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e 3D cell cultures grown in sample carriers are amenable to
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e 3D cultures in HPF carriers allow for drug treatment and live-
cell imaging
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microscopy of 3D cell cultures

e Image segmentation links different subcellular organization
and epithelium polarity
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In brief

D’Imprima, Garcia Montero, Gawrzak,
et al. develop protocols for growing
mouse and human 3D cell cultures in
high-pressure freezing carriers, enabling
uninterrupted imaging from the light
microscopy millimeter scale of entire
organoids to the nanometer-scale volume
electron microscopy that captures
subcellular ultrastructure. The authors
thereby provide a 3D multi-scale
visualization of cancer disease models.
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SUMMARY

3D cell cultures, in particular organoids, are emerging models in the investigation of healthy or diseased tis-
sues. Understanding the complex cellular sociology in organoids requires integration of imaging modalities
across spatial and temporal scales. We present a multi-scale imaging approach that traverses millimeter-
scale live-cell light microscopy to nanometer-scale volume electron microscopy by performing 3D cell cul-
tures in a single carrier that is amenable to all imaging steps. This allows for following organoids’ growth,
probing their morphology with fluorescent markers, identifying areas of interest, and analyzing their 3D ultra-
structure. We demonstrate this workflow on mouse and human 3D cultures and use automated image seg-
mentation to annotate and quantitatively analyze subcellular structures in patient-derived colorectal cancer
organoids. Our analyses identify local organization of diffraction-limited cell junctions in compact and polar-
ized epithelia. The continuum-resolution imaging pipeline is thus suited to fostering basic and translational

organoid research by simultaneously exploiting the advantages of light and electron microscopy.

INTRODUCTION

Cell culture systems are indispensable for a wide range of basic
and pre-clinical studies. When modeling tissue-specific pro-
cesses or multifaceted diseases like cancer, conventional two-
dimensional (2D) cell cultures largely fail to recapitulate the
complexity and cellular heterogeneity of the normal and
cancerous tissue.' Conversely, three-dimensional (3D) cell cul-
tures can deliver more accurate representations of cell-cell and
cell-extracellular matrix (ECM) interactions, cell communica-
tion,? and cell division.® 3D cancer culture models allow for the
studying of tumor microenvironment, cell heterogeneity and in-
vasion,”® as well as the effect of anti-cancer drugs.® Thus, pa-
tient- or cell line-derived 3D cultures bridge the gap between
simplified 2D models and organismal models that are more
expensive and inaccessible to many imaging or high-throughput
methods. 3D cultures can be established by anchorage-inde-
pendent cell suspensions, scaffold-based approaches (natural
laminin-rich hydrogels [Matrigel’] or synthetic ECM), tissue sli-
ces, or air-liquid interfaces.®*° Commonly, 3D cultures are
derived from immortalized cell lines, induced pluripotent stem
cells, embryonic stem cells, or primary cells dissociated from an-
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imal or human tissues. When grown in 3D, immortalized cell lines
can form hollow spheres or solid spheroids, depending on their
respective epithelial polarization phenotypes. Organoids are
derived from stem cells or primary cells from healthy or diseased
tissues and reflect the respective tissue organization in 3D
culture. '™

Imaging is a powerful tool to study the complex 3D cellular so-
ciology in organoids. Bright-field microscopy enables long-term
imaging of organoid development at micrometer scale with min-
imal phototoxicity.'> Confocal microscopy and light-sheet mi-
croscopy permit the study of specific cellular processes at
higher resolution using fluorescent reporters for cell types, or-
ganelles, or proteins,'® or using cell-permeable dyes.'* How-
ever, the inherent opaque nature of large organoid cultures
(>200 pm) requires optical clearing.’® To ensure effective label-
ing and imaging, organoids are commonly extracted from the
Matrigel.'® Further, immunolabeling-based fluorescence neces-
sitates sample permeabilization. Both approaches require
chemical fixation that precludes live-cell imaging.17 Ultrastruc-
tural detail at the nanometer scale is commonly achieved with
2D imaging of ultrathin sections by transmission electron micro-
scopy (TEM).'® The biggest limitation of this technique, when
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imaging 3D cell cultures, is the lack of volumetric information that
is essential to appreciate multicellular organization in space. Vol-
ume EM via focused ion beam-scanning electron microscopy
(FIB-SEM) provides a solution to this problem. The method in-
volves progressive specimen slicing by FIB surface ablation
and iterative SEM imaging.'®"' FIB-SEM thus generates a series
of images that can cover a relatively wide field of view at nano-
meter-scale resolution, and extensive z-slicing yields relatively
large volumes of 3D ultrastructural information.?%%?

However, none of these imaging methods alone can provide a
complete functional and structural understanding of cells in the
context of the complex multicellular environment of organoids.
To alleviate such shortcomings, correlative approaches that
combine light- and electron-based imaging modalities have
been developed.'®?%?* Yet, their implementation in organoid
research has remained limited owing to the diverse requirements
these imaging modes have, and which are rarely met by one sin-
gle-specimen preparation; established EM specimen prepara-
tion requires sample cross-linking by chemical fixation at room
temperature, leading to disruption of the cells’ fine ultrastruc-
ture.?® Cryogenic fixation instead uses low temperatures to sta-
bilize the sample under fully hydrated physiological conditions.
Freezing must retain the water molecules in an amorphous state
in a process called vitrification.?® For larger objects, including 3D
cell cultures, vitrification is achievable by high-pressure freezing
(HPF).?” Here, samples that are up to 200 um thick are sand-
wiched between two metal disks, known as planchets or HPF
carriers. Then, the specimen that is protected between the metal
carriers is pressurized to 2,000 bar and cooled by liquid nitrogen
within 200 ms. For room temperature EM, the cryo-fixed sam-
ples are subjected to freeze-substitution and stained with heavy
metals to provide contrast in EM.?® A variation of this procedure
reduces the amount of metals in the freeze-substitution cocktail
to only 0.1% uranyl acetate, allowing preservation of fluores-
cence for targeting of specific regions of interest (ROls) in large
sample volumes by fluorescence imaging after embedding,”**°
while still providing sufficient contrast for FIB-SEM imaging.*°
Such preparation methods are easily applicable for specimens
that are amenable to manual handling for cryo-fixation, including
small model organisms or dissected tissues. However, the
fragility of 3D organoids grown in soft matrices precludes such
manipulation. It is therefore beneficial to perform the 3D cell cul-
tures and live imaging in sample carriers that are directly
amenable to cryo-fixation. Here, we show that it is possible to
perform 3D cultures in common HPF carriers coated with a
biocompatible metal, and we develop a seamless workflow to
image the cultures from their initial development to high-resolu-
tion FIB-SEM.

DESIGN

Compared with 2D cell cultures, organoids allow for a better
model of cellular heterogeneity in healthy and diseased epithelia.
Their inherent complex 3D structure requires the use of multiple
imaging methods to capture disease development across
scales. It is therefore beneficial to directly correlate non-invasive
light microscopy that is essential for probing organoid develop-
ment with high-resolution EM to image subcellular structures.
We choose HPF carriers as an economical, readily available,
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and biocompatible carrier amenable to all the imaging modalities
to minimize manual handling and perturbation of fragile 3D orga-
noids grown in soft matrices. We opted for FIB-SEM volume im-
aging to capture in 3D diffraction-limited subcellular structures
and probed their heterogeneity in the multicellular context of pa-
tient-derived colorectal cancer organoids. Finally, we employed
trainable deep-learning automatic image segmentation to infer
quantitative information from the large amount of EM data.

RESULTS

Establishing a multi-scale imaging pipeline

In multimodal imaging pipelines, EM has the most stringent re-
quirements for specimen preparation due to its high resolving
power. HPF is the only approach to preserve the ultrastructure
of multicellular samples. We tested whether common gold-
coated copper HPF carriers as readily available supports are
compatible with long-term 3D cell culture and the subsequent
imaging modalities (Figure 1A). We used 200-um-deep HPF car-
riers featuring a nominal 0.62 mm?® sample volume and 3.14 mm?
surface area that is exposed to the culture medium, providing a
surface-to-volume ratio 2.5 times larger than our standard 3D
culture conditions (90 pL Matrigel drop in tissue culture [TC]
dishes).®' We performed the 3D cell culture directly in HPF car-
riers by pipetting in the recess 1-2 pL of cell suspension mixed
with Matrigel (STAR Methods). The carriers were then placed in
multi-well TC dishes supplied with the culture medium. To aid
handling and prevent floating of the carriers, they were fixed
with a droplet of Matrigel to 12 mm glass coverslips. With this
setup, we could monitor the 3D cell culture growth by stereomi-
croscopy up to 24 days and correlate it with subsequent live-cell
confocal imaging (Figures 1A and 1B). We acquired light micro-
scopy images at single time points to monitor the organoid
growth for subsequent EM. Nevertheless, acquisition of time-se-
ries confocal fluorescence microscopy (4D imaging) is techni-
cally possible using this setup. Next, we performed HPF at cho-
sen time points of the culture. Freeze-substitution, heavy metal
staining that retains fluorescence signal and Lowicryl HM20 resin
embedding were carried out in preparation for room-tempera-
ture FIB-SEM.®° The resin block was then imaged by confocal
fluorescence microscopy to relocate features previously identi-
fied in the specimen by live-cell imaging and to define ROls.
We generated landmarks on the resin block surface by two-
photon laser ablation to facilitate identification of the ROIs and
guide their high-resolution imaging in subsequent FIB-SEM,*°
resulting in an imaging pipeline covering all spatial scales from
1073 to 10~° m on the same organoids. This pipeline requires
up to 10 days, with the freeze-substitution being the longest
step (Figure 1B). In summary, transferring fragile organoids into
HPF carriers is a cumbersome procedure involving their removal
from the ECM,* which can alter the organoids’ morphology and
prevents image registration pre and post cryo-fixation. Thus, by
establishing 3D cultures directly in HPF carriers, sample handling
and all imaging steps require minimal manual intervention.

HPF carriers are compatible with diverse 3D cell culture
models

To validate the compatibility of the developed pipeline for
organoid research, we examined three types of 3D cell
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Figure 1. 3D cell cultures in HPF carriers enable correlative imaging from the millimeter to the nanometer scale
(A) Amulti-scale imaging pipeline of 3D cell cultures in HPF carriers encompasses millimeter-scale stereo light microscopy, 3D confocal fluorescence microscopy
prior to and following cryo-fixation, and nanometer-scale FIB-SEM volume imaging. Asterisks indicate single cells that can be targeted and followed throughout

the imaging pipeline.

