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Abstract: Embryoid bodies (EBs) are multicellular three-dimensional (3D) aggregates generated from induced
pluripotent stem cells (iPSCs) in suspension and serve as useful biological sources for many downstream
applications. Imaging of live EBs has been hampered mainly due to the inherent limitations of the imaging
techniques applied to date. This study aimed to image human iPSC (hiPSC) derived EBs to obtain their 3D
volume, determining size, morphology, and cell viability from day 7 to 14 using Light Sheet Fluorescence
Microscopy (LSFM). Furthermore, chromosomal stability was assessed using Multicolor fluorescence in situ
hybridization (M-FISH) from day 8 to 14. EB volume increased from day 7 to 13 which, decreased at day 14.
From day 7 to 11, the EBs mainly appeared spherical and morphed into an ellipsoidal shape by day 13. All EBs
showed varied external morphologies and larger cavities at day 14. The EB karyotype was diploid 46XY at day
8 and exhibited a low level of aneuploidy from day 10 to 14. This study shows that an increase in cell death
affects the morphology and chromosomal stability in EBs derived from hiPSC. We demonstrate that the
combination of LSFM and M-FISH helps characterize EBs that will assist future stem cell therapies.

Keywords: induced pluripotent stem cells; embryoid bodies; light-sheet microscopy; multicolor
fluorescence in situ hybridization; chromosomes

Introduction

Induced pluripotent stem cells (iPSCs)

[1] serve as an important biological material for many applications that include drug screening
[2] disease modelling [3] and recapitulating early developmental events [4]. Like embryonic stem
cells (ESCs), iPSCs are thought to have an unlimited self-renewal capacity and can be differentiated
into three germ layers (mesoderm, ectoderm and endoderm) [1,5]. Furthermore, iPSCs can be
directed to form organ-specific 3D structures called organoids [6,7]. These organoids are generated
under specific culture conditions after producing multicellular aggregates known as embryoid bodies
(EBs) [8]. Several quality control checks as recommended by the National Institutes of Health (NIH)
are undertaken whilst cells are in culture and differentiated into specific lineages[9-13]. When EBs
are produced, their size and shape are the first parameters to evaluate in order to assess their quality
[14-16]. Previously, various 2D imaging modalities, including light and electron microscopy (EM),
have been applied for assessing EB morphology that showed a distinctive central cavity [17-20]. 3D
imaging allows complex analysis of biological structures such as depth and volume, thereby
overcoming limitations of 2D imaging. Both confocal and multiphoton 3D imaging systems have
been applied to study the 3D structure of EBs [21,22]. However, the former is limited in its
depth/penetration and whilst the latter may require excessive average laser power for deep (>500
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pm) depths. These limitations have been overcome by using the Light Sheet Fluorescence Microscopy
(LSEM).

LSEM allows high-speed imaging, spatial and temporal resolution and minimal sample damage
by the excitation light source [23]. In LSFM, a thin sheet of light excites the fluorescence of an entire
2D plane, which is then collected with an objective generally held orthogonally to the illumination
axis and recorded with a camera [24,25]. Since the fluorescence from out-of-focus planes is not
excited, this approach allows for optical sectioning with reduced photobleaching and phototoxicity,
making this method suitable for imaging live samples over prolonged periods [26,27]. LSFM has
already been used to study embryonic development [28-31] but has yet to be explored for the detailed
3D assessment of EBs derived from human iPSCs (hiPSCs).

