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Abstract

Oxygen tension is a key regulator of early human neurogenesis; however, quantifying intra-tissue O, in 3D models for an
extended period remains difficult. Existing approaches, such as needle-type fiber microsensors and intensity-based oxygen
probes or time-domain lifetime imaging, either perturb the organoids or require high excitation doses that limit the
measurement period. Here, we present a step-by-step protocol to measure intra-organoid oxygen in human cerebral
organoids (hCOs) using embedded ruthenium-based CPOx microbeads and widefield frequency-domain fluorescence
lifetime imaging microscopy (FD-FLIM). The workflow covers dorsal/ventral cerebral organoid patterning, organoid fusion
at day 12 with co-embedded CPOx beads, standardized FD-FLIM acquisition (470-nm external modulation, 16 phases at 50
kHz, dual-tap camera), automated bead detection and lifetime extraction in MATLAB, and session-matched Stern—Volmer
calibration with Ru(dpp)3(ClOs), to convert lifetimes to oxygen concentration. The protocol outputs per-bead oxygen maps
and longitudinal patterns stratified by bead location (intra-organoid vs. gel) and sample state (healthy vs. abnormal), enabling
direct linkage between developmental growth and oxygen dynamics.

Key features

e  End-to-end workflow linking hCOs generation, on-gel bead embedding, and FD-FLIM oxygen readout.
e Longitudinal single-organoid tracking of oxygen tension with bead-level metadata.

e  Reference-based lifetime calibration and reproducible camera/LED settings.

e Ready-to-reuse materials, recipes, timing, and analysis logic.

Keywords: Human cerebral organoid, Oxygen, Frequency-domain fluorescence lifetime imaging microscopy (FD-FLIM),
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Workflow and timeline for fused human cerebral organoids (hCOs) generation. (A) Experimental timeline of
dorsal/ventral embryoid bodies (EBs) patterning from human induced pluripotent stem cells (hiPSCs). Cerebral organoids
were fused at day 12 and cultured for up to six weeks. (B) Schematic illustration for the incorporation of CPOx microbeads
(oxygen sensor) during organoids fusion. (C) Schematic illustration for oxygen tension measurement through frequency-
domain fluorescence lifetime microscopy (FD-FLIM).

Background

Oxygen availability is a central regulator of neural development, shaping stem/progenitor proliferation, neuronal
differentiation, and metabolic state in the embryonic cortex [1—4]. Direct, longitudinal measurement of tissue oxygen in the
developing human brain has been technically prohibitive. Human cerebral organoids (hCOs) offer an accessible, human-
relevant platform to interrogate oxygen dynamics over time [5,6] and have been widely applied across neurological disease
modeling contexts [6—8].

Approaches to monitor intra-organoid oxygen include needle-type optical fiber microsensors [6], which provide spatial
oxygen profiles but are disruptive and unsuitable for repeated measurements over weeks. Non-disruptive, lifetime-based
optical methods using oxygen-sensitive probes with phosphorescence lifetime imaging microscopy (PLIM)/fluorescence
lifetime imaging microscopy (FLIM) mitigate intensity and ambient-noise confounds [9,10]. However, conventional time-
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domain lifetime implementations often require high excitation doses that risk photocytotoxicity in long-term live imaging,
which makes it disadvantageous for live organoid observation over an extended period. In contrast, widefield frequency-
domain (FD-FLIM) enables rapid, low-dose lifetime acquisition, making it suitable for longitudinal tracking of embedded
oxygen sensors [11,12].

Building on this framework, our recent study used ruthenium-based oxygen-sensitive microbeads with FD-FLIM to identify
a discrete developmental window (weeks 4—6) of markedly elevated intra-organoid oxygen tension that coincides with rapid
neurogenesis and shifts in energy homeostasis [5]. Hypoxia or genetic perturbation of neuroglobin (NGB) attenuates this
oxygen elevation and impairs neurogenesis, establishing a functional link between oxygen tension, metabolic programs, and
developmental outcomes in hCOs. This protocol operationalizes that framework—detailing (i) hCO generation, (ii) bead co-
embedding at fusion, and (iii) FD-FLIM configuration, acquisition, and analysis—so that other laboratories can reproduce
longitudinal intra-organoid oxygen measurements and apply them to questions in human neurodevelopment, genetic
perturbation (e.g., NGB), disease modeling, and microenvironmental manipulation.