(B) Timeline of 3D cell culture for room-temperature sample preparation and imaging.

cultures: models of primary healthy and tumorigenic (under
doxycycline oncogene induction) epithelia derived from mouse
mammary glands, patient-derived human colorectal cancer,
and a human breast cancer cell line (Figures 2 and S1; STAR
Methods). We grew our model of healthy mammary gland orga-
noids from single-cell suspensions derived from transgenic mice
expressing H2B-mCherry as a nuclear marker. Within 14 days,
mammary gland organoids grown in the HPF carriers displayed
the expected single layer of epithelial cells arranged around a
lumen, similar to standard culture conditions (Figures 2A, 2B,
S1A, and S1B).>®* The H2B-mCherry reporter allowed us to
inspect the organoids’ distribution and morphology over several
days of culture (Figure S1E). Immunofluorescent staining for the
apical-basal cell polarity marker epithelial cadherin (E-CAD) and
the tight-junction protein zonula occludens-1 (ZO-1) showed that
they localized in the apical cell membranes that line the lumen,
while the basal side faces the ECM in both HPF carriers (Fig-
ure 2B) and TC dishes (Figure S1B), confirming preservation of
polarized epithelia characteristics. In addition, immunostaining
of tissue-specific differentiation markers on fixed samples in
the HPF carriers showed that the organoids are predominantly
composed of luminal mammary epithelial cells expressing kera-
tin 8 (K8) and a few basal/myoepithelial mammary cells express-
ing keratin 14 (K14) (Figure 2C). Moreover, activation of c-myc
oncogene expression by doxycycline addition in the HPF carriers
leads to the development of solid tumorigenic organoids, remi-
niscent of the tumor-induced organoids grown on dishes®
(Figures STH-S1K).

Patient-derived colorectal cancer organoids grow within a
week as irregularly shaped clusters and display similar
morphology in HPF carriers and TC dishes (Figures 2D and
S1C). Fluorescence live-cell confocal imaging of the organoids
in HPF carriers stained with the nuclear dye Hoechst-33342
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showed multiple cell layers with small lumina (Figure S1F). Immu-
nofluorescent staining in both HPF carriers (Figure 2E) and TC
dishes (Figure S1D) for E-CAD and ZO-1 showed that the ex-
pected apical-basal cell polarity is recapitulated in both culture
conditions. Concurrently, the organoids expressed E-CAD and
the cytokeratin 20 (CK20) marker specific for colon tissue®*
(Figure 2F).

The human breast cancer cell line BT-474 develops as regular-
shaped spheroids when embedded in Matrigel and cultured in
HPF carriers for up to 14 days (Figure 2G). Confocal live-cell im-
aging confirmed the formation of solid spheres without lumina in
HPF carriers (Figure S1G), and these do not display apical-basal
cell polarity (Figure 2H).°

Thus, the examined types of 3D cell cultures grown in HPF car-
riers display morphologies, composition, and cell polarity remi-
niscent of organoids grown on TC dishes. Therefore, HPF car-
riers are applicable for a range of 3D cell cultures and are
compatible with confocal microscopy performed on live and
fixed organoids as the first step in a multi-scale imaging pipeline.

Small-molecule live dyes for correlative imaging of 3D
cell cultures

Genetically engineered cell lines or animal models are frequently
used to prepare 3D cell cultures with fusion proteins as fluores-
cent reporters. The production of transgenic reporters is time-
consuming and may be impractical for speedy translational
molecular medicine using patient-derived organoids, although
recent publications show promising results.*® In Figure 2, we
demonstrated the applicability of HPF carriers for culturing orga-
noids derived from transgenic mice with or without fluorescent
reporters and two human-derived systems that lack genetically
encoded fluorescence. For the latter, we investigated the possi-
bility of using cell-permeable fluorescent live dyes as an
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Figure 2. Preservation of organoid-specific 3D multicellular morphologies in HPF carriers

(A-C) Mouse mammary gland organoids. (D-F) Patient-derived colorectal cancer organoids. (G and H) BT-474 human breast cancer spheroids. In (A), (D), and (F),
stereomicroscopy of mouse mammary gland organoids, patient-derived colorectal cancer organoids, and BT-474 human breast cancer spheroids growth in HPF
carriers at the indicated time point of the culture. Arrowheads indicate single organoids. Asterisk in (A) indicates marks that can be applied to the bottom of the HPF
carriers with blunt-tip tweezers prior to Matrigel deposition to assist imaging by different light microscopes. Bottom left: schematic of organoid morphology. In (B), (E),
and (H), immunostaining of polarity markers: the cell-adhesion protein epithelial cadherin (E-CAD, cyan) and tight-junction protein zonula occludens-1(ZO-1, magenta).

(legend continued on next page)
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alternative solution. However, small-molecule live dyes are often
incompatible with fixation and dehydration procedures required
for EM.*"*® Thus, we tested four common live dyes with different
chemical properties: we used a combination of Hoechst-33342
to mark cell nuclei and one of the 3 dyes SiR-actin, FM4-64,
and BODIPY 493/503. All live dyes infiltrated organoids grown
in HPF carriers, allowing for live imaging of cell nuclei, of SiR-
actin stained cortex in human BT-474 spheroids (Figures 3 and
S2A-S2C) and in mammary gland organoids (Figures S2D-
S2F), of BODIPY 493/503 stained lipid droplets in mammary
gland tumor organoids (Figures S2G-S2I), and of cell mem-
branes stained with FM4-64 in patient-derived colorectal cancer
organoids (Figures S2J-S2L). In agreement with their chemical
properties, hydrophilic dyes (Hoechsts-33342 and SiR-actin;
Figures 3B and 3C) were preserved following freeze-substitu-
tion. The fluorescence signal of the membrane marker FM4-
64 appeared diffuse after freeze-substitution but permitted
discerning cell boundaries to some extent (Figures 3D and 3E).
The hydrophobic lipid droplet marker BODIPY 493/503 was
completely removed during the washing step with organic sol-
vents in freeze-substitution (Figure 3F). Conversely, HPF alone
did not affect the fluorescence signal of lipophilic dyes as deter-
mined by direct imaging of HPF samples with a cryo-confocal
microscope (Figures 3G-3l; STAR Methods). Thus, live dyes pre-
sent an alternative for genetic tagging in fluorescence-based
correlative imaging in 3D cultures.

FIB-SEM volume imaging of 3D organoids

Following localization of ROls in the resin block by confocal im-
aging and generation of surface landmarks by laser branding in
the same microscope, we proceeded to FIB-SEM imaging. It is
known that vitrification efficiency by HPF varies from sample to
sample.®® Ice crystals’ growth can induce organelles collapse,
segregation, and aggregation of macromolecules. The EM data
showed that organoids display different freezing behavior from
their Matrigel embedding medium, which exhibits fiber-like fea-
tures (Figures 4A and 4B). Mature mammary gland organoids
developed in 6-8 days in culture, during which cells polarize
and self-organize in monolayered acini. Before reaching this
stage, cells are intertwined in several layers within crowded acini
(lumen up to 15% of the organoid volume) with high cell packing
density (Figure 4A). FIB-SEM data of such organoids generally
showed good ultrastructural preservation with fine details of
centrioles, mitochondria, and condensed chromatin (Figure 4C).
Conversely, in mature monolayer organoids, the lumen com-
prises up to 60% of the organoid volume (Figures 2B and 4D).
In this scenario, the polarized cells displayed typical freeze-sub-
stitution artifacts including cracks and membrane detachment at
cell-cell and cell-ECM interfaces (Figures 4D and 4E) due to resin
polymerization-induced shrinkage. Freezing damage is evident
in nuclei and in the cytosol (Figure 4E), wherein dehydrated bio-
logical material segregates to form branched structures that
grow from water crystal nucleation points and spread through
the surrounding sample.

Developmental Cell

Despite the inherent heterogeneity of freezing quality ex-
pected in HPF, our preliminary observation of early multilayered
versus late monolayered mammary gland organoids suggested
that the preservation of the cellular ultrastructure improved
with increased local density of cells within the organoids and
reduced size of the lumen. To provide a semi-quantitative
description of the freezing quality, we prepared thin sections
from the HPF 3D cultures for TEM to image larger areas of the
different organoids and to probe diverse and distant regions
across the HPF carriers. We prepared thin sections from healthy
(mouse NI) and doxycycline-induced tumorigenic (mouse Ind)
mouse mammary gland organoids, human spheroids (BT-474),
and patient-derived colorectal cancer organoids. The sections
were cut orthogonal to the HPF carrier surface, aiming for orga-
noids located in the bulk of the Matrigel (Figure S3A). We imaged
six to ten organoids per sample, spaced between 90 and 400 um
from the edge of the HPF carrier toward its center, and surveyed
large areas by tiling multiple TEM imaged spots (Figures S3A and
S3B). We visually inspected each tile for the presence of freeze
damage artifacts and scored the quality of structural preserva-
tion. Overall, our survey shows that compact organoids like hu-
man colorectal cancer achieve high ultrastructural preservation,
with a minimum of 60% of structurally intact regions and median
of 83%, or human breast cancer spheroids with a minimum of
60% and median of 75% (Figure 4F). Conversely, we obtained
less consistent success for mouse organoids with large lumina
(17%-23% median ultrastructural preservation, Figure 4F).
More specifically, human colorectal cancer organoids grow as
large and compact structures that protrude into the Matrigel
with multiple branches featuring one lumen (Figure S3C). Unlike
the mouse organoids, human colorectal organoids showed bet-
ter preserved cell ultrastructure and a larger number of cells with
little or no freezing damage (Figures 4F and S3B). Human breast
cancer spheroid represented the densest cell system that is
devoid of a lumen and exhibited minimal freezing damage, which
was restricted to the center of the sample, as expected from
theoretical considerations of heat transfer during HPF
(Figures 4F and S4). Structural damage was confined to cell
nuclei, and the occasional cytosolic segregation was restricted
to one or two cell layers at the spheroid center (Figure S4).
Finally, we estimated the cell packing density for all systems
as the ratio between the organoids’ total area divided by the
number of cells, approximated by counting the nuclei in the
TEM sections. Our data suggest that more compact organoids
suffer less freeze damage despite the use of an identical embed-
ding matrix and carrier dimensions (Figure 4G).