Efficient and controlled growth of EBs in vitro requires regular assessment according to
recommended guidelines by the NIH as mentioned above [12]. Chromosomal stability is considered
an important hallmark when working with stem cells as long-term culturing of pluripotent stem cells
(PSCs) can result in the accumulation of culture-driven mutations. These mutations can pose a serious
threat if utilised therapeutically, potentially leading to tumor formation in-vivo [32]. Therefore, it is
critical to assess and identify genomic changes by performing karyotypic analysis (during culturing
using both conventional Giemsa (G)-banding and more advanced multicolor [33,34]. Chromosomal
aneuploidies have been observed at many stages fluorescence in situ hybridisation (M-FISH)
technology [35-37]. The most common aneuploidies observed are chromosomes 1, 12, 17, 20, and X
for both embryonic stem cells (ESCs) and iPSCs [38—41]. Even though karyotypic assessments are
routinely performed on newly established iPSC lines and during prolonged culture [12,33,42,43] the
number of studies performed to date analyzing the chromosomal stability in hiPSC derived EBs has
been limited [19]. This highlights the critical need to assess chromosomal stability of EBs at various
time points in culture, specifically before and after generation of EBs from iPSCs.

The study described here addresses the following aims: i) to generate and image live 3D volume
of EBs using LSFM, ii) to quantify the overall size and 3D morphology of EBs, iii) to examine cell
viability, and iv) to evaluate chromosomal stability using M-FISH.

Material and Methods

iPSC Cell Culture and Generation of Embryoid Bodies

hiPSCs-OX2-28 (p7) was provided by the James Martin Stem Cell Facility (European Bank for
induced pluripotent Stem Cells (EBiSC), Oxford, UK). iPSCs were prepared according to previously
published protocols [44,45]. Cells were cultured in feeder-free conditions in six-well plates (Thermo
Fisher Scientific, UK) coated with Matrigel (Thermo Fisher Scientific, UK). iPSCs were maintained in
mTeSR1-E8 media (Stem Cell Technologies, Cambridge UK), with the media changed daily. When
cells became 70-80% confluent, they were treated with Accutase Cell Dissociation Reagent (Thermo
Fisher Scientific, UK), giving a single-cell suspension. These dissociated cells were then transferred
to a 15 ml conical tube (Thermo Fisher Scientific, UK) and were left to settle for 10 minutes, followed
by centrifugation at 300x g for 5 minutes. These cells were gently resuspended in 10 ml of mTESR1-
E8 media (Stem Cell Technologies, Cambridge UK). Before the generation of EBs, an Aggrewell plate
was prepared according to the manufacturer’s instructions (Stem Cell Technologies, Cambridge UK).
Ten thousand cells were seeded into the Aggrewell plate in order to generate optimal sized EBs that
were maintained in mTESR1-E8 media (Stem Cell Technologies, Cambridge UK), then incubated at
37°C, 5% COz, 95% air incubator (New Brunswick™ Galaxy® 170 R CO2 incubator, WAK-Chemie,
Germany) for three days. Half media changes were performed on each day. EBs were then transferred
into non-treated ultra-low attachment 6-well-plates (Stem Cell Technologies, Cambridge UK) and
maintained in mTESR1-E8 media for additional 14 days.

Live/Dead Viability Assay

After seven days in culture, the viability of cells was assessed in EBs using a Live/Dead assay kit
(Thermo Fisher Scientific, UK) performed according to the manufacturer’s protocol. Simply, 200 pl
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of Live (Green) solution (component A) was added to 800 pl of growth media to prepare a 1 ml total
volume that was then vortexed (for a few seconds) to ensure thorough mixing. The reagents were
combined by transferring 4 pl of the Dead (Red) solution [(component B); (Propidium Iodide: stock
solution 1 mg/ml, giving a 4 pg/ml working concentration] to the 1 ml Live (green-fluorescent calcein)
solution. The resulting solution was vortexed for a few seconds to ensure thorough mixing. EBs were
collected using a pipette and transferred to a glass bottom dish. Thereafter EBs were washed before
the assay to remove any traces of growth media with 1x Dulbecco’s phosphate-buffered saline (D-
PBS) PH 7.4; (Thermo Fisher Scientific, UK). A mixture of Live Green/Dead Red solution was added
directly to the dish containing EBs and incubated for 30 minutes at room temperature. After
incubation, the staining solution was removed and 1 ml fresh growth media was added, and samples
were transferred to the LSFM.