Materials and reagents

Biological materials
1. Human induced pluripotent stem cells (hiPSCs) (RIKEN Bioresource Center, Cell No. HPS0076, clone 409B2)
Reagents

. Stemflex™ (Thermo Fisher Scientific, catalog number: A3349401)

. Matrigel (hESC-qualified; coating) (Corning, catalog number: 354277)

. Accumax (Sigma-Aldrich, catalog number: A7089)

. AggreWell™ embryoid body (EB) formation medium (STEMCELL Technologies, catalog number: 05893)
. DMEM/F12 (Thermo Fisher Scientific, catalog number: 12660012)

. Neurobasal (Thermo Fisher Scientific, catalog number: 21103049)

. N2 supplement (Thermo Fisher Scientific, catalog number: 17502048)

. B27 supplement (without vitamin A) (Thermo Fisher Scientific, catalog number: 12587010)

. B27 supplement (with vitamin A) (Thermo Fisher Scientific, catalog number: 17504044)

. GlutaMAX (Thermo Fisher Scientific, catalog number: 35050061)

. MEM-NEAA (Thermo Fisher Scientific, catalog number: 11140050)

. Heparin (Sigma-Aldrich, catalog number: HO878)

. ROCK inhibitor Y-27632 (Sigma-Aldrich, catalog number: SCM075)

. Cyclopamine A (Sigma-Aldrich, catalog number: 239803)

. IWP-2 (Sigma-Aldrich, catalog number: 10536)

. SAG (Sigma-Aldrich, catalog number: 566660)

. 2-Mercaptoethanol (Thermo Fisher Scientific, catalog number: 21985023)

. Insulin (Sigma-Aldrich, catalog number: 19278)

. DPBS (Ca*/Mg?**-free) (Thermo Fisher Scientific, catalog number: 14190144)

. Bovine serum albumin (BSA) (Sigma-Aldrich, catalog number: A9418)

. CellMask™ plasma membrane stains (Thermo Fisher Scientific, catalog number: C10046)

. Ruthenium-based phosphorescent microbeads (CPOx beads) (Colibri Photonics, catalog number: CPOx-50-RuP)
23. Tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II) bis(perchlorate) [Ru(dpp);(ClO4):] (Toronto Research Chemicals,
catalog number: TRC-T884520-500mg)
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Solutions

1. Aggregation medium (see Recipes)

2. Neural Induction (NI) medium for dorsal patterning (see Recipes)
3. Neural Induction (NI) medium for ventral patterning (see Recipes)
4. CPOx beads stock solution (see Recipes)

5. CPOx-containing Matrigel solution (see Recipes)
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6. hCOs expansion medium (see Recipes)
7. hCOs maturation medium (see Recipes)

Recipes

Note: The basal medium can be stored at -20 °C for six months and thawed immediately before use. However, as presented
in the following recipes, all culture media can be stored for up to two weeks at 4 °C. The small molecules Y-27632,
Cyclopamine A, IWP-2, and SAG should be added right before use. CPOx-containing Matrigel solution should be
manipulated at 4 °C to prevent premature solidification of Matrigel.

1. Aggregation medium

Reagent Final concentration Quantity or volume
AggreWell™ EB formation medium 10 mL
ROCK inhibitor Y-27632 (10 mM) 10 uM 10 uL