Optimization of HPF conditions is generally required for each
specimen type.*? This typically consists of embedding or infil-
trating the sample with release agents like 1-hexadecene or leci-
thin and with cryo-protectants such as glycerol, dimethyl sulf-
oxide (DMSO), bovine serum albumin (BSA), yeast paste,
gelatin, polyvinylpyrrolidone, dextran, sucrose, and Ficoll. We
therefore sought to improve the vitrification of the least pre-
served 3D culture sample encountered, namely mammary gland

Cell nuclei stained with DAPI (white). Insets: details of cell-cell and cell-lumen interfaces. In (C), immunostaining with tissue-specific markers: luminal keratin 8 (K8,
magenta) and basal/myoepithelial keratin 14 (K14, green). In (F), immunostaining with tissue-specific markers: epithelial cadherin (E-CAD) and cytokeratin 20 (CK20,

green), a colon cell marker.
See also Figure S1.
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Figure 3. Preservation of fluorescent live dyes in cryo-fixation and freeze-substitution

(A) Schematic representation of a BT-474 human breast cancer spheroid. Locations of confocal imaging before (red, B) and after (blue, C) freezing and freeze-
substitution are indicated.

(B) Maximum intensity projection of the live spheroid confocal volume stained with live dyes for detection of nuclei (Hoechst-33342, grayscale) and F-actin (SiR-
actin, cyan).

(C) A confocal plane of the exposed resin block surface.

(D and E) Confocal imaging of primary mouse mammary gland organoids stained with membrane and nuclear live dyes (FM4-64 in magenta and Hoechsts-33342
in grayscale, respectively) after freeze-substitution.

(F) Tumor-induced mouse organoid stained for nuclei (Hoechst-33342, grayscale) and lipid-droplet (BODIPY 497/503, green).

(legend continued on next page)
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mouse organoids, by introducing cryo-protectants prior to cryo-
fixation. We found that dipping the HPF carriers for 1 min before
HPF in Cellbanker 2, a common medium for preserving cells in
liquid nitrogen (STAR Methods), or in 20% Ficoll (70,000 MW)
dissolved in cell culture medium improved the sample quality af-
ter HPF (Figure S5). Quantification of the ultrastructural preser-
vation showed improvement from ~25% to ~77% (median
values, Figure 4F).

In summary, Matrigel-embedded organoids are challenging
samples for successful HPF because of the high-water content
within the embedding medium. Nevertheless, Matrigel provides
the necessary physiological environment for 3D cell cultures.
We found that organoids with local high-density cell packing
are more resilient against freeze damage and provide adequate
ultrastructural preservation. The different organoid systems
require optimization in preparation for HPF, which can be
achieved by careful selection of additives.

Multimodal imaging of 3D organoids with continuum
spatial resolution

Using the HPF carriers as a container for 3D cell culture allows
for minimal manual intervention during their development and
facilitates correlation of diverse modalities to achieve contin-
uum-resolution imaging from millimeter to nanometer scale.
We demonstrate the full imaging pipeline by performing 3D
cell culture of human breast cancer spheroids directly in the
HPF carriers and monitoring their growth by stereomicroscopy
(Figure 5A). At a chosen development stage of the culture, each
carrier was stained with live dyes and transferred into 35-mm
glass-bottom dishes for the acquisition of live-cell confocal vol-
umes (Figure 5B). This provided information on the overall ar-
chitecture of the 3D cell culture and allowed for selection of
cells within specific organoids for higher-resolution imaging.
Subsequently, the samples were high-pressure frozen and pro-
cessed with a gentle freeze-substitution protocol to preserve
the fluorescence signal (Figure 5C). Two-photon laser surface
branding of the resin-embedded samples at selected positions
identified by fluorescence aided the targeting of FIB-SEM
data with micrometer precision (Figure 5D). We identified the
surface branded targets in the SEM, performed metal deposi-
tion and trench preparation following established protocols
(Figures 5E-5H), and acquired FIB-SEM data with isotropic
sampling of 10 nm®/voxel (Video S1). Typically, precise correla-
tion of light and EM (CLEM) data in 3D still requires tedious
manual positioning and registration. Alternatively, dedicated
hardware that integrates a wide-field light microscope into a
dual-beam FIB-SEM provides means for direct registration of
the data.”’ Here, because all imaging steps were performed
on the same specimen with minimal perturbation, we could
precisely overlay the FIB-SEM volume data of just a few
cells within the 7 x 10% um?® volume of fluorescence data
(Figures 51-5K). Finally, we show that the FIB-SEM data ac-
quired from six cells within the BT-474 organoids were of suf-
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ficient contrast and quality by segmenting the nuclei and mito-
chondria in cells targeted for acquisition (Figures 5L-5N).

Characterizing ultrastructural heterogeneity of
tumorigenic organoids

Intratumor heterogeneity is a prominent feature of cancer and a
major impediment to personalized medicine.* Thus, we focused
the imaging and analysis on our model of patient-derived colo-
rectal cancer organoids that exhibited a high level of structural
preservation by HPF (Figure S3). Fluorescence microscopy
showed that mature organoids display regions with different
cell packing, depending on the presence of branched lumina
(Figures 2D, 2E, and S2L). We took advantage of this heteroge-
neous morphology to investigate whether and how it translates
to structures at the subcellular level. We used nuclear staining
(Hoechst-33342) to define three positions that differed in their
tissue architectures for FIB-SEM acquisitions (Figures S6A and
S6B). From those, we collected datasets of 121,000, 113,000
and 204,000 pm® volumes at a sampling rate of 15 x 15 x 20
(x, ¥, zZ) nm®/voxel over 72 h per dataset (Figures S6A-S6D).
The organoids displayed complex networks of cells: heteroge-
neous cell packing spaced by multiple lumina (Video S2) alter-
nated with polarized parts of the organoids (Figure S6E; Video
S3) or with highly packed epithelium morphology (Video S4).
3D volume imaging allowed us to capture cancer-related events,
such as entotic cells, that are rarely observed either because of
insufficient resolution or absence of specific fluorescent markers
(Figure S6F).*® In this non-apoptotic process, some cells inter-
nalize adjacent ones and degrade them by lysosomal en-
zymes.** This process can occur when cells struggle to scav-
enge nutrients from their microenvironment, particularly where
tumor vasculature is either deficient or absent. Interestingly, en-
tosis has yet to be described in colorectal cancer,”® and unlike
previously reported,’* exposure to Matrigel did not inhibit the
internalization process.

To provide comprehensive characterization of the heteroge-
neity at the subcellular level across the different organoid mor-
phologies, we segmented cells and organelles in the FIB-SEM
data. While manual annotation becomes unfeasible given the
large amount of data, deep-learning algorithms offer a workable
solution for automating this task. We used convolutional neural
networks (CNNs) and trained instance-type segmentation net-
works for single cellular structures (STAR Methods). We
focused on two commonly segmented targets (cell nuclei and
mitochondria) that are large, have roughly defined shapes,
and are highly represented in the cell volumes and two chal-
lenging fine structures (actin bundles in microvilli and cell junc-
tions). Manual annotation was first performed on multiple sub-
frames to train a CNN that can automatically segment a
specific organelle (e.g., mitochondria) within the whole volume
(Figures 6A-6C). Of special relevance for cancer development
are the interactions between the cortical cytoskeleton and cell
junctions.*> Junctional complexes play a role in the oncogenic

(G) Light microscopy of patient-derived colorectal cancer organoids (white arrows) before high-pressure freezing.
(H) Maximum intensity projection tiled scan cryo-light microscopy of the carrier in (G) after high-pressure freezing. Inset: organoid in (H) with nuclear (Hoechst-

33342, grayscale) and membrane (FM4-64, magenta) live dyes.

(I) Cryo-light microscopy of BT-474 spheroids. Inset: organoid in (I) with nuclear (Hoechst-33342, grayscale) live dye.

See also Figure S2.
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Figure 4. Assessment of structural preservation of 3D cell cultures

(A-C) FIB-SEM of multilayer mouse organoid after 7 days of culture, showing details of the cytoplasm characteristic freezing (left, asterisk) versus Matrigel (right,
arrowhead) (B) , and a well-preserved cell with condensed chromatin, centriole, and mitochondria (C).

(D and E) Monolayer organoids show freezing damage and extensive cracks, with membrane detachment. Red arrows in (A) and (D) highlight cell vacuoles
characteristic of mouse mammary gland organoids.

(F and G) Quantification of HPF efficiency by thin section TEM and its correlation with cell density in organoid (G) for human breast spheroids (BT474, n =7
spheroids, 1,619 examined tiles), human colorectal cancer organoids (colon, n = 11 organoids, 823 tiles), doxycycline-induced tumorigenic (mouse Ind, n = 8
organoids, 430 tiles), and healthy (mouse NI, n = 8 organoids, 596 tiles) mouse mammary gland organoids that were additionally supplemented with cryo-
protectants (cryo-protectants, n = 6 organoids, 450 tiles). In (F), orange line, median; box, 25%-75% interval; whiskers, minimum and maximum. In (G), R is the
Pearson correlation coefficient. Further details in the STAR Methods.

See also Figures S3-S5.
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Figure 5. Correlative multi-scale imaging of 3D cell cultures

(A) Stereomicroscopy of BT-474 human breast cancer spheroid cultured in HPF carrier.

(B) Live-cell confocal slice of the indicated spheroid in (A), showing nuclei (Hoechst-33342, magenta) and F-actin (SiR-actin, cyan).

(C) Maximum intensity projection tiled scan of the specimen from (A) after HPF and freeze-substitution. Frame indicates the spheroid imaged in (B) and enlarged
in (D).

(D) Confocal plane after freeze-substitution. Surface laser brandings were introduced at positions of interest (white asterisks) to guide FIB-SEM volume imaging
(magenta asterisk).

(E) SEM view of the sample in (D).

(F-H) Targeted FIB-SEM acquisition. (F) Brandings (white asterisks) and FIB-SEM target (magenta asterisk) before (G) and after trench milling (H), showing the
organoid outer edge (white dash) next to the embedding Matrigel (white star). Details of the acquired volume are shown in Video S1. White triangle indicates the
protective platinum layer. Red and white arrows indicate the milling direction and the progression, respectively.