Light Sheet Fluorescence Microscopy

EBs were transferred gently using a pipette into an agarose holder that was prepared using a 3D
printed mould shaped as a comb, as described in [46]. These holders could accommodate a minimum
of 5 samples submerged in media that could be imaged sequentially with LSFM. Three EBs were
imaged for each time point and condition (day 7- day 14). The LSFM that was used is the Leica TCS
SP8 DLS. A light sheet was created by focusing the laser light with a 2.5X/0.07NA objective and
scanning it at 1400 Hz with galvanometric mirrors. In this way, a so-called digital light sheet 3.7 um
thick and with a Rayleigh length of 240 um is generated between two mirrors fixed around the
detection objective, where the agarose holder and the sample are positioned. Due to the density of
the samples, artefacts like blurring and the formation of stripes behind absorbing elements can occur.
To limit these issues, two alternating counter-propagating light sheets were used for the fluorescence
excitation of each plane. The two images were then merged via software. The emitted fluorescence is
captured with a 10x/0.3NA objective and appropriately filtered accordingly to the emission of
interest. The samples were imaged using two different laser lines of the excitation source, a
supercontinuum laser (NKT Photonics) emitting at 80 MHz, coupled with the most suitable bandpass
filter for the excitation and detection of the two stainings in use. For calcein the 488 nm laser band
and a band-pass filter centered at 520 nm (Leica Filter DLS BandPass 504-545)) were used, while for
propidium iodide the 561 nm laser line was selected together with a band-pass filter centered at 600
nm (Leica Filter DLS BandPass 575-635)). Both imaging channels were acquired for each plane before
moving to the following one, in order to have the best overlap between channels.

A field of view of 735 umx735 um was collected with a 2048 x2048 pixel camera (Hamamatsu
Flash 4 V2), giving a pixel size of 0.359 um. The sample was then moved through the light sheet, and
images were acquired serially at 3 um, producing stacks of images used to generate 3D
reconstructions of the samples. The laser power at the sample was <200 uW and distributed in the
light sheet.

Immunocytochemistry

Cultured iPSCs at day 3 were fixed using 4% paraformaldehyde (Electron Microscopy Sciences)
for 20 minutes at room temperature, then permeabilized with 0.5% Triton X-100 (Sigma, Dorset, UK)
for 5 minutes and rinsed with PBS. Cells were incubated in 10 % normal goat serum (Sigma, Dorset,
UK)) to block nonspecific antibody binding for 1 hour at room temperature. Subsequently, cells were
incubated overnight at 4 °C with primary antibodies, Sox-2 (mouse, 1:500; Santa Cruz, California,
USA) and Nanog (Rabbit, 1:500; Cell Signaling Technology, USA). On the second day, cells were
washed three times for 5 minutes each in PBS at room temperature and then incubated in specific
secondary antibodies at appropriate dilution (1:500), Alexa Fluor 488 anti-mouse and Alexa Fluor 594
anti-rabbit IgG conjugates (Thermo Fisher Scientific, UK) for 1 hour at room temperature in the dark.
Cells were washed and incubated for 15 minutes at room temperature in Hoechst 33258 (1:10,000)
(Sigma, Dorset, UK) for nuclear staining, then visualization of images was done using the Leica SP8
confocal microscope.
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Chromosomes Preparation

Metaphase chromosomes were prepared according to previously published protocols [3,55,67].
Briefly, cells were treated with KaryoMax colcemid (0.1 pg/ml) (Gibco Life Technologies, UK) for 15
hours followed by buffered potassium chloride (KCL) (0.075 M) treatment (Genial Genetics, UK) at
37 °C for 20 minutes. Samples were then fixed in Carnoy’s solution (3:1 methanol/acetic acid) and
stored at 4 °C until further use. Slides were prepared by dropping a small volume of suspension onto
glass microscope slides and allowed to air-dry overnight. Chromosomes were prepared from EBs
after dissociation using Accutase (Thermo Fisher Scientific, UK) for 15 minutes at 37 °C. The
KaryoMax colcemid concentration was increased (0.2 ug/ml) (Gibco Life Technologies, Paisley, UK).
Chromosome analysis (DAPI Vectashield, UK) counting and M-FISH was performed on iPSC
cultures on days 8, 10, 11 and 14. Days 8, 11 and 14 were passage 9 and day 10 was passage 10.

