
Information
Band / Volume 83
ISBN 978-3-95806-643-4

Information
Band / Volume 83
ISBN 978-3-95806-643-4

Hybrid hydrogels promote physiological functionality  
of long-term cultured primary neuronal cells in vitro
Corinna Meeßen

83

H
yb

rid
 h

yd
ro

ge
ls

 p
ro

m
ot

e 
ph

ys
io

lo
gi

ca
l f

un
ct

io
na

lit
y 

C
or

in
na

 M
ee

ße
n

In
fo

rm
at

io
n



Forschungszentrum Jülich GmbH
Institut für Biologische Informationsprozesse (IBI)
Bioelektronik (IBI-3)

Hybrid hydrogels promote physiological  
functionality of long-term cultured primary 
neuronal cells in vitro

Corinna Meeßen

Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 83

ISSN 1866-1777  ISBN 978-3-95806-643-4



Contents

1. Introduction 1

2. Background 3
2.1. The extracellular matrix of the central nervous system . . . . . . . . . . . . . . . 3
2.2. Basics of neuronal communication . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.1. Action potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2. Chemical synapse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3. Mimics of the human brain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.1. Organoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.2. Spheroids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3.3. Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4. Requirements and challenges of Hydrogels for neuroscience . . . . . . . . . . . . . 12
2.5. Network analysis and graph theory . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5.1. Functional connectivity estimation . . . . . . . . . . . . . . . . . . . . . . 18
2.5.2. Network Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3. Materials and Methods 25
3.1. Natural Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1. Fibrin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.2. Collagen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2. Biohybrid Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2.1. Fibrin-PVP-co-GMA3mol% . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2.2. Collagen-PVP-co-GMA3mol% . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3. Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4. Cell viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5. Immunostaining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.6. Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.6.1. Confocal imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.6.2. Calcium imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.7. Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.7.1. Signal extraction and data preprocessing . . . . . . . . . . . . . . . . . . . 30
3.7.2. Network analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.7.3. Cross-correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.7.4. Statistical evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4. Engineering of a suitable hydrogel system for primary neuronal cell encapsulation 33
4.1. Commercial hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2. Natural hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.3. Biohybrid hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5. Implementation of generalized transfer entropy (GTE) and its pitfalls 41

6. Natural hydrogels lack long-term cultivation properties 45
6.1. Fibrin concentrations in hydrogels affect cell viability . . . . . . . . . . . . . . . . 45

ix



Contents

6.2. Collagen hydrogels enhance neuronal cell viability . . . . . . . . . . . . . . . . . 48

7. Biohybrid hydrogels enhance physiological development for long-term cultivation 51
7.0.1. Fibrin-PVP-co-GMA3mol% . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.0.2. Collagen-PVP-co-GMA3mol% . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.0.3. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

8. Development of spontaneous network activity over time 59
8.1. Influence of different molecular weights of PVP on spontaneous network activity

development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
8.2. Importance of recording times limited by setup possibilities . . . . . . . . . . . . 70

8.2.1. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
8.3. PVP-co-GMA3mol% has a major influence on network development compared to

simple Collagen gels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
8.3.1. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

9. Conclusion and scientific relevance 79

10.Applications and future perspectives 83
10.1. Disease modeling and basic research . . . . . . . . . . . . . . . . . . . . . . . . . 83
10.2. Interfacing with electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

10.2.1. Hydrogels as electrode coatings . . . . . . . . . . . . . . . . . . . . . . . . 84
10.2.2. Different types of electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . 84

A. Supplemental figures and tables 89
A.1. Data table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
A.2. Synchrony derived from different adjacency matrices . . . . . . . . . . . . . . . . 97
A.3. Node strength and degree in biohybrid hydrogels with different PVP polymer

chain lengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
A.4. Biohybrid hydrogel vs. Collagen . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
A.5. Importance of recording times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Bibliography 117

Acknowledgments 119

x



Information
Band / Volume 83
ISBN 978-3-95806-643-4

Information
Band / Volume 83
ISBN 978-3-95806-643-4

Hybrid hydrogels promote physiological functionality  
of long-term cultured primary neuronal cells in vitro
Corinna Meeßen

83

H
yb

rid
 h

yd
ro

ge
ls

 p
ro

m
ot

e 
ph

ys
io

lo
gi

ca
l f

un
ct

io
na

lit
y 

C
or

in
na

 M
ee

ße
n

In
fo

rm
at

io
n


	Introduction
	Background
	The extracellular matrix of the central nervous system
	Basics of neuronal communication
	Action potential
	Chemical synapse

	Mimics of the human brain
	Organoids
	Spheroids
	Hydrogels

	Requirements and challenges of Hydrogels for neuroscience
	Network analysis and graph theory
	Functional connectivity estimation
	Network Measures


	Materials and Methods
	Natural Hydrogels
	Fibrin
	Collagen

	Biohybrid Hydrogels
	Fibrin-PVP-co-GMA3mol%
	Collagen-PVP-co-GMA3mol%

	Cell culture
	Cell viability
	Immunostaining
	Microscopy
	Confocal imaging
	Calcium imaging

	Data processing
	Signal extraction and data preprocessing
	Network analysis
	Cross-correlation
	Statistical evaluation


	Engineering of a suitable hydrogel system for primary neuronal cell encapsulation
	Commercial hydrogels
	Natural hydrogels
	Biohybrid hydrogels

	Implementation of generalized transfer entropy (GTE) and its pitfalls
	Natural hydrogels lack long-term cultivation properties
	Fibrin concentrations in hydrogels affect cell viability
	Collagen hydrogels enhance neuronal cell viability

	Biohybrid hydrogels enhance physiological development for long-term cultivation
	Fibrin-PVP-co-GMA3mol%
	Collagen-PVP-co-GMA3mol%
	Conclusion

	Development of spontaneous network activity over time
	Influence of different molecular weights of PVP on spontaneous network activity development
	Importance of recording times limited by setup possibilities
	Conclusion

	PVP-co-GMA3mol% has a major influence on network development compared to simple Collagen gels
	Conclusion


	Conclusion and scientific relevance
	Applications and future perspectives
	Disease modeling and basic research
	Interfacing with electrodes
	Hydrogels as electrode coatings
	Different types of electrodes


	Supplemental figures and tables
	Data table
	Synchrony derived from different adjacency matrices
	Node strength and degree in biohybrid hydrogels with different PVP polymer chain lengths
	Biohybrid hydrogel vs. Collagen
	Importance of recording times

	Bibliography
	Acknowledgments
	Leere Seite
	Leere Seite