(I-K) Correlated light and electron volume imaging of targeted cells from the organoid in (H) (magenta asterisk in D and F). () CLEM overlay of the nuclear
fluorescence (Hoechst, magenta) of the organoid in (B)~(D) (mesh size 10 um) and the targeted FIB-SEM acquisition in (H) (gray). Top arrow indicates the

(legend continued on next page)
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signaling cascade that regulates cytoskeleton remodeling. This
leads to a loss of epithelial cell polarity and tissue invasion by
cancer cells in the process of epithelial-to-mesenchymal transi-
tion.”® Despite the low amount of stain (0.1% uranyl acetate) in
our preparations, patient-derived colorectal cancer organoids
featured high contrast for actin bundles and different types of
cell junctions. Actin bundles were mostly evident within micro-
villi at the apical side of cells facing lumina, appearing as
~1 um-long fibers or high-contrast dots when cut parallel or
perpendicular to the image plane, respectively (Figure 6D;
Videos S2, S8, and S4). The trained CNN segmented scattered
actin bundles within cells and those that form the basis of
luminal microvilli (Figures 6E and 6F; Videos S5, S6, and S7).
Cell junctions are inherently smaller and less represented in
the data. Although the FIB-SEM resolution was sufficient to
distinguish between tight junction (Figures 6G and 6H, white ar-
rows) and larger desmosomes (Figure 6H, red arrows), the CNN
could not segment them separately due to their insufficient pixel
sampling. Nonetheless, a dedicated CNN segmented the
detectable cell junctions in all the EM data (Figures 61, 6J and
6K). A 3D rendering of the cell nuclei, actin bundles, and cell
junctions of one of the acquired volumes (area 3 in Figure SE6A)
shows the complexity of the organelle arrangement in colorectal
cancer organoids (Figure 6L).

The segmentations of the different structures permit statistical
analysis of the organelles for quantitative characterization of the
organoids. For example, mitochondria generally range from on-
ion-like to highly reticular shapes, whereas their dimensions are
roughly uniform in non-diseased cells.*”~*° When scoring mito-
chondria according to their volume, we found that they overall
showed consistent volumes, with the exception of two cells
with mitochondria that were two orders of magnitude larger
than the others (Figures 6M and area 3 in S6A; Videos S2
and S5). However, we could not identify structural features in
the cells or their environment that otherwise point to their
different state.

We next turned to quantitatively evaluate differences in sub-
cellular structures associated with different cell packing arrange-
ments. Based on the fluorescence data, we refer to the different
cell packing as mixed, monolayer, or compact (Figure 7). The
mixed area shows heterogeneous arrangements (Figures 7A
green and area 3 in S6A), a recess displays a long lumen sur-
rounded by cell monolayers (Figures 7A red and area 2 in S6A),
and the compact zone shows dense cell packing (Figures 7A
blue and area 1 in S6A). It is known that healthy polarized cells
in epithelia have roughly spherical nuclei and asymmetric organ-
elle distribution in 2D cultures.*° It is however expected that can-
cer cells will exhibit more heterogeneous morphologies that have
yet to be described in detail in 3D cell cultures. Indeed, the colo-
rectal cancer cells show spherical nuclei in mixed cell packing
parts of the organoids (Figure 7B), whereas monolayer or
compact cell packing show spheroid-shaped nuclei (Figure 7B).
This is in line with literature on 2D cell cultures where cancer cells
adapt nuclear shape to account for external forces or in
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response to constrained space during invasion.”’ Interestingly,
the ratios between nuclei or mitochondria and cell volumes
were similar in all three cell packing morphologies (Figure 7G).
However, the majority of cells show nuclei with long clefts and
grooves, and occasionally polynucleated cells with mitochondria
intertwined between the nuclei (Videos S5, S6, and S7), demon-
strating the heterogeneous nature of the organoids that can only
be pertained in 3D conditions.

We then investigated potential relationships between multi-
cellular architectures and the spatial distribution of cell junc-
tions (Figures 7C-7F). We counted 7,803, 4,980, and 5,105 in-
dividual cell junctions in the areas with mixed, monolayer, and
dense cell packing, respectively (Figure 7G). A visual inspection
of the segmentations showed that the cell junctions follow the
cell boundaries (Figure 6K; Videos S5, S6, and S7). Nearest-
neighbor analysis of the segmented cell junctions interestingly
showed that inter-junction shortest distances in all three vol-
umes have a similar pattern, with 90% of the data falling within
a 1-um distance (Figure 7C). However, global nearest-neighbor
analysis does not account for local variations. We therefore
calculated density maps of the local concentration of cell junc-
tions (Figure 7E; STAR Methods) and for the actin bundles (Fig-
ure 7F). Here, density maps of the segmented subcellular struc-
tures provide a measure of how many voxels are occupied by
the structure within a specified volume. This allowed us to visu-
ally evaluate the extent of microvillar actin bundles and cell-
junction co-occurrence in specific locations. The density
maps indicate that local higher density of cell junctions coin-
cides with local higher density of actin bundles that line up
the organoid lumina. Our data demonstrate that more compact
and polarized epithelia seal off lumina with a higher local con-
centration of cell junctions and microvilli, reminiscent of pat-
terns observed in the Madin-Darby canine kidney (MDCK) cell
line model using light microscopy and thin section TEM.*?~>*
While the molecular composition of junctional complexes and
their dynamicity are well characterized in homogeneous cell
line models that can establish epithelial polarity, not much is
known about their 3D spatial arrangement at ultrastructural res-
olution in heterogeneous organoids. We thus provide a quanti-
tative description of the local distribution of diffraction-limited
cell junctions in cancer tissue models using patient-derived
organoid.

DISCUSSION

We describe a multi-scale imaging pipeline across optical and
electron microscopes that enables seamless correlative investi-
gations in the emerging model systems of 3D cell culture. Per-
forming the 3D culture directly in standard HPF carriers retained
the expected morphology for a diverse set of model organoids
(Figure 2) and guaranteed that the sample remained unperturbed
from the beginning of cell seeding until HPF. This avoids the need
for dedicated carriers® or additional mounting media for
confocal and light-sheet imaging.®® Thus, the use of HPF carriers

fluorescence imaging direction shown in (J). Side arrow indicates the imaging direction in the FIB-SEM acquisition shown in (K). Post-embedding fluorescence
and SEM imaging planes are displayed in (J) and (K), respectively, where the correlated location of a vacuole (a) and nucleus (b) are highlighted.
(L-N) 3D representation (mesh size 5 um) of the FIB-SEM acquisition (L), and automatic segmentation of nuclei (M), combined with mitochondria (N).

See also Video S1.
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enabled us to correlate the growth of the 3D cell cultures (stereo-
microscopy), the visualization of multicellular architectures and
cellular structures of interest (live-cell fluorescence confocal im-
aging) for subsequent post-embedding imaging and laser brand-
ing, to ultimately guide FIB-SEM volume imaging for ultrastruc-
tural investigations. HPF carriers further provide a high surface
area to volume ratio that allows infiltration with diverse small mol-
ecules (100-1,000 Da molecular weight), including drugs like
doxycycline (Figure S1). Thus, 3D cell cultures performed in
HPF carriers are amenable to drug screening and treatment,
with the advantage of being directly accessible to imaging by
both light and EM. Because of the unspecific and broad-spec-
trum binding of the uranyl-acetate stain, FIB-SEM can image
multiple subcellular components at nanometer-scale resolution
within hundreds of thousands of cubic micrometers of a multicel-
lular sample guided by fluorescent signal. Future efforts for inte-
grating such approaches into high-throughput platforms for or-
ganoid research will facilitate expanding organoid phenotyping
to the ultrastructural level and aid in deriving mechanistic under-
standing of tissue-specific processes or drug effects.

The ability to image 3D cell cultures across scales allowed us
to investigate diffraction-limited structures in their multicellular
context that are otherwise difficult to capture by either 2D TEM
or light microscopy alone. Fluorescence signal guided the FIB-
SEM acquisition of more than 10° um? in a colorectal cancer or-
ganoid at ultrastructural resolution, corresponding to roughly
30-70 cells in a single imaging session. Further, automatic image
segmentation provided quantitative information on the imaged
data. The combination of these methods provided an ultrastruc-
tural 3D map of cell junctions. The data unveiled that cancer cells
sealing off lumina in areas with different packing topologies ex-
hibited some polarity features of healthy cells (like apical micro-
vill). However, 3D mapping of individual junctional complexes
(desmosomes, tight and adherence junctions) indicated
abnormal polarity as they seem not to always localize with
luminal microvilli (Figures 7D-7F mixed cell packing; Video S5).
These possibly point to cells with higher invasive and metastatic
potential within different parts of the tumor. Such level of tumor
heterogeneity can only be probed at ultrastructural resolution,
across multiple cells within an epithelium minimally perturbed
by sample preparation, thanks to the unspecific stain for EM
that allows 3D imaging of all subcellular structures at once.

Beyond the scope of this study, potential applications of our
pipelines are several and multidisciplinary. We envision that pa-
tient-derived tumor organoids will be amenable to ultrastruc-
tural analysis to study multicellular interaction during drug treat-
ment, enabling a deeper understanding of drug resistance,
e.g., via loss of polarity/epithelial-mesenchymal transition®”~>°
and therapies modulating cell-cell contacts.®® Co-cultures of
patient-derived colorectal carcinoma organoids have been
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used to interrogate the effects of anaerobic microbiota on tumor
progression.®’ The use of fluorescently marked patient-derived
organoids together with differentially marked associated micro-
bial taxa allows now for the ultrastructural investigation of tis-
sue/bacteria interactions,®” as well as the loss of epithelial bar-
rier integrity.®

As proof of principle, we also demonstrated that it is possible
to perform cryo-fluorescence light microscopy on organoids in
HPF carriers (Figures 3H and 3l) toward applications in full cryo-
genic regime aiming to expand the resolution range to the molec-
ular scale. However, cryo-CLEM for HPF samples still suffers
from technical shortcomings, including light scattering when im-
aging beyond the first few micrometers from the HPF carrier sur-
face, thus requiring development of new objectives with working
distance >1 mm and NA >0.5. In addition, unlike room-temper-
ature approaches, it is not possible to brand the sample surface
for precise correlation with FIB-SEM imaging, although new car-
riers with finder patterns may provide a possible solution.®*

In summary, the use of 3D culture technology to model tissue
complexity and cellular crosstalk is becoming increasingly
evident but lacks appropriate multimodal tools for comprehen-
sive studies across spatial scales. Our multi-scale imaging pipe-
line achieves a resolution continuum from millimeter scale to
nanometer scale and is applicable to common 3D cell cultures
used in organoid and cancer research. While sample-specific
optimization will be required to achieve optimal ultrastructural
preservation for different organoid types, the developed pipeline
and protocols could be easily adopted by EM labs that routinely
practice HPF and FIB-SEM volume imaging, broadening their
capability to the study of 3D cultures.