Fluorescence In-Situ Hybridization

Fluorescence in-situ hybridization (FISH) was performed according to the manufacturer’s
instructions (MetaSystems, Germany, http://www.metasystems-international.com) and a previously
published protocol [47,48]. A 2-color FISH was done by mixing two directly labelled chromosome-
specific probes, Xcyting Chromosome paint 9 (XCP9) in Orange and Chromosome paint 2 (XCP 2) in
Green (MetaSystems, Germany). FISH was done using the hot block method (MetaSystems,
Germany, http://www.metasystems-international.com). Slides were immersed into an ethanol series
75%, 85% and 100%. 10 pul of the probe was applied to the slide, covered with a 22 x 22 mm coverslip,
and sealed using rubber cement. The slide was denatured at 75 °C for 3 minutes on a hot block and
then left to hybridize overnight in an incubator at 37 °C. Washes were done using 0.4xSSC at 72 °C
for 2 minutes followed by a wash with 2xS5C containing 0.05% Tween20 at room temperature for 30
seconds. All slides were mounted with DAPI (Vectashield, UK). Images were captured using a Z2
fluorescence microscope (Zeiss, UK) and analyzed using the ISIS software from MetaSystems (Zeiss,
UK).

Multicolor Fluorescence In-Situ Hybridization

M-FISH was performed using a 24Xcyte mFISH probe kit (MetaSystems, Germany) according
to manufacturer’'s (MetaSystems, Germany, http://www.metasystems-international.com) and
previously published protocols [37,47—-49]. Briefly, slides were washed in an ethanol series 70%, 85%
and 100% ethanol for 1 minute each and then left to air dry. The sodium hydroxide (NaOH); (0.07 N)
denaturation was performed on the slide that was then placed into ethanol (30%, 70%, 90%, and
100%) for dehydration and left to air dry. The M-FISH probe was denatured at 75°C for 5 minutes
and re-annealed in incubation at 37°C for 30 minutes). 10 ul of the probe was applied and left at 37°C
for at least 72 hrs. The unbound probe was removed by washing at 72 °C (+/— 1 °C) using 0.4 x SSC
for 2 minutes. The slides were further incubated into a coplin jar containing 2 x SSC with Tween 20
for 30 seconds. A brief rinse was done using Milli-Q water at room temperature, and the slides were
left to air dry. Images were captured using a Z2 Zeiss fluorescence microscope (Zeiss, UK) and
analyzed using the ISIS software from MetaSystems (Zeiss, UK).

3D Modeling and Analysis of Embryoid Bodies

Raw Leica image files obtained with LSFM were analysed using AVIZO (Thermo Fisher
Scientific, UK). Live and dead cells were segmented in an automated fashion based on different
channels in the software. Quantitative analysis of individual EB diameter and volume (after
performing live and dead assay) was done. Diameter measurements (um) were taken for separate
EBs using the “measure” tool (line) in the Avizo project view from the object (EBs) center. Volume
measurements (nms3) for individual EBs were taken from Avizo “Material statistics” module after
using the “Threshold” tool in the Avizo selection panel.

d0i:10.20944/preprints202301.0238.v1
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Results