2. Neural induction (NI) medium for dorsal patterning

Reagent Final concentration Quantity or volume
DMEM/F12 medium 10 mL

GlutaMAX (100x%) 1:100 100 uL
MEM-NEAA (100x) 1:100 100 uL

Heparin (1 mg/mL) 1 pg/mL 10 uL

N2 (100x%) 1:100 100 uL
Cyclopamine A (5 mM) 5 uM 10 uL

3. Neural induction (NI) medium for ventral patterning

Reagent Final concentration Quantity or volume
DMEM/F12 medium 10 mL

GlutaMAX 1:100 100 uL
MEM-NEAA (100x) 1:100 100 pL

Heparin (1 mg/mL) 1 pg/mL 10 uL

N2 (100x%) 1:100 100 uL

IWP-2 (5 mM) 25 uM 5uL

SAG (10 mM) 100 nM 1 uL

4. CPOx beads stock solution

Reagent Final concentration Quantity or volume
DPBS I mL

CPOx (10 mg) 10 mg/mL

BSA (100%) 1% 10 uL

5. CPOx-containing Matrigel solution

Reagent Final concentration Quantity or volume
Matrigel 100 uL
CPOx beads stock solution (10 mg/mL) 500 pg/mL 5uL

6. hCOs expansion medium

Reagent Final concentration Quantity or volume
DMEM/F12 medium 25 mL

Neurobasal 25 mL

GlutaMAX (100x%) 1:100 500 pL
MEM-NEAA (100x) 1:200 250 L
2-mercaptoethanol (55 mM) 19.25 uM 17.5 uL

Insulin (10 mg/mL) 2.5 pg/mL 12.5 uL
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N2 (100x) 1:200 250 uL
B27 without vitamin A (50x) 1:100 500 L

7. hCOs maturation medium

Reagent Final concentration Quantity or volume
DMEM/F12 medium 25 mL

Neurobasal 25 mL

GlutaMAX (100x) 1:100 500 pL
MEM-NEAA (100x) 1:200 250 uL
2-mercaptoethanol (55 mM) 19.25 uM 17.5 uL

Insulin (10 mg/mL) 2.5 pg/mL 12.5 uL

N2 (100x%) 1:200 250 uL

B27 with vitamin A (50%) 1:100 500 uL

Laboratory supplies

1. 6-well plates (Corning, catalog number: 3516)

2. Ultra-low-attachment 96-well round-bottom plates (Corning, catalog number: 7007)

3. Ultra-low-attachment 24-well plates (Corning, catalog number: 3473)

4. Microscope glass slide (Paul Marienfeld GmbH & Co. KG, catalog number: 1000000)

5. Microscope cover glass (diameter: 18 mm) (Paul Marienfeld GmbH & Co. KG, catalog number: 0111580)

Equipment

1. CO,-resistant shaker (Thermo Fisher Scientific, catalog number: 88881101B)

2. DMI6000 B inverted microscope (objective: 5x) (Leica Microsystems, catalog number: DMI6000B)

3. Hamamatsu ORCA-R2 cooled CCD camera (Hamamatsu Photonics K.K., catalog number: C10600-10B)

4. Dual-tap complementary metal-oxide semiconductor (CMOS) FLIM camera (Excelitas Technologies Corp., catalog
number: PCO.FLIM)

5. High-power light-emitting diode (LED, nominal wavelength: 470 nm) (Thorlabs, catalog number: M470LP-C2)

6. LED driver (Thorlabs, catalog number: DC2200)

Software and datasets

. Leica Application Suite X (LAS X) life science microscope software (Leica Microsystems, version: 3.4.2.18368)
. Look@FLIM (version: 1.0.836-7, https://www.fish-n-chips.de/Look@FLIM/setup/, access date: 07/03/2025)

. MATLAB (The MathWorks, Inc., version: 9.2.0.556344; R2017a)

. ImageJ (U.S. National Institutes of Health)

. SPSS (IBM Corp., version: 16)

. Sigma plot (Grafiti, version: 14)

. BioRender (https://app.biorender.com/)

. AutoCAD (Autodesk Inc., version: 2020)
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Procedure

Timing

* Section A: hCO generation to fusion day (day 0-12): ~12 days (EB formation through day 6; neural induction at day 6
when EBs > 500 um; patterning day 6—12)

* Section B: Bead embedding at fusion: ~1 h hands-on

* Section C/D/E: Imaging configuration and acquisition: ~30—60 min setup; ~5—10 min per bead ROI
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A. Generate human cerebral organoids (days 0—12)

1. EB formation (days 0-5):

a. Dissociate hiPSC colonies with Accumax to single cells. Seed 12,000 cells/well into ultra-low-attachment 96-well round-
bottom plates in 150 puL of AggreWell™ EB formation medium with 10 pM Y-27632 (ROCK inhibitor). Do not disturb the
plate for at least 24 h. After 24 h, small EBs (100-200 um in diameter) should be observed with a layer of unincorporated
cells around the central EB.

b. On days 2 and 4, exchange the media by removing ~75% of the media in each well and adding 150 pL of fresh
AggreWell™ EB formation medium (without Y-27632).