Limitations of the study

The use of cancer organoids as model systems better recapitu-
lates disease complexity, compared with 2D cell cultures. How-
ever, this requires longer culturing time and higher costs. Impor-
tantly, the embedding matrix medium limits sample handling and
preparation for correlative studies across scales and imaging
modalities. New culturing methods for higher throughput®® in a
Matrigel-free environment®® will further streamline the integra-
tion of multiple imaging methods. 3D cell cultures further entail
poorer ultrastructural preservation following freezing. We pro-
vide a semi-quantitative evaluation of the resilience to HPF of
different organoid systems, showing that organoids with larger
lumina are more prone to freeze damage and highlighting
some cryo-protectants that reduce this effect.

We established that several live dyes are resilient to freeze-
substitution and can therefore assist in identifying specific
cells or phenotypes'® to study systems not easily accessible
to genetic engineering. However, it is important to highlight
the limits of light microscopy for large and opaque objects

Figure 6. FIB-SEM volumes of patient-derived colorectal cancer organoids visualize fine ultrastructural details

(A-K) Visualization and segmentation of subcellular structures. In (A), (D), (G), and (H), FIB-SEM frames showing mitochondria (A-C), actin bundles in microvilli
(D-F), and cell junctions (G and H, white arrows) and desmosomes (H, red arrows) overlaid with the corresponding automatic segmentation (B, E, |, and J, in color).
In (C), (F), and (K), 3D rendering of 50 consecutive frames with embossed segmentations. Frame indicates the areas shown in left panels.

(L) 3D rendering of segmentations of nuclei (blue), actin bundles (magenta), and cell junctions (cyan).

(M) 3D rendering of segmentation with nuclei (blue) and mitochondria colored according to their volumes (purple to yellow gradient); note the two-order of

magnitude larger mitochondria around the nuclei of two cells (green-yellow).
See also Figure S6 and Videos S2 and S5.
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like organoids. Photon scattering within biological material in-
creases with the light path through the sample, leading to dim-
mer fluorescence the deeper one images.®”*® This problem
might be enhanced by limited diffusion of dyes within a
compact, tight-junction sealed epithelium. Loss of fluores-
cence signal is particularly severe for structures with dense
cell packing like spheroids and parts of colon organoids,®"°
further exemplified by our observation that the fluorescence
signal exhibits a gradient from the core of such organoids
(Figures 3C and 7A).

The durability of the FIB source and lengthy ablation time
limit successful FIB-SEM imaging to a 50-60-um depth from
the specimen surface. However, one could access organoids
within any depth of the HPF carrier by removing excess resin
by ultramicrotomy, guided by the preserved fluorescence after
freeze-substitution.° In addition, a compromise exists between
imaging resolution and the extent of acquired volume to
achieve reasonable imaging time and throughput. While FIB-
SEM imaging allows for 4-8 nm isotropic acquisitions of an
entire cell, we found that when addressing a multicellular
sample, 15-20 nm anisotropic sampling is a suitable compro-
mise. However, developments in hardware hold promise to
achieve ultrastructural resolution on large samples at higher
througput.”""?

Image processing to infer quantitative information from FIB-
SEM data also represents a technical limitation. Few commer-
cial software provide teaching material, data handling inter-
faces, and user-friendly deep-learning capabilities, but are
generally not accessible to high-performance computing on
clusters for the processing of large amounts of data within a
manageable time. Conversely, although current open-source
software are often not easily deployed by non-experts, they
offer a more scalable solution. Most importantly, open-source
software foster public sharing of raw data’® and CNN models’
to prompt further development.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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O Materials availability
O Data and code availability
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e EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
3D cultures
Primary mouse mammary epithelial organoid culture
Colorectal cancer organoid culture
BT-474 spheroids
Immunofluorescent staining
Stereomicroscopy and widefield transmission imaging
Live-cell confocal imaging
High-pressure freezing, freeze-substitution, and two-
photon laser branding
Cryo-confocal microscopy
FIB-SEM
Thin sectioning TEM
Deep learning automatic volume segmentation and
data mining
O Data processing and rendering
o QUANTIFICATION AND STATISTICAL ANALYSIS
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
devcel.2023.03.001.
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Figure 7. Quantitative analysis of fine cellular morphology in patient-derived colorectal cancer organoid

(A) A confocal plane from patient-derived colorectal cancer organoids (volume rendered in Figure S6C). Post-embedding fluorescence shows cell nuclei stained
with Hoechst. Highlighted are the FIB-SEM acquisitions corresponding to different cell packing morphologies: mixed (green), monolayer (red), and compact
(blue), corresponding to positions 3, 1, and 2, respectively, in Figure S6A.

(B and C) Nuclear sphericity (B) and nearest-neighbor analysis of cell junctions (C), based on the automatic segmentations exemplified in Figure 6. Box within the
violins, 25%-75% data interval; diamonds, median.

(D) 3D representation of the three morphologically different areas. Here, x, y, and z dimensions are shown. The first 20 um of the mixed morphology are not
displayed to aid the visualization of multiple lumina.

(E) Local density maps of cell junctions based on the segmentation colored as a blue-orange gradient (mesh size 5 um).

(F) Same as in (E), rotated by 90°, and includes the actin bundles’ density maps (fire gradient). The density maps definition and calculation procedure are detailed
in the STAR Methods.

(G) Summary of the salient statistics of the acquired FIB-SEM volumes.

See also Figure S6 and Videos S2, S8, §4, S5, S6, and S7.
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Antibodies

Rabbit anti c-MYC

Rabbit anti ZO-1

Mouse anti E-cadherin
Rat anti Alpha6-integrin
Mouse anti Cytokeratin 8
Mouse anti Cytokeratin 14
Rabbit anti Cytokeratin 20
Alexa 488 anti rabbit
Alexa 568 anti mouse
Alexa 647 anti rat

Cell Signaling Technologies
Thermo Fisher

Thermo Fisher

Millipore

DSHB

Invitrogen

Abcam

Invitrogen

Invitrogen

Invitrogen

Cat# 5605; RRID: AB_1903938

Cati# 61-7300; RRID: AB_138452

Cat# 13-1700; RRID: AB_86564

Cat# MAB1378; RRID: AB_2128317
Cat# Troma-I; RRID: AB_531826

Cat# MA5-11599; RRID: AB_10982092
Cat# ab76126; RRID: AB_1310117
Cat# A-11034; RRID: AB_2576217
Cat# A-11031; RRID: AB_144696

Cat# A-21247; RRID: AB_141778

Chemicals, peptides, and recombinant proteins

Uranyl Acetate

Acetone, glass distilled

Lowicryl HM20 kit

Super Glue Liquid Precision Max

Silver paint (EM-Tec Ag44 conductive silver paint)
Cornig® Matrigel® basement membrane matrix

DMEM/F12

HEPES

Penicillin Streptomycin solution
Collagenase Type llI

Liberase™ TM Research Grade
Trypsin-EDTA 0.25%

Rat Collagen |

Mammary Epithelial Cell Growth Medium
Mammary Epithelial Cell Growth Supplement
Doxycycline Hyclate

Advanced DMEM/F12

Primocin

1% GlutaMAX

N-Acetylcysteine

1% B27 supplement

Epidermal Growth Factor (EGF)
Noggin

A83-01

Gentle Cell Dissociation Reagent
DMEM FluoroBrite™

Sodium Pyruvate 100mM

MEM NEAA 100X

L-Glutamine 200 mM

SirActin

Hoechst-33342

FM4-64

BODIPY 493/503

Agar scientific

Electron Microscopy Sciences
Polysciences, Inc.

Loctite

Micro to Nano

Sigma

Lonza

ThermoFisher

ThermoFisher

Worthington Biochemical
Corporation

Roche
ThermoFisher
RnDSystems
Promocell
Sciencell

Sigma

Gibco

Invivogen

Gibco

Sigma

Gibco

Peprotech
Peprotech

Tocris Bioscience
StemCellTechnologies
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
Spyrochrome AG
ThermoFisher
ThermoFisher
ThermoFisher

Cat# R1260A
Cat# 10016

Cat# 15924-1
N/A

Cat# 15-002144
Cat# CLS354234
Cat# BE12-719F
Cat# J67485.AE
Cat# 15140122
Cat# LS004180

Cat# 5401119001
Cat# 25200056
Cat# 3447-020-01
Cat# c-21010
Cat# 7652

Cat# D9891

N/A

Cat# ant-pm-05
Cat# 35050038
Cat# A9165

Cat# 17504044
Cat# GMP100-15
Cat# 120-10C
Cat# 2939

Cat# 100-0485
Cat# A1896701
Cat# 11360070
Cat# 11140035
Cat# 25030123
Cat# SC001

Cat# H1399
Cat# T13320
Cat# D3922
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Cellbanker 2 cryo-preserving medium AMSBIO Cat# 11891

Ficoll 70.000 MW Merck KgaA Cat# F2878

Deposited data

FIB-SEM volume imaging This study EMPIAR-11380

Confocal fluorescence microscopy This study S-BIAD610

Experimental models: Cell lines

BT-474 HTB-20™ ATCC https://www.atcc.org/products/htb-20
Patient-derived colorectal cancer cell line (HT6) BMBH N/A

was established from a biosample provided by
the Lungbiobank Heidelberg [member of the
biomaterial bank Heidelberg (BMBH)] and
established as described in the method details

Experimental models: Organisms/strains

Primary mouse mammary epithelial cells isolated
from experimental line TetO-MYC/TetO-Neu/
MMTV-rtTA/ R26-H2B-mCherry in FVB background

Transgenic strains”>""

See method details for additional information
and literature references

Software and algorithms

Fiji
Fiji pluging create montage

Imaris 9.6.0
Matplotlib 3.5.0
Python 2.7
IMOD v4.9
Dragonfly 2021.3
Biorender

SerialFIB

ChimeraX

SerialEM v3.7.2

Adobe lllustrator

Leica Application Suite X

Schneider et al.”®
Fiji macro by Patrice Mascalchi

Bitplane
Hunter et al.”®
N/A
Kremer et al
ORS

Graphical abstract created
with Biorender
| 81

|.80

Klumpe et al
Pettersen et al.®”
Schorb et al.®®
Adobe Inc.