Growth Characterization of EBs

Expression of SOX2 and NANOG was assessed in iPSCs (p9) following revival and during the
generation of EBs (Figure S1A,B) and showed co-localisation indicating pluripotent expression
(Huangfu et al, 2008). First we examined the size of EBs in vitro after performing measurements from
reconstruction obtained after LSFM (Figure 1A-E). We observed an increase in the average diameter
of EBs ranging from 184.2+5.03 um at day 7 to 422.5+59.38 um at day 13 (Figure 1 A-E and 1K; Figure
S2A-E (i-ii) and F; Table S1). The average diameter of EBs decreased from 422.5+59.38 um at day 13.
to 395.3+£63.79 um at day 14 (Figure 1E and 1K; Figure S2E(i-ii); and Table S1) Diameter analysis of
individual EBs at day 7 (EB1-181.77 pum, EB2-180.87 um, EB3-190.01 um), day 10 (EB1-276.6 um, EB2-
254.67 um and EB3-279.98 um), and day 11 (EB1-274.09 um, EB2-269.65 um and EB3-286.72 pm)
showed similar diameters to one another (Figure S2F and Table S1). The highest variation in diameter
was observed amongst EBs at day 13 (EB1-489.89 um, EB2-399.76 um and EB3-377.85 pym) and day
14 (EB1- 441.94 um, EB2- 421.46 um and EB3- 322.64 um) (Figure 1K and Figure S2F). Thus, on
average, day 13 EBs (Figure 1D and 1K; Figure 52D) exhibited the largest diameter in size compared
to other EBs that were examined at days 7, 10, 11, and 14 (Figure 1K).

H

- oo.o

L

Relative EB Qil meter [um)
Ralative EB volume (pm?)

EBs at dlﬂerem days EBs at dlﬁemm days

Figure 1. Growth characterization of EBs. (A-E) Diameter of EBs at day 7-14. (F-]J) Volume rendering
of EBs at day 7-14. (K) Relative diameter and (L) volume of EBs at different days. Bounding box size
for each EB (F-]) is given in Supplementary Table 1.

We then evaluated the volume of segmented EBs (Figure 1F-J, Figure S2A-E (iii-iv), Table S1,
Movies S1 and 2) in order to get a complete representation of their dimensionality. Average volumes
of EBs from day 7 (0.0036+0.0015 mm?) to day 11 (0.0147+0.0008 mm?) showed a 4-fold increase
(Figure 1L). EBs showed a 3-fold increase in volume from day 11 (0.0147+0.0008 mm?) to day 13
(0.0442+0.0085 mm?) (Figure 1L, Table S1). However, a 2-fold decrease in volume was observed in
EBs (0.0442+0.0085 mm? to 0.0215+0.0034 mm?) from day 13 to 14 (Figure 1L, Figure S2H, Table S1).
Amongst all the EBs analyzed, the most variability in volume was seen at days 13 and 14 compared
to days 7 to 11 (Figure 1L, Figure S2H; Table S1). Day 13 EB2 had the largest volume of all EBs
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analysed (Figure S2D(iii) and 2H, Table S1). In summary, we observed an increase in both average

diameter and volume of EBs over the period of growth up to day 13, followed by a decrease at day
14.

3D Cell Viability Assessment of EBs

To examine cell viability in EBs, live/dead assay was performed at days 7, 10, 11, 13 and 14. EBs
contained both viable and dead cells at all-time points (day 7 to 14), indicated by green and red
staining, respectively (Figure 2A-E (i-iii) and F; Figure S3A-E (i-ii(a-c) and F, Table S1, Table S2). Live
cells were predominantly present on the outer surface of EBs with some EBs showing dead cells
attached to the outer surface of the EB and also scattered around the surrounding area (<0.14% of
total dead percentage) (Table S1 and Table S2). Live and dead cells percentage in all EBs showed a
notable difference from day 11 to day 14. The average percentage of dead cells remained below 1.7%
from day 7 (0.5+0.17%) to day 11 (1.61+1.16%) (Figure S3F; Table S1). The average percentage of dead
cells increased from day 11 (1.61+1.16%) to day 13 (20.3+4.99%) (Figure 2D,F; Figure S3D,F; Table S1.
At day 13 EBs displayed a dense core packed with dead cells (Figure 2D,F; Figure S3D and 3F; Table
S1; Table S2; Movie S3). At day 14, the average percentage of dead cells dropped to 2.53+0.46% (Figure
2E and 2F; Figure S3E and 3F; Table S1; Movie 54) from day 13 (20.3+4.99%). Overall, an increase in
dead cell percentage from day 11 to day 13 was seen, followed by a decrease at day 14.

