundaries function in MATLAB was then used to
trace the boundaries of each organoid. From the identified objects, the regionprops function was used to find the
area and circularity of each organoid. The area was taken as the number of pixels contained within an organoid,
and circularity was calculated from the Eq. (1) below.

. . 4w X Area
Circularity =

— 1
Perimeter? W

For not aggregated culture conditions that resulted in several smaller clusters, these values were extracted
from the largest object in each image.

Sample embedding and cryosectioning. Organoids were collected from the ULA plate upon comple-
tion of the experiment on day 16, and washed with PBS. Samples were fixed in 4% paraformaldehyde for 30 min
at room temperature and washed three times in PBS'. To aid in the visualization of the organoids, they were
stained with 0.5% methylene blue (RICCS Chemical Company #4850-4, lot 2905C60) for 10 min, followed by
PBS washes to remove the excess dye. A small amount of optimal cutting temperature (OCT, Tissue-Tek #62550-
01, lot 190710) was added to a cryomold, and 4 organoids were added to each mold. Subsequently, the organoids
were covered with additional OCT. Isopentane (Sigma #M32631, lot SHBK7564) was cooled in liquid nitrogen,
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and samples were flash frozen in the isopentane for less than 2 min. Cryoblocks were stored at — 80 °C, and
10 pm sections of the organoids were obtained using a CryoStar NX70 cryostat (Thermo Fisher).

Immunofluorescence and microscopy. Mounted sections were thawed for 5 min, and a hydrophobic
pen was used to outline the regions of interest. The sections were rinsed with PBS, and permeabilized with
0.2% Triton X-100 (Sigma #T8787, lot SLBV4122) for 5 min as previously described'®. Briefly, the sections were
washed 3 times with PBS, and blocked with 4% bovine serum albumin solution (BSA, Millipore Sigma #82-067)
in PBS for 1 h at room temperature. Mouse monoclonal anti-laminin 5 (Abcam #ab78286, clone #P3H9-2, lot
no. GR3360269-2, diluted 1:200), mouse monoclonal anti-cytokeratin-14 (Abcam #ab7800, lot no. GR3335210-
1, diluted 1:1000), mouse monoclonal anti-cytokeratin-8 (Santa Cruz Biotechnology #sc-8020, diluted 1:100),
rabbit polyclonal anti-Zo-1 (Invitrogen #61-7300, diluted 1:50), mouse monoclonal anti-MYH11 (Santa Cruz
Biotechnology #sc-6956, diluted 1:400), and rabbit monoclonal anti-calponin-1 (Abcam #ab46794, lot no.
GR3250050-5, diluted 1:200) primary antibodies were prepared in a 1% BSA solution. The 4% BSA was removed
and the primary antibody solutions were added to the samples, and incubated at 4 °C overnight. The primary
antibody was then removed, and samples were washed with 1% BSA in PBS solution 3 times for 5 min each.
Goat anti-mouse IgG conjugated with Alexa Fluor 647 (Invitrogen #A32728, lot UK290265, diluted 1:500) and
anti-rabbit (Cell signaling #4412 s, diluted 1:500) secondary antibodies were prepared in a 1% BSA solution and
incubated with the samples for 2 h at room temperature. Slides were rinsed 3 times with PBS, and incubated with
Hoechst 33342 (Invitrogen #H3570, 10 mg/mL, lot 2096796, diluted 1:5000) for 10 min at room temperature.
The slides were rinsed 3 times with PBS, briefly dried, and mounted using ProLong Diamond Antifade mounting
media (Invitrogen #P36961, lot P36961). A DMi8 inverted epifluorescence microscope (Leica) equipped with
20x and 40x air objectives was used to image the samples.

Data availability
The datasets generated and/or analyzed during the current study for the purpose of this article are available from
the corresponding author on reasonable request.

Code availability
We have provided our MATLAB script as a Supplementary Method online.

Received: 23 July 2021; Accepted: 9 December 2021
Published online: 10 January 2022

References

1. Yin, Y. et al. Modeling rotavirus infection and antiviral therapy using primary intestinal organoids. Antiviral Res. 123, 120-131.
https://doi.org/10.1016/j.antiviral.2015.09.010 (2015).

2. Huch, M. & Koo, B. K. Modeling mouse and human development using organoid cultures. Development 142, 3113-3125. https://
doi.org/10.1242/dev.118570 (2015).

3. Kim, J., Koo, B. K. & Knoblich, J. A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol.
21, 571-584. https://doi.org/10.1038/s41580-020-0259-3 (2020).

4. Simian, M. & Bissell, M. J. Organoids: A historical perspective of thinking in three dimensions. J. Cell Biol. 216, 31-40. https://
doi.org/10.1083/jcb.201610056 (2017).