Leica Microsystems, GmbH

https://fiji.sc/
https://github.com/AiviaCommunity/ImageJ-
Macros-Utilities/blob/master/CreateMontage
WithTime_2.0.ijm

https://imaris.oxinst.com/
https://matplotlib.org/
https://www.python.org/
https://bio3d.colorado.edu/imod/
https://www.theobjects.com/index.html
https://biorender.com/

https://github.com/sklumpe/SerialFIB
https://www.cgl.ucsf.edu/chimerax/
https://bio3d.colorado.edu/SerialEM/
https://www.adobe.com/products/illustrator.html

https://www.leica-microsystems.com/products/
microscope-software/p/leica-las-x-Is/

Zen Black Carl Zeiss AG https://www.micro-shop.zeiss.com/de/de/
softwarefinder/software-categories/zen-black/

Other

Glass bottom dishes Mattek Cat# P35G-1.5-10-C

Copper gold coated HPF carriers with 200 um recess

Multiwell dish 24 wells
Coverslip 12mm
Cell culture dishes 35 and 10mm

Wohlwend GmbH http://www.
wohlwend-hpf.ch/

ThermoFisher
Th. Geyer GmbH & Co. KG.
Greiner Bio One International

Cati# 662

Cat# 142475
Cat# 9161064
Cat# 627860

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Julia Ma-

hamid (julia.mahamid@embl.de).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
FIB-SEM data and corresponding fluorescence light microscopy of human BT-474 spheroids and patient-derived colorectal cancer
organoids are available on EMPIAR under accession code EMPIAR-11380 (https://doi.org/10.6019/EMPIAR-11380) and Bioimage
Archive under accession code S-BIAD610 (https://www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD610).

Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals: Primary mammary gland 3D cell cultures generated in this work originate from 8-12 weeks old female mice.
TetO-MYC/MMTV-rtTA” and TetO-Neu/MMTV-rtTA’® mouse strains were bred to obtain TetO-MYC/TetO-Neu/MMTV-rtTA ani-
mals. A reporter R26-H2B-mCherry mouse strain line’” (RIKEN, CDB0239K) was crossed in to establish the experimental line
TetO-MYC/TetO-Neu/MMTV-rtTA/R26-H2B-mCherry in FVB background and were used for experimental procedures. The animals
were maintained in individually ventilated plastic cages (Tecniplast) in an air-conditioned (temperature 22 °C + 2 °C, humidity 50% +
10%) and light-controlled room (illuminated from 07:00 to 19:00 h). Mice were fed 1318 P autoclavable diet (Altromin, Germany) ad
libitum. All animal care and procedures performed in this study conformed to the EMBL Guidelines for the Use of Animals in Exper-
iments and were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) (approval # MJ160070). All
efforts were made to use the minimal possible number of animals in accordance with Russell and Burch’s (1959) principle of
(38Rs) reduction and highest ethical standards. The work was approved by the IACUC (Institutional Animal Care and Use Committee,
approval #160070 to MJ).

Human subjects: HT6 cell line derived from a metastatic lesion from a single patient diagnosed with colorectal cancer was use to
generate 3D cell cultures. A metastatic colorectal cancer lesion was surgically removed, dissected from lung tissue and experimen-
tally used. The patient biosample was provided by Lungbiobank Heidelberg member of the biomaterial bank Heidelberg (BMBH) in
accordance with the regulations of the BMBH and the approval of the ethics committee of the University of Heidelberg (study S-270/
2001 - biobank vote). Patients give a broad consent for biomaterial and data to the Lungenbiobank Heidelberg (member of the NCT-
biobank and the BMBH).

METHOD DETAILS

3D cultures
All sample types described hereafter share culture conditions and handling in both HPF carriers and standard TC dishes, only
differing in the Matrigel volume and the carrier type.

Primary mouse mammary epithelial organoid culture

Mammary glands were dissected from female virgin mice and collected in a 15 ml falcon tube. For dissociation of the tissue, the mam-
mary glands were digested overnight at 37 °C and 5% CO. in a loosely capped 50 ml falcon tube with 5 ml of DMEM/F12 supple-
mented with 25 mM HEPES, 1% Penicillin Streptomycin solution, 750 units of Collagenase Type lll and 20 pg of Liberase TM. After
16 h digestion, cells were washed with DMEM/F12 supplemented with 25 mM HEPES, 1% Penicillin Streptomycin solution. Pellet
was then trypsinized with 5 ml of 0.25% Trypsin-EDTA to obtain single cells following the published protocol.?* To generate 3D cul-
tures, a master mix of Matrigel Growth Factors Reduced, Rat Collagen |, and PBS was prepared on ice following 4:1:1 proportion. The
cell suspension and matrix mix were combined to obtain a concentration of 30,000 cells/100 pl of master mix. Volumes of 1 pul were
seeded in the 200 um deep HPF carriers, previously sterilised with 70% Ethanol and fixed with Matrigel to an 18 mm glass coverslip.
Then, each carrier was placed into a well of a 24-well plate to allow the gels to polymerize at 37 °C with 5% CO.. After polymerization,
each well was supplied with 1 ml of Mammary Epithelial Cell Growth Medium supplemented with Mammary Epithelial Cell Growth
supplement and incubated at 37 °C in a humidified atmosphere with 5% CO.. For induction of oncogene expression in the organoids,
Doxycycline Hyclate was diluted into the growth medium at 600 ng/ml after 4 days of 3D cell culture. Growth media were exchanged
every other day.

Colorectal cancer organoid culture

Metastatic lesion from a patient diagnosed with metastatic colorectal cancer was surgically removed and dissected from lung tissue.
A tumor fragment of a minimum of 100 mm? was used for the establishment of primary organoid culture. Briefly, tissue was mechan-
ically dissociated using scalpel followed by pipetting through a 10 ml pipette in a basal medium Advanced DMEM/F12, Primocin
50 pg/ml, 1% GlutaMAX, 1% HEPES, 1% Penicillin Streptomycin solution, N-Acetylcysteine 1.25 mM supplemented with 1%
B27 supplement. Next, the cell suspension was enzymatically digested for 2 h at 37 °C in basal medium supplemented with Liberase
DH (final concentration 0.28 Wiinsch units/ml). The cell suspension was then filtered through 100 um and 40 um cell strainer. Single
cells were seeded in Growth-Factor Reduced Matrigel mixed with PBS (4:1) adjusted to a concentration of 17,000 cells/ul and
cultured in culture medium Advanced DMEM/F12, Primocin 50 pg/ml, 1% GlutaMAX, 1% HEPES, penicillin 100 U/ml and strepto-
mycin 100 ng/ml, N-Acetylcysteine 1.25 mM supplemented with 1% B27 supplement, 50 ng/ml Epidermal Growth Factor (EGF),
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100 ng/ml Noggin and 500 nM A83-01. Organoids were passaged with Gentle Cell Dissociation Reagent according to manufacturer
instructions. For imaging experiments, organoids from passages 4-10 were seeded in HPF carriers using 2 pl of organoid suspension
in Matrigel/PBS (6:1).

BT-474 spheroids

BT-474 human cell line was obtained from American Type Culture Collection. Cells were grown in DMEM 1x 4.5 g/L D-glucose
FluoroBrite medium supplemented with 10% inactivated FBS, 1% HEPES 1 M, 1% Sodium Pyruvate 100 mM, 1% MEM NEAA
100X, 1% L-Glutamine 200 mM, 1% Penicillin Streptomycin solution and passaged using 0,05% Trypsin-EDTA. For spheroid forma-
tion and imaging experiments, cells were seeded in HPF carriers in Growth-Factor Reduced Matrigel mixed with PBS (6:1) at 500
cells/pl.

Immunofluorescent staining

Organoid cell culture was performed in HPF carriers which were then transferred to a deactivated clear glass vial, fixed with 4% PFA
for 5 min followed by three washes of PBS. To prevent nonspecific antibody binding, the HPF carriers were incubated with 10% goat
serum for 2 h at room temperature. Primary antibody incubation was performed overnight at 4 °C. Afterward, HPF carriers were
washed with PBS three times for 10 min, and incubated with secondary antibodies and DAPI (1:1000). Samples were mounted using
Prolong Gold with DAPI. The following primary antibodies were used in this study: Rabbit anti c-MYC (1:800), Rabbit Anti ZO-1
(1:400), Mouse Anti E-cadherin (1:200), Rat Anti Alpha6-integrin (1:100), Mouse Anti Cytokeratin 8 (1:100), Mouse anti Cytokeratin
14 (1:200) Rabbit anti Cytokeratin 20 (1:200), detected by secondary antibodies Alexa 488 anti rabbit (1:800), Alexa 568 anti mouse
(1:800), Alexa 647 anti rat (1:800). Mounts were imaged in HPF carriers on a Leica SP5 confocal microscope using a 63x 1.2 NA water
immersion lens and the LAS AF imaging software. HPF carriers were mounted facing the objective on top of a Nunc Lab-Tek Il cham-
bered 1.5 borosilicate coverglass.