Aliin) D{iii) E(iii)

F

Valume (pm’)

wall llll““l

EBs at different days

Figure 2. 3D Viability Assessment of EBs. (Ai-Ei) Volume rendering of EBs at day 7-14. (Aii-Eii) Cross-
sections taken from the middle of the EBs (Aiii-Eiii) Further cross-sectional view of (Aii-Eii). (F) Graph
shows the volume of live and dead cells of different EBs at the different days. Green shows live and
red shows dead cells. Bounding box size for each EB is given in Supplementary Table S1.
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3D Morphological Analysis of EBs

Morphological analysis of EBs was carried out from day 7 to day 14 and is summarized in Table
S3. Day 7 to day 11 EBs appeared to have spherical shapes (Figure 3A-C; Figure S4A-C), except day
7 EB2 (Figure 3A) and day 11 EB2 (Figure 3C) that had ellipsoidal shapes. Ellipsoidal shapes were
seen in all day 13 EBs (Figure 3D; Figure 54D). In comparison, all three EBs at day 14 showed varied
morphologies, EB1 being irregular shaped (Figure S4E (ii-iv)), EB2 being ellipsoidal (Figure S4E (i-
iii)), and EB3 being spherical (Figure 3E).

Ali) B(i) (i) (i) E(i)
Dfii)

Alii) Clii)

E(ii)

.
-
B(ii)
‘.
-

Figure 3. 3D morphological analysis of EBs. (Ai-Ei) Volume rendering of EBs from day 7-14. (Aii-Eii)

007- £82 D10-E83 p D13- 81

Cross-sections taken form the middle of the EBs from Ai-Ei. Green shows live and red shows dead
cells. Bounding box size for each EB is given in Supplementary Table 1.

Cavities (spaces) were observed on the outer surface of EBs mainly from days 13 and 14 (Figure
3D (i) and E (i); Figure S4D and E; Table S3). We observed in day 14 EBs outer cavities that extend
from the inner core of the EBs to the periphery with dead cells on the outer surface(Figure 3E); Figure
S4E, Movie 54, Table S3). We did not observe cavitation along the external margin of the EBs between
days 7-11. However, we did observe dead cells (Figure 3A (i)-C(i); Figure S4 A-C; Table S3). Dead
cells were observed on the outer surface of all EBs (day7 - 14); (Figure 3A(i)-E(i), Figure S4A-E; Table
S2) that contribute to less than 0.15% of the dead cells Table S1). Dead cells were observed inside all
EBs (day7 -14), with some showing cavities (Table S3).

Karyotypic Analysis

We examined the chromosomal stability of EBs at days 8, 10, 11, and 14. Chromosomal stability
of EBs was assessed using M-FISH and DAPI counting; results are summarized in Table 54 and 5.
Chromosome prepared from EBs displayed typical chromosome morphologies to the revived iPSC
line (2D); (Figure 4Ai and 4Aii).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 January 2023 d0i:10.20944/preprints202301.0238.v1

Figure 4. Karyotypic analysis of revived iPSCs and derived EBs. (Ai) DAPI and M-FISH spreads of
2D iPSC cells. (Aii) Karyotype of M-FISH spread in Ai showing 46XY. M-FISH karyotypes from EBs
at (B) Day 8 (46XY), (C) day 10 (46XY), (D) day 11 (46XY) and (E) Day 14 (43X, -21,-Y).