Critical: Achieving uniform cell suspension and seeding density is essential for generating consistent, uniform embryoid
body (EB) size, which directly impacts later neurogenesis.

2. Neural induction (days 5-12):

a. Monitor EB diameter under brightfield microscopy. When EBs exceed ~500 um, carefully remove ~75% of the medium
from each well and replace with prewarmed NI medium. Avoid disturbing the aggregates.

Note: The diameter of the EBs was directly quantified under brightfield microscopy using a calibrated ocular micrometer.
b. Continue culture in NI medium and apply regional cues:

* Dorsal identity: Add Cyclopamine A 5 uM (SHH inhibitor) for 6 days. Refresh NI with small molecules every other day.
* Ventral identity: Add IWP-2 2.5 uM (WNT inhibitor) with SAG 100 nM (SHH agonist) for 6 days. Refresh NI with small
molecules every other day.

Critical: EBs that grow irregular, non-circular/elliptical shapes or fail to generate an expanded radialized neuroepithelium
should be discarded.

3. Fusion (day 12):

a. Embed one dorsal EB with one ventral EB together in a single cold Matrigel droplet (see Section B for optional CPOx
addition).

b. Transfer to ultra-low-attachment 24-well plates with hCOs expansion medium.

c. After 4 days of stationary culture, switch to hCOs maturation medium and place on a shaker for maturation.

Critical: Place the 24-well plate on an orbital shaker inside the incubator. Set the shaker speed to 90—100 rpm [6-8] to
ensure adequate nutrient exchange and oxygen delivery without causing excessive shear stress to the developing organoids.

B. Embed CPOx beads at the time of fusion (day 12)

1. Thaw Matrigel on ice. Prepare CPOx bead stock solution at 10 mg/mL (DPBS with 1% BSA). Keep on ice.

2. Mix bead stock 1:20 (v/v) with cold Matrigel immediately (CPOx-containing matrigel) prior to fusion.

3. In a single Matrigel droplet, co-embed one dorsal EB with one ventral EB with bead-mixed Matrigel. Position organoids
so that the neuroepithelial surfaces oppose and gently touch to promote tissue continuity; avoid bubbles. Polymerize for
>30-40 min at 37 °C.

Caution: Matrigel must be kept on ice at all times before polymerization. Premature solidification will prevent proper
embedding and fusion.

C. Basic configuration settings for FD-FLIM imaging acquisition

1. PCO.FLIM camera setup:

a. Switch on the camera and launch the Look@FLIM control and acquisition software on the connected workstation.

b. Once the camera is detected and operational, Look@FLIM enables control via the Camera menu.

c. Navigate to the SEQUENCE CONFIGURATION tab. This tab contains three configuration sections:

In the Modulation section:

» Under Source Select, choose Internal to configure the internal direct digital synthesizer to generate modulation signals.

* Under Output Waveform, select Sinusoidal to produce a sinusoidal modulation output from the camera.

* Set the Master Frequency to 50 kHz, optimized for lifetime measurements of CPOx beads.

* Leave Relative Phase at its default value (0°) to avoid manual phase offset adjustments between the camera’s modulation
signal and any external output.
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In the Phase Sequence section:

* Set Phase Number to 16, which captures 16 evenly spaced phase points across one full 360° modulation cycle.
Note: Available options are 2, 4, 8, and 16, higher phase numbers improve waveform fidelity.

* Set Phase Symmetry to Singular, so that only one phase sequence is acquired.

* Set Tap Select to Both, enabling readout from both tap A and tap B for enhanced signal quality.