5. Nakano, T. et al. Self-formation of optic cups and storable stratified neural retina from human ESCs. Cell Stem Cell 10, 771-785.
https://doi.org/10.1016/j.stem.2012.05.009 (2012).

6. Lancaster, M. A. et al. Cerebral organoids model human brain development and microcephaly. Nature 501, 373-379. https://doi.
org/10.1038/nature12517 (2013).

7. Manninen, T., A¢imovi¢, J., Havela, R., Teppola, H. & Linne, M. L. Challenges in reproducibility, replicability, and comparability
of computational models and tools for neuronal and glial networks, cells, and subcellular structures. Front. Neuroinform. 12, 20.
https://doi.org/10.3389/fninf.2018.00020 (2018).

8. Huch, M., Knoblich, J. A,, Lutolf, M. P. & Martinez-Arias, A. The hope and the hype of organoid research. Development 144,
938-941. https://doi.org/10.1242/dev.150201 (2017).

9. Dayem, A. A. et al. Recent advances in organoid culture for insulin production and diabetes therapy: Methods and challenges.
BMB Rep. 52, 295-303 (2019).

10. Katt, M. E., Placone, A. L., Wong, A. D., Xu, Z. S. & Searson, P. C. In vitro tumor models: Advantages, disadvantages, variables,
and selecting the right platform. Front. Bioeng. Biotechnol. 4, 12. https://doi.org/10.3389/fbioe.2016.00012 (2016).

11. Djomehri, S. I, Burman, B., Gonzalez, M. E., Takayama, S. & Kleer, C. G. A reproducible scaffold-free 3D organoid model to study
neoplastic progression in breast cancer. J. Cell Commun. Signal https://doi.org/10.1007/s12079-018-0498-7 (2018).

12. Debnath, J., Muthuswamy, S. K. & Brugge, J. S. Morphogenesis and oncogenesis of MCF-10A mammary epithelial acini grown in
three-dimensional basement membrane cultures. Methods 30, 256-268. https://doi.org/10.1016/s1046-2023(03)00032-x (2003).

13. Wang, H., Lacoche, S., Huang, L., Xue, B. & Muthuswamy, S. K. Rotational motion during three-dimensional morphogenesis of
mammary epithelial acini relates to laminin matrix assembly. Proc. Natl. Acad. Sci. USA 110, 163-168. https://doi.org/10.1073/
pnas.1201141110 (2013).

14. Gaiko-Shcherbak, A. et al. The acinar cage: Basement membranes determine molecule exchange and mechanical stability of human
breast cell acini. PLoS ONE 10, e0145174. https://doi.org/10.1371/journal.pone.0145174 (2015).

15. Parigoris, E. et al. Cancer cell invasion of mammary organoids with basal-in phenotype. Adv. Healthc. Mater. 10, €2000810. https://
doi.org/10.1002/adhm.202000810 (2021).

16. Co, J. Y. et al. Controlling epithelial polarity: A human enteroid model for host-pathogen interactions. Cell Rep. 26, 2509-2520.
€2504. https://doi.org/10.1016/j.celrep.2019.01.108 (2019).

17. Yonemura, S. Differential sensitivity of epithelial cells to extracellular matrix in polarity establishment. PLoS ONE 9, e112922.
https://doi.org/10.1371/journal.pone.0112922 (2014).

18. Shen, Y., Hou, Y., Yao, S., Huang, P. & Yobas, L. In vitro epithelial organoid generation induced by substrate nanotopography. Sci.
Rep. 5, 9293. https://doi.org/10.1038/srep09293 (2015).

Scientific Reports | (2022) 12:317 https://doi.org/10.1038/s41598-021-03739-1 nature portfolio


https://doi.org/10.1016/j.antiviral.2015.09.010
https://doi.org/10.1242/dev.118570
https://doi.org/10.1242/dev.118570
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1083/jcb.201610056
https://doi.org/10.1083/jcb.201610056
https://doi.org/10.1016/j.stem.2012.05.009
https://doi.org/10.1038/nature12517
https://doi.org/10.1038/nature12517
https://doi.org/10.3389/fninf.2018.00020
https://doi.org/10.1242/dev.150201
https://doi.org/10.3389/fbioe.2016.00012
https://doi.org/10.1007/s12079-018-0498-7
https://doi.org/10.1016/s1046-2023(03)00032-x
https://doi.org/10.1073/pnas.1201141110
https://doi.org/10.1073/pnas.1201141110
https://doi.org/10.1371/journal.pone.0145174
https://doi.org/10.1002/adhm.202000810
https://doi.org/10.1002/adhm.202000810
https://doi.org/10.1016/j.celrep.2019.01.108
https://doi.org/10.1371/journal.pone.0112922
https://doi.org/10.1038/srep09293

www.nature.com/scientificreports/

19. Wang, A. Z., Ojakian, G. K. & Nelson, W. J. Steps in the morphogenesis of a polarized epithelium. II. Disassembly and assembly
of plasma membrane domains during reversal of epithelial cell polarity in multicellular epithelial (MDCK) cysts. J. Cell Sci. 95(Pt
1), 153-165 (1990).