The iPSC was diploid (46XY), metaphase spreads prepared from EBs (3D) derived from iPSCs
on day 8 (n=15) and day 10 (n =8) exhibited normal 46XY karyotypes in all the cells analyzed (Figure
4B-C) except 1 cell from day 10 that showed 45XY (missing chromosome 9) (Table 54). Chromosome
spreads analyzed from day 11 (n = 8) and day 14 (n = 13) EBs were also 46 XY except for 2 spreads
from day 11 and 4 spreads from day 14 that showed aneuploidy (Figure 4D-E; Table S4). DAPI
counting was performed on 30 chromosome spread from both 2D iPSCs and derived 3D EBs at each
day (Table S5). Spreads prepared from day 8 to day 10 EBs showed 46XY in all cells analyzed.
Aneuploidy was observed in 5 out of 30 cells from day 11 and day 14 EBs, (Table S5). A suspected
insertion of chromosome 2 material on chromosome 22 was observed in some M-FISH karyotypes.
This was validated by applying FISH using a whole chromosome probe hybridization for
chromosomes 2 and 22. No actual insertion of chromosome 2 on chromosome 22 was found (Figure
S5).

Discussion

The study described here addresses the following aims: i) to generate and image live 3D volume
of EBs using LSFM, ii) to determine the overall size and 3D morphology of EBs, iii) to examine cell
viability, and iv) to evaluate chromosomal stability using M-FISH.

EBs derived from iPSCs are essential for developing differentiated cell types for study and
potential therapeutic application. The current work was done to understand the 3D growth of hiPSC-
derived EBs that remains understudied to date. LSFM has been demonstrated as a useful imaging
approach that is transforming our understanding of live mammalian developmental processes [50].
Furthermore, LSFM has been used for studying cortical organoid development using hiPSC [51] and
their derived EBs differentiated into the cerebral organoids [6]. To our knowledge, this is the first
study that utilizes LSFM to evaluate individual hiPSC derived EBs over a 14-day period. LSFM has
shown advantages compared to standard optical sectioning techniques like confocal microscopy, the
main one being the capability to reach in depth tissue, even is EBs with diameters larger than 400 um.
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This is possible thanks to the 90° configuration typical of LSFM. Besides, the technique allows one to
mount samples in holders that maintain the native EBs 3D configuration, without pressing them onto
microscopy slides. This becomes important when trying to quantify the volume of the EBs.

We determined changes in iPSC derived EB’s morphology, size, volume and cell viability.
Simultaneously we also assessed the karyotypic stability of EBs using M-FISH technology. Most data
cited in the literature assesses the size of EBs using diameter measurements [2,47,50]. This study
undertook volumetric assessment after imaging individual hiPSC derived EBs using LSFM. The
hiPSC derived EBs increased in volume from day 7 to 13, which reduced at day 14. Son et al, 2011
reported a decrease in diameter similar to our study around day 14, suggesting this may be a stage-
specific feature of EBs. In this study, EBs derived from hiPSC had diameters ranging from 180 um
(smallest) to 422 pm (largest). Studies undertaken using mouse ESCs (mSECs) derived EBs are
between 100 pm to 500 um [14,52]. Such studies examining the diameter and morphology have
suggested that the change is important for lineage-specific differentiation [15,16,53].

hiPSC derived EBs assessed in our study have a spherical shape up to day 11 thereafter, they
become heterogeneous predominantly ellipsoidal and irregular shaped by day 14. A similar
morphological pattern has been observed in EBs derived from mESCs where spherical shapes were
seen in the first 2 days of culture that then become ellipsoidal by day 3 and elongated by day 4 [54].
Even though similar morphologies were seen between mouse and human derived EBs, the timing of
development in vitro is varied. Spherical morphology has also been found in previous studies that
assessed EBs derived from hESCs and hiPSC at day 7 [19,55]. Neither of these studies applied 3D
LSFM. Our study provides the first detailed analysis of hiPSC derived EB for developmental
characteristics in vitro.