In the Image Processing section:
» Under Asymmetry Correction, select No to disable internal asymmetry correction by the camera.
* Adjust the Exposure Time (in milliseconds) to ensure adequate fluorescence signal intensity.

Note: Refer to the next section of the protocol for optimal exposure time guidance based on fluorophore brightness and
sample conditions.

2. LED illumination setup:

a. Connect the high-power LED to the LED driver using the SMA connector located on the rear panel of the driver.

b. Switch on the LED driver.

c. Set the LED driver to External Modulation Mode by selecting the corresponding function on the front panel. In this mode,
the sinusoidal modulation signal is supplied externally by the PCO.FLIM camera.

Note: The external voltage signal from the FLIM camera modulates the LED current in synchrony with image acquisition,
ensuring proper phase alignment.

d. During the experiment, use the “LED is OFF” button on the driver's front panel to toggle the LED light ON or OFF, as
needed.

D. Reference image acquisition using an FD-FLIM camera

1. Preparation of the reference droplet:

a. Place a droplet of an oxygen-sensitive fluorescent dye of 25 uM Ru(dpp);(ClOs), solution onto a microscope slide.

Note: The 25 uM Ru(dpp)3;(CIO4); solution was used as a reference standard for calculating the lifetimes of the oxygen-
sensitive beads. Because instrumental artifacts—such as sensor nonlinearity and limited dynamic range—can arise from
the electronic and optical setup, a relative measurement against a sample with a known fluorescence lifetime was performed.
This reference measurement corrects for system-dependent deviations and ensures more accurate lifetime determination of
the CPOx beads.

b. Gently cover the droplet with a microscope cover glass to seal the sample.

2. Microscope setup:

a. Launch the Leica LAS X life science imaging software to control the stage and imaging parameters of the inverted
microscope.

b. Set the objective lens to 5x magnification.

c. Use the following filter settings: excitation (Ex): 420—490 nm and emission (Em): 570—-670 nm.

3. Focusing: Adjust the stage to focus on the bottom surface of the Ru(dpp)3;(C10.). dye droplet for consistent imaging.

4. Reference image acquisition: Use the Look@FLIM software to acquire a fluorescence image set across multiple phase
angles using the PCO.FLIM camera. This image set will serve as the FD-FLIM reference image set for subsequent lifetime
analysis.

Caution: Ensure that the selected field of view (FOV) is free of defects or artifacts.

Note: To confirm system stability, acquire several reference image sets at different positions on the sample and check their
phasor plots. Refer to the “Oxygen level calculation” section of Data analysis) for details on phasor plot interpretation.

E. CPOx image acquisition using an FD-FLIM camera

1. Sample preparation: Place the 24-well plate containing the organoids with embedded CPOx beads onto the microscope
stage.

2. Microscope setup (a schematic of the instrument setup for FD-FLIM is shown in Figure 1A):

a. Use the microscope control software, LAS X, to position the target organoid within the field of view (FOV).

b. Focus the objective lens precisely on the target organoid.
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Figure 1. Instrument setup for frequency-domain fluorescence lifetime imaging microscopy (FD-FLIM) and confocal
image for validation of CPOx bead localization in human cerebral organoids (hCOs). (A) Schematic of the inverted
widefield frequency-domain FLIM system used for live oxygen measurements. The setup includes a 470-nm high-power
LED under external modulation, an inverted fluorescence microscope with appropriate excitation/emission filters (Ex 420-
490 nm/Em 570-670 nm), and a dual-tap FLIM camera for multi-phase acquisition. (B) Confocal image of a cerebral
organoid after 26 days in culture, stained with CellMask (green) to delineate tissue architecture and to localize the oxygen-
sensitive CPOx microbeads (red). Scale bar: 100 pm.

3. Live-cell imaging: Acquire a live-cell fluorescence image set using the Leica DMI6000 B inverted microscope equipped
with a Hamamatsu monochrome CCD camera. Use filter settings as follows: excitation (Ex): 420-490 nm, Emission (Em):
570-670 nm for CPOx beads and Ex: 608648 nm, Em: 672712 nm for CellMask™ plasma membrane stain.