20. Akhtar, N. & Streuli, C. H. An integrin-ILK-microtubule network orients cell polarity and lumen formation in glandular epithelium.
Nat. Cell Biol. 15, 17-27. https://doi.org/10.1038/ncb2646 (2013).

21. Gudjonsson, T. et al. Normal and tumor-derived myoepithelial cells differ in their ability to interact with luminal breast epithelial
cells for polarity and basement membrane deposition. J. Cell Sci. 115, 39-50 (2002).

22. Wang, X. et al. A complex 3D human tissue culture system based on mammary stromal cells and silk scaffolds for modeling breast
morphogenesis and function. Biomaterials 31, 3920-3929. https://doi.org/10.1016/j.biomaterials.2010.01.118 (2010).

23. Sarkar, T. R. et al. Identification of a Src tyrosine kinase/SIAH2 E3 ubiquitin ligase pathway that regulates C/EBP§ expression and
contributes to transformation of breast tumor cells. Mol. Cell Biol. 32, 320-332. https://doi.org/10.1128/MCB.05790-11 (2012).

24. Imbalzano, K. M., Tatarkova, L., Imbalzano, A. N. & Nickerson, J. A. Increasingly transformed MCF-10A cells have a progressively
tumor-like phenotype in three-dimensional basement membrane culture. Cancer Cell Int. 9, 7. https://doi.org/10.1186/1475-2867-
9-7 (2009).

25. Plachot, C. et al. Factors necessary to produce basoapical polarity in human glandular epithelium formed in conventional and
high-throughput three-dimensional culture: Example of the breast epithelium. BMC Biol. 7, 77. https://doi.org/10.1186/1741-
7007-7-77 (2009).

26. Duffy, D. C., McDonald, J. C., Schueller, O. J. & Whitesides, G. M. Rapid prototyping of microfluidic systems in
poly(dimethylsiloxane). Anal. Chem. 70, 4974-4984. https://doi.org/10.1021/ac980656z (1998).

27. Whitesides, G. M., Ostuni, E., Takayama, S., Jiang, X. & Ingber, D. E. Soft lithography in biology and biochemistry. Annu. Rev.
Biomed. Eng. 3, 335-373. https://doi.org/10.1146/annurev.bioeng.3.1.335 (2001).

Acknowledgements

This research was supported by NIH (R01CA196018) and NSF EBICS (CBET-0939511). This material is also
based upon work supported by the National Science Foundation Graduate Research Fellowship Program to J.C.
and E.P. (Grant Number: DGE-1650044). All schematics included in the figures were produced with Inkscape
and Rhinoceros 5.

Author contributions

S.L.,J.C., E.P, and S.T. designed the research, S.L. developed the ULA plate organoid formation method and
conducted the experiments, J.C. developed the image analysis protocol and analyzed image data, S.K. and J.L.
generated curvature-controlled PDMS molds, E.P. optimized the 3D culture method for mammary organoids,
S.L.and J.C. prepared the manuscript with input from S.T. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-03739-1.

Correspondence and requests for materials should be addressed to S.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:317 | https://doi.org/10.1038/s41598-021-03739-1 nature portfolio


https://doi.org/10.1038/ncb2646
https://doi.org/10.1016/j.biomaterials.2010.01.118
https://doi.org/10.1128/MCB.05790-11
https://doi.org/10.1186/1475-2867-9-7
https://doi.org/10.1186/1475-2867-9-7
https://doi.org/10.1186/1741-7007-7-77
https://doi.org/10.1186/1741-7007-7-77
https://doi.org/10.1021/ac980656z
https://doi.org/10.1146/annurev.bioeng.3.1.335
https://doi.org/10.1038/s41598-021-03739-1
https://doi.org/10.1038/s41598-021-03739-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	High-throughput formation and image-based analysis of basal-in mammary organoids in 384-well plates
	Results
	MCF10A organoid formation in curvature-controlled PDMS wells. 
	Basal-in MCF10A organoid formation in commercial 384-well ULA plates. 
	Live-cell imaging and development of an automated image analysis script for organoid analysis. 
	Tracking of early structural changes in aggregated and not aggregated conditions. 
	High-throughput screen of Matrigel and growth factor combinations. 

	Discussion
	Material and methods
	2D cell culture. 
	3D organoid culture. 
	Fabrication of PDMS microwells of varying concave curvature. 
	Real-time cell imaging of morphological changes in different ULA culture conditions. 
	Image analysis. 
	Sample embedding and cryosectioning. 
	Immunofluorescence and microscopy. 

	References
	Acknowledgements