We found dead cells in all our observed EBs some with and others without cavities. Internal
cavities started from day 7 and were present in all day 14 EBs. We also observed a structural change
in day 13 EBs, whereby outer cavities began to appear. In comparison, day 14 EBs displayed extended
cavities that merged into the central core of the EBs. These cavities have been documented previously
as cystic EBs and are commonly seen in hESC derived Ebs [11,17,56,57] and in hiPSC derived EBs
[19]. These EBs are known to recapitulate early embryonic developmental events [58]. During the
development of mESC derived EBs, a dense core region containing dead cells have been observed at
earlier stages of development, indicating their importance in organism development [59-61]. In our
study, smaller EBs (seen in day 7 to day 11) displayed a lower percentage of dead cells in the core as
compared to day 13 that showed a large dense region containing dead cells. It has been shown
previously that larger EBs contain a necrotic core [62-64]. This occurs due to poor diffusion of
nutrients and oxygen in the center of the clusters [64]. This affects the viability, proliferation and
differentiation of cells in vivo and in vitro [65,66] and is most likely the case in our observed EBs.

Assessing the genomic stability of iPSCs is vital as alterations are known to occur during in vitro
propagation. Majority of the studies done to date have focused on investigating chromosomes from
2D iPSC cultures [35,37,40,41]. This is essential for their use in disease modeling and downstream
therapeutic applications [67]. In this study, we screened chromosomes from iPSC derived EBs as this
has been understudied. Normal (46 XY) karyotypes were observed from 3D EBs collected at the
different time points (day 8, 10. 11, 14) in culture except for some missing chromosomes at later stages
(day 11 to day 14) with no regular pattern. An early study that assessed EBs for their genomic stability
using G-banding showed no chromosomal instability [19]. Our data shows that chromosomal
aberrations/abnormalities can occur in EBs and karyotyping should be a pre-requisite for studies
utilizing EBs. This does not rule out the need for assessing the karyotypes from EBs during
propagation. Our data shows that hiPSC derived EB karyotypes change over the day 7 to day 14
period in vitro with chromosomal aneuploidy. Such aneuploidies are commonly seen in early human
embryo development and have been suggested to be a natural occurrence during meiosis or mitosis
[68].
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Limitations of Our Study

As this is the first demonstration that applied LSFM and M-FISH karyotyping of iPSC derived
EBs, our study has a number of limitations. First of all, it was not possible to continuously image the
development of selected EB during few days. In fact, even though during imaging the samples were
kept at the correct temperature and humidity and with the right CO2 supply, sterility could not be
always guaranteed. This however can be resolved in the future by using a chamber like a microscope
incubator from Okolab. Time-lapse imaging of the same EBs at earlier (e.g. days 1-6) and later (day
14 onward) growth would provide information into the complex structure and processes before and
after differentiation into different lineages. The inclusion of stage-specific developmental markers
would assist in defining the self-organizing capability of iPSC EBs in vitro. Furthermore, 3D robust
imaging of EB structures, especially from patient-derived iPSCs, will provide disease-specific
phenotype and disease modelling. A more extensive analysis by examining many mFISH karyotypes
in different iPSC lines would be essential to ascertain the presence of aneuploidies and chromosomal
pattern(s) during EB growth. We found difficulties in chromosome sample preparation at later stages
of EBs (day 11-14); this requires further protocol optimization.

The assessment of hiPSC derived EBs will have an impact on stem cell research in several areas
that include: i) use of different sized EBs for developing standardized protocols allowing efficient
and reproducible directed differentiation ii) enhance their use in the study of understanding early
embryo development, and iii) assist in the development of iPSCs for disease modeling and clinical
applications.

Conclusions

EBs derived from hiPSCs are important intermediates for many biomedical research and clinical
applications making their assessment critical. We show that LSFM is a useful technique for
investigating the full 3D live volume of iPSC derived EBs allowing information into the
morphological changes during their growth. Furthermore, extraction of chromosomes from 3D EBs
and whole genome analysis by M-FISH karyotyping is useful for EB development and 3D culture as
a whole. Overall, this study shows that cell death in EBs is related to morphological changes and is
linked to chromosomal instability at later stages of EB development (day 13 and 14). This study
indicates new imaging directions that should be considered in human stem cell research.
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