Stereomicroscopy and widefield transmission imaging

The 3D cell cultures in HPF carriers were maintained in 24-well plates and imaged in a Leica M125 C Stereomicroscope in dark field
mode to enhance the HPF carriers contrast against the background. 3D cell culture grown in gels in TC-dishes over the time-course of
the experiment were imaged using the widefield high-throughput Olympus ScanR microscope in transmission mode. Each well of the
24-well plate was imaged using 9 ROIs per well, with 21 Z-stacks (100 um of scanning step in Z). Images were acquired with 4x
UplanSApo 0.16 NA Air objective in an environmental chamber at standard cell culture conditions (37 °C, 5% CO,). Projections of
z-stacks and image stitching were done using Fiji.”®

Live-cell confocal imaging

Here, we refer to single time-points acquisitions and not to time-series commonly known as 4D imaging. For live cellimaging, cultures
in HPF carriers were washed with PBS once, transferred to a 35 mm or 10 mm diameter cell culture dish. For samples devoid of ge-
netic fluorescent tags, the HPF carriers were incubated for 20 min with the desired live dyes diluted in the growth medium to the
following final concentrations: SiR-actin 100 uM, Hoechst-33342 10 uM, FM4-64 2 uM and BODIPY 493/503 1 uM. The culture
dish was connected to the microscope objective by a drop of deionized water, and HPF carriers were flipped with the recess facing
the microscope objective lens. Live cell imaging was performed at 37°C and 5% CO, with a Zeiss LSM 780 NLO (Carl Zeiss AG, Jena,
Germany) equipped with a LD LCI Plan-Apochromat 25x 0.8 NA water immersion objective. To image the whole HPF carrier volume
and locate single organoids, we first detected cell nuclei marked with Hoechst-33342 and acquired z-stacks with 6x6 tiles of 5122
pixels with 10% overlap, and 10 um z-step. The final montage was stitched using ZEN-black software. For single organoids, we
acquired z-stacks of 10242 pixels at different z-steps ranging from 1.0 to 1.8 um.

High-pressure freezing, freeze-substitution, and two-photon laser branding

We followed the procedure described in Ronchi et al.*° Briefly, high-pressure freezing was performed in HPF carriers with an HPM
010 (AbraFluid AG, Rebstein, Switzerland). When necessary, before high-pressure freezing, the carriers containing the 3D cell cul-
tures were dipped for 1 min either directly in Cellbanker 2 cryo-preserving medium or in 20% Ficoll 70.000 MW diluted in Mammary
Epithelial Cell Growth Medium. Next, freeze-substitution was performed with 0.1% uranyl acetate (UAc) in acetone. After 72 h incu-
bation at -90 °C, the temperature was increased to allow the reaction of UAc with the biological material. The samples were then
rinsed with pure acetone before infiltration of the resin lowicryl HM20. The resin was polymerized with UV at -25 °C. The resin-
embedded samples were transferred into 35 or 10 mm cell culture dish with water as immersion medium and imaged at an inverted
Zeiss LSM 780 NLO microscope equipped with a 25x Plan-Apochromat 25x 0.8 NA Imm Korr DIC multi immersion objective lens.
Surface branding was performed with the 2-photon Coherent Chameleon Ultra Il Laser (Coherent Inc, Santa Clara, USA) of the Zeiss
LSM 780 NLO microscope and the “bleaching” function of ZEN black software.

Cryo-confocal microscopy

Confocal stack acquisition under cryo-conditions was carried out with Leica TCS SP8 upright microscope (Leica microsystems CMS
GmbH, Mannheim, Germany), controlled by Leica Application Suite X 3.5.5.19976 software. The microscope was equipped with a
cryo-stage, insulated HC PL APO 50x 0.90 NA DRY and HC PL FLUOTAR 50x 0.80 NA objectives, and Leica DFC365 FX camera. We
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found the Leica HC PL FLUOTAR 50x 0.80 Numerical Aperture (NA) objective to provide the best compromise for high NA and long
working distance (1.02 mm) to account for HPF carriers’ depth (> 100 um) and large size of the organoids (> 100 um). The high-pres-
sure frozen organoids in HPF carriers were inserted into the shuttle (Leica microsystems CMS GmbH, Mannheim, Germany) with the
sample side facing the objective. All sample loading and transfer operations were conducted in the liquid nitrogen vapor phase using
a dedicated loading/transfer unit (Leica microsystems CMS GmbH, Mannheim, Germany). The loading and transfer steps were car-
ried out in a humidity-controlled room (10%) to minimize ice contamination on the sample. After the sample was deposited on the
microscope stage pre-cooled to -195° C, the approximate z-position of the sample surface was determined in wide-field illumination
mode. Using Matrix MAPS+CLEMZ2 application within the Matrix Screener module, 100 um deep (steps of 2 um) z-stack tiles (x/y with
20% overlapping) were acquired to produce a stitched 3D overview image of the whole carrier at the desired wavelengths (Leica
Application Suite X 3.5.5.19976). This helped to determine ROIs for subsequent confocal stacks acquisition. Confocal stacks
were acquired in two channels: 405 nm at 50% power Diode laser (HyD1 detector 410 nm — 504 nm) and 552 nm at 50% power
OP SL laser (HyD 3 detector 660 nm — 778 nm). Pinhole 1 AU, zoom 1, pixel format 1056x1056, pixel size in x,y = 0.22 um, in z =
0.372 um, bidirectional scan at 200 Hz. Z-stack of 50 um depth were acquired with a z-step system optimized for the 405 nm wave-
length. Confocal stacks were processed with the Lightning deconvolution software module (Leica Application Suite X 3.5.5.19976) at
default settings and a number of iterations set to 5 for both channels. After the acquisition, the HPF carriers were retrieved under cryo-
conditions for further processing.

FIB-SEM

For resin-embedded samples after confocal imaging and branding for targeting, the blocks were mounted on a SEM stub using silver
conductive epoxy resin. The samples were gold sputtered with a Quorum Q150R S coater. FIB-SEM imaging was performed on a
Zeiss CrossBeam XB540 or XB550 (Carl Zeiss AG Jena, Germany). Briefly, platinum was deposited over the area marked by the laser
branding. Auto-tuning marks were milled on the platinum surface and highlighted with carbon. Large trenches were milled with 30 nA
FIB current and surface polished with 7 or 15 nA. Precise milling during the run was achieved with currents of either 700 pA or 1.5 nA.
For all experiments, the SEM imaging was done with an acceleration voltage of 1.5 kV and a current of 700 pA, using a back-scattered
electron detector. For single cells within organoids, data were acquired at 10 nm isotropic (x,y,z) sampling. For the acquisition of
entire organoids, voxels of 15x15x20 nm* were found to be the best compromise between the achievable resolution/field-of-view
ratio and milling stability.

Thin sectioning TEM

Blocks prepared as described above were sectioned with an ultramicrotome Leica UC7 (Leica microsystems CMS GmbH, Man-
nheim, Germany) and 70 nm sections were collected on formvar coated slot grids. TEM images were acquired without post-staining
using a Jeol 2100 Plus operated at 120 kV (Jeol Ltd, Tokyo, Japan). The organoids were identified at 400x mag (32 nm pixel size).
Subsequently, single organoids were imaged by fitting a montage of tiles at 2000x mag (6.7 nm pixel size) using SerialEM.Z* The mon-
tages were stitched with the command justblend and, where necessary, manually corrected with Midas, both implemented in Imod.°
To estimate the ultrastructural preservation of organoids, six to ten organoids per condition were imaged by tiling multiple image
spots: BT-474 spheroids (1619 tiles), patient-derived colorectal cancer organoids (823 tiles), doxycycline-induced tumorigenic
(430 tiles) and healthy (596 tiles) mouse mammary gland organoids, and healthy mouse mammary gland organoids high-pressure
frozen in presence of Cellbanker 2 cryo-preserving medium or Ficoll (70.000 MW) 20% (450 tiles). Ultrastructural preservation
was scored by counting tiles with evident freeze damage versus tiles devoid of it (see also Figure S3A). All the statistical analysis
and plots were performed with Python and Matplotlib’® respectively.

Deep learning automatic volume segmentation and data mining

ORS Dragonfly 2021.3 and subsequent versions were used to train neural networks for automatic segmentation of FIB-SEM data.
Dragonfly was installed on a virtual machine workstation with Windows 10 pro mounting an Intell XI(R) Gold 6226R CPU 2.90 GHz
with 128 GB RAM and an Nvidia V100S card with 30 GB RAM. For pre-processing, the raw FIB-SEM frames were aligned with
the Scale-Invariant Feature Transform (SIFT) algorithm®® implemented as a macro in Fiji (https://imagej.net/plugins/linear-stack-
alignment-with-sift),”® allowing only image transformation by translation. Next, the images were cropped to exclude pixels without
signal outside imaged areas. FIB-SEM datasets containing few cells acquired with 10 nm isotropic resolution were processed as
such, while whole organoid acquisitions (15x15x20 nm resolution) were binned twice for computational efficiency. CNN models
were prepared with the 2.5D-UNet architecture and the following design: depth level 6 with 7 slices for CNNs for microvillar actin
bundles, nuclei, cell bodies and cell boundaries; depth level 6 with 5 slices for cell junctions and depth level 5 with 5 slices for mito-
chondria. Next, using the segmentation wizard module, ground truth data was manually annotated from 2 to 5 subframes of each
dataset and used to train each CNN with 10-fold data augmentation by: flipping vertically and horizontally, rotation up to 180°, shear
up to 2° and scaling between 90 and 110%. For training, patches ranging between 1282 and 5122 pixels were used depending on the
size of the objects. These initially trained CNNs models were then used to segment 5 to 10 whole frames from each dataset, where
errors were corrected manually. The learning convergence was followed by monitoring the dice-score plateauing within 15-30 epocs
and scrutinising at each epoc the updated inference on a reference frame not used for training. Then, the model weights were reset
and the CNNs were re-trained until learning convergence (typically < 50 epocs) using the whole selected frames without data
augmentation this time. Finally, the CNNs were run over all the datasets to segment cell bodies and subcellular structures. Because
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each acquisition includes different features and noise levels, for consistent results, it was necessary to re-train the CNNs on each
acquisition. However, the procedure was much faster because i) pre-trained CNNs models learn much quicker, i.e. just half the epocs
were required; ii) the pre-trained CNN was used to directly segment only a couple of input training frames which required little manual
correction. Subsequently, the re-trained CNNs were used to segment the new datasets.

