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Abstract of Thesis

General Introduction

Human induced pluripotent stem cells (hiPSC) are central to regenerative medicine, disease
modeling, and the development of cell-based products. However, achieving reproducible
outcomes in adherent high-density cultures remains difficult, as early seeding determines
how cells attach across the culture surface. The resulting spatial heterogeneity—arising at
local and vessel-wide scales—affects cell—cell contact, mechanotransduction, nutrient
distribution, and ultimately lineage commitment. Despite its importance, cell distribution is
not usually measured; common descriptors such as mean density or qualitative microscopy
do not capture multiscale variation or the effects of specific handling steps.

As hiPSC manufacturing moves toward greater standardization and automation, quantitative
evaluation of cell distribution becomes essential. This dissertation develops a structured
framework for quantifying spatial heterogeneity from fluorescence images, examines how
operational seeding behaviors shape early spatial patterns, and demonstrates how these
patterns influence neuroectodermal differentiation outcomes. By integrating operational
conditions, spatial indices, and biological performance, this work positions spatial

heterogeneity as a measurable and controllable parameter within hiPSC culture systems.

Chapter 1 — Development of Spatial Heterogeneity Analysis Method

This chapter establishes a quantitative method for evaluating spatial heterogeneity in
adherent hiPSC cultures. Four hierarchical scales—single-cell, local, regional, and global—
were defined to describe the spatial organization of cell culture. Two indices were introduced:
Local Heterogeneity (Hi), reflecting variation within regional areas, and Global
Heterogeneity (Ha), capturing differences between regions across the vessel. Nuclear
centroids were detected using a custom image-processing method, and kernel-based density
maps were generated from the centroid coordinates.

The analytical scales were derived from biological measurements of hiPSC migration and
elongation-based encounters, reflecting realistic interaction distances for the size of local
areas. A multi-regional sampling approach, using 25 sampling positions, which was set to
obtain representative estimates of vessel-level heterogeneity. In comparison with
conventional descriptors, Hi. and Hc provide reproducible, scale-specific measures
appropriate for adherent hiPSC systems. This chapter forms the analytical foundation for the
subsequent evaluation of seeding behavior.

Chapter 2 — Effect of Seeding Operation on Spatial Heterogeneity

This chapter evaluates how vessel size, early culture time, and operational handling affect




spatial heterogeneity. 6-well plates gave the most uniform distributions, while 12-well plates
and 100-mm dishes showed higher Hi driven by well geometry and fluid dynamics. As
cultures progressed from 2 h to 24 h, AL decreased likely due to cell growth and migration,
while Hs remained unchanged, showing that vessel-wide structure is fixed during seeding.
Modifications to cell seeding operation produced distinct spatial patterns. Prolonged
suspension before seeding increased HL due to cell settling and clustering, while tilting the
culture vessel after seeding increased Hg by creating directional gradients. These findings
show that even small handling differences can strongly influence cell distribution,
highlighting the need for careful control of seeding operations when aiming for uniform high-

density cultures.

Chapter 3 — Effect of Seeding Operation on hiPSC-Neuroectodermal Differentiation

This chapter investigates how early spatial patterns influence hiPSC differentiation towards
neuroectodermal lineage. Flow cytometric analysis was conducted at day 7 to assess
commitment towards target cells expressed by paired box protein 6 (PAX6) marker and low
expression of cytokeratin 18 (CK18). Conditions with increased Hi. or Hg yielded fewer

target cells and greater variability in PAX6 and CK18 expression between replicates, whereas
conventional seeding produced more consistent differentiation. Although mean values were
similar across conditions, the variability in marker expression shows that differentiation is
sensitive to the initial cell distribution. These observations follow density-dependent
mechanisms, particularly the influence of local clustering and mechanical cues on YAP/TAZ
signaling and lineage fate. HL and Hc therefore provide early indicators of process robustness

and improve differentiation reproducibility.

General Conclusion and Perspective

Quality control indices were developed to quantify spatial heterogeneity after high-density
seeding. This framework links seeding behavior, spatial distribution, and neuroectodermal
outcomes within a Quality by Design view. Early spatial heterogeneity measures help detect
operational errors and predict differentiation performance. These indices can also be
integrated into automated cell manufacturing and guide interventions that improve cell

distribution and process reproducibility.
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