4. FD-FLIM image acquisition:

a. Based on the live-cell image set, confirm the location of the organoids through CellMask staining and identify the target
CPOx beads (Figure 1B).

b. For each CPOx bead, use the Look@FLIM software to acquire a fluorescence image set across multiple phase angles
using the PCO.FLIM camera.

c. Repeat this step until all FLIM image sets of the identified CPOx beads are collected.

Caution: For each image set, record and label the following metadata:

i. Time point

ii. Organoid ID

iii. CPOx bead ID(s)

iv. Bead location (e.g., inside organoid or in gel matrix)

v. (Tip) To ensure accurate tracking and future validation, it is recommended to label each CPOx bead in the live-cell image
set using bead numbers or ROI markers.

5. Longitudinal image sets: Repeat steps E2—4 every 3 or 7 days, depending on the experimental schedule, until FD-FLIM
image sets have been acquired for all intended time points.

Data analysis

Organoid size quantification

Brightfield images were imported into ImagelJ software and calibrated using the embedded scale bar. Each organoid was
segmented by global thresholding with manual refinement as needed. For each sample, the area was calculated and recorded
through the built-in measurement function of ImagelJ.

Organoids were classified as healthy hCOs or abnormal hCOs. Brightfield images (Figure 2B) show that healthy hCOs
exhibit smooth contours and progressive enlargement across the indicated culture days [5], whereas abnormal hCOs display
irregular morphology and limited size increase. The specific characteristics defining abnormal morphology were visually
detailed in Figure 2C, which included crop images highlighting two primary defects: extended, excessive cell processes or
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protrusions (Figure 2C') and irregular, non-smooth boundaries or a failure to form a cohesive, spherical structure (Figure
2C"). Furthermore, the quantitative summary (Figure 2D) demonstrates that healthy hCOs were consistently larger than
abnormal hCOs after week 4. This analysis provides an orthogonal growth readout to validate the correlation between
organoid growth and intra-organoid oxygen tension measured by the FD-FLIM/CPOx system.
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Figure 2. Timeline of human cerebral organoid (hCO) culture and size analysis. (A) Timeline of hCO formation and
culture based on the fused cerebral organoid method. (B) Brightfield images of healthy and abnormal hCOs cultured in the
Matrigel matrix at different time points (scale bar, 400 um). (C) Representative brightfield images showcasing the
morphological characteristics of abnormal hCOs (scale bar, 400 um). Crop images from Figure 2C further illustrate these
abnormalities: (C') highlights organoids with extended, excessive cell processes or protrusions, and (C") displays organoids
exhibiting irregular, non-smooth boundaries or a failure to maintain a cohesive, spherical structure. (D) Organoid sizes of
the hCOs estimated from the captured brightfield images. Data are presented as box plots and mean + SD with all data points
(n=238).

Oxygen level calculation

The positions of the oxygen-sensitive CPOx beads were identified using a custom MATLAB script (R2017a, MathWorks,
Natick, MA). The brightest image in the acquired FLIM dataset was first binarized, and a best-fit circle detection algorithm
was applied to locate the beads, taking advantage of their spherical geometry. This process generated an identification matrix
marking the pixel locations of each bead for subsequent analysis.

Fluorescence intensity and lifetime of the CPOx beads were affected by molecular oxygen through dynamic quenching,
resulting in reduced intensity and shortened lifetime. Lifetime values were calculated following previously described
methods [12]. The lifetime profiles were multiplied by the identification matrix on a pixel-by-pixel basis to extract lifetime
values corresponding to each bead.