To compute the nearest-neighbour analysis, the instance segmentation of the organelle/structure of interest was first converted to
“multi-ROI”. Here, the global instance segmentation is split into single 3D objects based on their 3D connected components: objects
not connected to each other are considered as an independent item belonging to a global instance segmentation. Due to the lower
resolution in z of the FIB-SEM images used for segmentation (40 nm), objects closer than 50 nm were excluded by the count. Then,
nearest-neighbour was calculated using the “Find minimum distance between objects” option. To compute local density maps of
segmentations, the “Bone analysis” wizard was used to estimate volume fractions. After optimizing parameters for resolving power
and computing time, each FIB-SEM acquisition was sampled using a sphere of 1 um diameter (~ 4 um® sampling volume) and scan-
ning the volume using 0.25 pum step size. The resulting density maps were colored and displayed in Dragonfly. Plots were computed
with Matplotlib.”®

Data processing and rendering

Unless otherwise specified, all microscopy data were processed with Fiji.”® Where necessary, the contrast of electron microscopy
data was enhanced using the Fiji plugin Enhance Local Contrast (CLAHE) using the following parameters: blocksize 63, 256 histo-
gram bins and maximum slope of 2.0. When necessary, before contrast enhancement, FIB-SEM volumes were corrected for
curtaining effects by applying wavelet decomposition®® implemented in the open-source software SerialFIB.%' Here, coif3 type ver-
tical wavelets with a decomposition sigma level of 8 and a sigma gaussian for vertical stripes dampening of 6 were used. All FIB-SEM
and segmentation rendering and videos were generated with ChimeraX.®? For light microscopy data 3D rendering, Imaris 9.6.0 with
either “blend” or “shadow projection” rendering modes was used. Videos with multiple channels synchronized were made with the
Fiji macro by Patrice Malscalchi (https://github.com/AiviaCommunity/Imaged-Macros-Utilities/blob/master/CreateMontageWith
Time_2.0.ijm). Schematics were created with Biorender (Biorender.com) and Adobe illustrator.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of the ultrastructural preservation of organoids is displayed as box plots in Figure 4F (Related to Figures S3-S5). Or-
ange line indicates the median; box, 25-75% interval; wiskers, minimum and maximum. Quantification was based on scoring indi-
vidual tiles following the visual inspections of TEM tiled acquisitions of negatively stained thin sections (see method details): human
breast spheroids (BT474, n=7 spheroids, 1619 examined tiles), human colorectal cancer organoids (Colon, n=11 organoids, 823
examined tiles), doxycycline-induced tumorigenic (Mouse Ind, n=8 organoids, 430 examined tiles), healthy (mouse NI, n=8 organo-
ids, 596 examined tiles) mouse mammary gland organoids that were additionally supplemented with cryo-protectants (Cryo-protec-
tants, n=6 organoids, 450 examined tiles). In Figure 4G, a possible relationship between organoid cell packing and ultrastructural
preservation was investigated. The cellular density (as the ratio between organoid area and number of cells, see method details)
was plotted versus the ultrastructural preservation per organoid (as a percentage of tiles showing ultrastructural preservation
from the TEM thin sections quantified in Figure 4F). Each data point represents one organoid. A Pearson correlation coefficient of
R=0.39 was calculated and indicates weak correlation between cell packing and ultrastructural preservation. Methods to determine
whether the data met assumptions of the statistical approach were not employed.

The statistical analysis of FIB-SEM segmentations (Figure 7) involved calculation of nuclear sphericity and cell-junctions nearest
neighbour. Nuclear sphericity was measured in Dragonfly as:

(67r% Vp) 2
D

Where V,, is the volume of the particle and A, is the surface area of the particle. In this case, the surface area is computed using the
Lindblad surface area estimator method.

For nearest neighbour analysis, we computed the nearest linear distances between the coordinates of individual cell junctions seg-
mentations using their centroid, instead of volume boundaries to reduce the bias due to possible incorrect segmentation.

Boxes within the violins represent 25-75% data interval, and diamonds indicate medians. Number of cells (and nuclei), cellular vol-
ume fractions of nuclei, and cell junction numbers for the different organoid areas are listed in Figure 7G.

Additional details of the quantification and all statistical analyses are included in figure captions or the relevant sections of method
details.
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Figure S1. Comparison of organoids growth in tissue culture dishes and HPF carriers,
Related to Figure 2.

A, growth of mouse mammary gland organoids in standard tissue culture (TC) dishes at the
indicated time points. B, immunostaining in TC dishes of polarity markers: the cell-adhesion
protein epithelial cadherin (E-CAD, cyan), tight junctions (ZO-1). Cell nuclei stained with DAPI
(white). Inset: details of cell-cell interfaces. C, patient-derived colorectal cancer organoids



growth at the indicated time in TC dishes. D, immunostaining in TC dishes of polarity markers
E-cadherin (E-CAD, cyan), tight junctions (ZO-1, magenta). Cell nuclei stained with DAPI
(white). Inset: details of cell-cell interfaces. E, growth of mouse mammary gland organoids in
HPF carrier at indicated time points. Asterisks indicate marks of the HPF carriers and
arrowhead indicates a single organoid. Right: a confocal plane of an organoid at Day 14
expressing mCherry-tagged histone H2B. F, patient-derived colorectal cancer organoids
growth in HPF carriers at the indicated time points of the culture. Arrowheads indicate growth
of a single organoid. Right: a confocal plane shows an organoid at Day 7 with cell nuclei
labelled with Hoechst-33342. G, human breast cancer spheroids growth at the indicated time
points. Arrowheads indicate growth of a single organoid. Right: a confocal plane shows an
organoid at Day 14 with cell nuclei labelled with Hoechst-33342. H-l, immunostaining of
healthy and doxycycline-induced tumorigenic primary mouse luminal mammary gland
organoids in HPF carriers (H) and TC dishes (). Cell nuclei (DAPI, blue) and transgenic Myc
oncogene expression (cMyc, yellow). J-K, immunostaining of healthy and tumorigenic
organoids in HPF carriers (J) and TC dishes (K) showing expression of cell polarity markers:
tight junctions (ZO-1, yellow) and integrin alpha-6 (ITGA6, green), an adhesion protein. Cell
nuclei stained with DAPI (blue).
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Figure S2. Staining live cells from different 3D cell cultures with cell-permeable
fluorescent dyes in HPF carriers, Related to Figure 3.

Correlation of stereo microscopy (left, A, D, G, J), live-cell confocal fluorescence (center, B,
E, H, K), and volume rendering (right, C, F, |, L) of four different 3D cell cultures. Organoids
delineated by frames in the left column are enlarged in the right panels.



Human colorectal cancer organoids embedded in Matrigel
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Figure S3. Thin section TEM of human colorectal cancer organoids grown in HPF
carriers for assessment of HPF efficiency, Related to Figure 4.

A, a schematic illustrates that thin sections were cut perpendicular to the HPF carrier surface
to achieve a cross-section of the bulk sample. Serial sections were collected advancing
towards the center of the HPF carrier. B, the sections were imaged as a tiled montage (black
mesh) and ultrastructural preservation was scored by counting tiles with evident freeze
damage (red cross) versus tiles devoid of it (green tick). C, a tiled montage of a human
colorectal cancer organoid. Freeze damage is confined in an area delineated by a white
dashed line. Tiles indicated by red numbers are enlarged in the lower panels: (1) Cells
exhibiting well-preserved nuclei (white asterisk), cell-cell interfaces, and mitochondria (black
arrows). (2) Cells within the damaged area with evident ice segregation pattern in the cytosol



(black arrow). (3) Cells at the interface (white dash) between damaged area (black asterisk)
and preserved area (white asterisk). Images are displayed with positive contrast due to the
different imaging of TEM compared to SEM. The contrast is inverted compared to FIB-SEM
due to the different signal detection.



Human breast cancer spheroids embedded in Matrigel
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Figure S4. Thin section TEM of human breast cancer spheroids grown in HPF carriers
for assessment of HPF efficiency, Related to Figure 4.

Top panel: (A) a tiled montage of a human breast cancer spheroid. Freeze damage is confined
in an area delineated by the white dashed line and coincides with the center of the sample.
Tiles indicated by red numbers are enlarged in the lower panels: (1) Cells outside the damaged
area show details of well-preserved cell-cell interfaces (black arrows) and mitochondria (white
arrows). (2) Cells within the damaged area show cytosol segregation (white arrow) and
extensive cracks (black arrow). (3) Cells at the interface (white dash) between damaged (white
asterisk) and preserved areas (black asterisk). Images are displayed with positive contrast
due to the different imaging of TEM compared to SEM. The contrast is inverted compared to
FIB-SEM due to the different signal detection.



Mouse mammary gland organoids (cryo-medium)
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Figure S5. Thin section TEM of mouse organoids grown in HPF carriers supplemented
with cryo-protectants for one minute prior to freezing, Related to Figure 4.

A, mouse organoids embedded in Matrigel and supplemented with Cellbanker 2 cryo-
preserving medium (cryo-medium). B, enlarged view of the frame in A showing well preserved
mitochondria (red arrows), cell-cell interfaces (black arrows), and vacuoles (black asterisk). C,
mouse organoids embedded in Matrigel and supplemented with Ficoll (70.000 MW) 20%. D,
details of well-preserved vacuoles (black asterisk), cell nucleus (red arrows), and cell-cell
interfaces (black arrows). Images are displayed with positive contrast due to the different
imaging of TEM compared to SEM. The contrast is inverted compared to FIB-SEM due to the
different signal detection.



SEM view of the resin block

Figure S6. Different cell packing morphologies within a single sample of patient-derived
colorectal cancer organoid, Related to Figures 6 and 7.

A, SEM view of a resin block containing Matrigel embedded patient-derived colorectal cancer
organoids after HPF and freeze substitution. Based on the overlay of the post-embedding
nuclear fluorescence (magenta, B), three areas showing different cell packing arrangements
were target for FIB-SEM acquisitions (see also Supplemental Videos 2-4). C-D, CLEM of one
FIB-SEM acquisition (area 2) within the fluorescence volume of the complete patient-derived
colorectal cancer organoid (mesh size 50 um). E, single frame of a FIB-SEM acquisition of the
target area 2 showing polarized epithelium. Two cross-section images in the volume were
produced along the lines indicated by (a) and (b) and are shown on the right: intracellular
morphologies with respect to the organoid lumen showing the apical (a) and basal (b) side of
the cells. brighter signal within nuclei in (b) likely corresponds to nucleoli. F, detail of an entotic



cell (white arrow) from the acquisition in target area 1. Entosis, also known as “cell-in-cell
structure”, involves the invasion or engulfment of one cell into the other in cancer tissues
during epithelial to mesenchymal transition.
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