Oxygen concentrations were then estimated from the lifetime variations using the Stern—Volmer equation:
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where 1y and t are the fluorescence lifetimes in the absence and presence of oxygen, respectively, and Kq is the quenching
constant determined from a prior calibration. Calibration was performed using FLIM images of an oxygen-sensitive
reference dye solution [25 uM Ru(dpp)s;(ClO4):] with a known lifetime (t = 1.185 pus). From these calculations, the average
lifetime and oxygen concentration of each CPOx bead were obtained. The detailed procedures for bead characterization and
calibration are described in the referenced literature, with step-by-step information provided in the Supplementary
Information [11]. Overlaid brightfield/fluorescence images (Figure 3A) show CPOx beads (red) distributed in the matrigel
and embedded within healthy hCOs. Quantitative results (Figure 3B, C) indicate distinct oxygen profiles among healthy
hCOs (intra-organoid beads) [5], abnormal hCOs (intra-organoid beads), and gel-only beads (outside hCOs) [5]. Across the
indicated weeks, intra-organoid oxygen levels in healthy hCOs were elevated during weeks 4—6, while abnormal hCOs
displayed a flattened curve of oxygen tension; gel-only measurements remained comparatively stable. Data are displayed as
mean + SD and as box plots with all data points overlaid; independent t-tests were used for pairwise comparisons (n = 4;
significance thresholds reported in the legend).
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Figure 3. Healthy and abnormal human cerebral organoids (hCOs) with fluorescence oxygen-sensitive microbeads
(CPOx) for intra-organoid oxygen tension measurement. (A) Overlaid brightfield and fluorescent images of the healthy
and abnormal hCOs cultured with the CPOx microbeads (red) in the matrigel matrix at weeks 4, 5, and 6 (scale bar, 500
um). (B) Quantitative results of the average oxygen tension values calculated based on the fluorescence lifetime
measurement of CPOx beads embedded within the healthy and abnormal hCOs (intra-organoid oxygen tension), or within
the matrigel but not embedded within the hCOs (gel oxygen tension). The data are expressed as mean + SD. (C) Quantitative
results of the average oxygen tension values across developmental time points in healthy and abnormal hCOs, as well as
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within the matrigel but not embedded within the hCOs (gel oxygen tension). An independent T-test was performed for
statistical analysis. Data were presented as box plots and mean + SD with all data points (n =4, *p < 0.05; **p <0.01).

Validation of protocol

This protocol has been used and validated in the following research article:
* Liu et al. [5]. Shaping early neural development by timed elevated tissue oxygen tension: Insights from multiomic analysis
on human cerebral organoids. Sci Adv 11(11): eado1164. DOI: 10.1126/sciadv.ado1164

General notes and troubleshooting

Troubleshooting

Problem 1: Organoids fail to grow (slow growth or arrest).

Possible causes: Poor hiPSC quality (low pluripotency, mycoplasma); inaccurate seeding density or low viability at EB
formation; EBs not reaching the >500 um threshold before switching to NI; Matrigel quality/temperature issues (premature
gelation or insufficient polymerization); overfilled wells limiting gas exchange.

Solutions: Verify hiPSC QC (compact colonies, high N/C ratio, mycoplasma-negative); seed 12,000 cells/well with >90%
viability and maintain spherical EBs; neural induction at day 6 when EBs exceed ~500 um; thaw Matrigel on ice carefully
to avoid polymerization; avoid overfilling wells (allow gas exchange)

Problem 2: Few/no beads visible in organoids.

Possible causes: Beads settled before gelation; too low bead concentration.

Solutions: Mix bead/Matrigel gently immediately before plating; confirm a 1:20 ratio of beads to gel; minimize handling
time.

Problem 3: Bead drifts between time points.
Possible causes: Mechanical disturbance; partial detachment.
Solutions: Minimize plate movement; annotate bead positions; exclude drifting beads from longitudinal statistics.

Problem 4: Organoids—Matrigel separation after embedding.
Possible cause: Strong pipetting or excessive shaking speed.
Solutions: Add medium along the well wall; avoid touching Matrigel; verify shaker speed daily.

Problem 5: Low signal-to-noise ratio (SNR) leading to poor/unstable phase fitting.

Possible causes: Insufficient excitation light dose, exposure time too short, weak sample fluorescence, suboptimal focus, or
incorrect filter set.

Solutions: Increase light dose (raise LED current within safe operating limits) or extend exposure time to accumulate
sufficient photons without reaching saturation; verify focus and the correct excitation/emission filters. If needed, enable
pixel binning or average multiple acquisitions to further improve SNR.
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