
vii

 
Soft Matter Series No. 12
Droplet Microfluidics
Edited by Carolyn Ren and Abraham Lee
© The Royal Society of Chemistry 2021
Published by the Royal Society of Chemistry, www.rsc.org

Contents

	 Chapter	1	 	History	and	Current	Status	of	Droplet	Microfluidics		 1
C. Ren and A. Lee

	 1.1	 	Introduction		 1
	 1.1.1	 	Single-	phase	Microfluidics		 1
	 1.1.2	 	Challenges	of	Single-	phase	Microfluidics		 3
	 1.1.3	 	Emergence	of	Droplet	Microfluidics		 6
	 1.2	 	Challenges	and	Opportunities	of	Droplet		

Microfluidics	and	Motivation	of	this	Book		 8
	 1.2.1	 	Interdisciplinary	Nature		 8
	 1.2.2	 	Technological	Improvements	Towards		

an	Enabling	Tool		 9
	 1.3	 	Summary		 11

	References		 12

	 Chapter	2	 	Fundamentals		 15
N. Qin

	 2.1	 	Introduction		 15
	 2.2	 	Basic	Concepts	of	Capillarity		 17
	 2.2.1	 	Interface	and	Contact	Angle		 17
	 2.2.2	 	Interfacial	(and	Surface)	Tension		 18
	 2.2.3	 	Young's	Equation,	Wettability	and	Wetting		 21
	 2.2.4	 	Young–Laplace	Equation	and	Capillary		

Pressure		 22

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023



Contentsviii

	 2.3	 	Dimensionless	Numbers	in	Microfluidics		 23
	 2.3.1	 	Dimensionless	Numbers	of	Forces		 23
	 2.3.2	 	Dimensionless	Numbers	of	Mass	Transfer		 25
	 2.3.3	 	Other	Dimensionless	Numbers		 26
	 2.4	 	Droplet	Generation	in	Microfluidics		 27
	 2.4.1	 	Common	Geometrical	Generators		 27
	 2.4.2	 	External	Forces	Based	Active	Methods		 32
	 2.5	 	Size	Scaling	of	Generated	Droplets		 32
	 2.6	 	Hydrodynamics	of	Taylor-	type	Droplets	in		

Microchannels		 34
	 2.6.1	 	Thin	Films	in	Capillaries	and	Square		

Microchannels		 34
	 2.6.2	 	Pressure	Drops	of	Droplets	Flowing	in	

Microchannels		 36
	 2.6.3	 	Moving	Speeds	of	Droplets		 38
	 2.6.4	 	Flow	Fields	Within	Droplets		 38
	 2.7	 	Conclusion		 41

	References		 41

	 Chapter	3	 	Technological	Development	–	Droplet	as	a	Tool		 45
Adrian J. T. Teo, Say Hwa Tan and Nam- Trung Nguyen

	 3.1	 	Introduction		 45
	 3.2	 	Active	Droplet	Generation		 46
	 3.2.1	 	Electrical	Control		 47
	 3.2.2	 	Magnetic	Control		 50
	 3.2.3	 	Thermal	Control		 51
	 3.2.4	 	Pneumatic	Control		 52
	 3.2.5	 	Piezoelectric	Control		 55
	 3.3	 	Active	Droplet	Sorting		 56
	 3.3.1	 	Electrical	Control		 58
	 3.3.2	 	Magnetic	Control		 61
	 3.3.3	 	Thermal	Control		 63
	 3.3.4	 	Pneumatic	Control		 64
	 3.3.5	 	Acoustic	Control		 66
	 3.4	 	Active	Droplet	Coalescence		 71
	 3.4.1	 	Electric	Control		 72
	 3.4.2	 	Magnetic	Control		 75
	 3.4.3	 	Thermal	Control		 77
	 3.4.4	 	Pneumatic	Control		 78
	 3.4.5	 	Acoustic	Control		 79
	 3.4.6	 	Optical	Control		 80
	 3.5	 	Conclusion		 82

	References		 83

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023



ixContents

	 Chapter	4	 	Droplet	Gene	Analysis	–	Digital	PCR		 89
Emilis Gegevicius, Karolis Goda and Linas Mazutis

	 4.1	 	Introduction		 89
	 4.2	 	Droplet	Digital	PCR	Workflow		 95
	 4.3	 	Fluorophores	for	ddPCR	Applications		 97
	 4.4	 	Surfactants	–	Droplet	Stabilizing	Agents		 98
	 4.5	 	Molecular	Adsorption/retention		 100
	 4.6	 	Template	Preparation		 102
	 4.7	 	Multiplex	Assays		 102
	 4.8	 	Commercial	Droplet	Digital	PCR	Systems		 104
	 4.8.1	 	Bio-	Rad	QX200		 105
	 4.8.2	 	RainDrop	Plus		 105
	 4.8.3	 	Stilla	Technologies’	Naica		 106
	 4.8.4	 	Comparison	of	Commercial	Systems		 106
	 4.9	 	Droplet	Digital	PCR	Applications		 107
	 4.10	 	Emerging	Alternative	Techniques		 111

	References		 112

	 Chapter	5	 	Microfluidic	Applications	in	Single-	cell	Genomic,	
Transcriptomic	and	Proteomic	Analysis		 122
Dalia Dhingra, Aik Ooi, Pedro Mendez, Shu Wang,  
Saurabh Gulati, Adam Sciambi and David Ruff

	 5.1	 	Introduction		 122
	 5.1.1	 	Single-	cell	Analysis	in	Biology		 122
	 5.1.2	 	Single-	cell	Analysis	in	Cancer		 123
	 5.1.3	 	Microfluidics	Overview		 124
	 5.2	 	Genomic	DNA	Applications:	SNV	and		

CNV	Detection		 125
	 5.2.1	 	Overview		 125
	 5.2.2	 	Workflow		 126
	 5.2.3	 	Examples	of	Data	and	Conclusions		 127
	 5.3	 	Genomic	DNA	and	Protein	Applications		 127
	 5.3.1	 	Overview		 127
	 5.3.2	 	Introduction		 129
	 5.3.3	 	Simultaneous	Measurement	of	Cell	Surface		

Proteins	and	Genotypes	in	Single	Cells		 131
	 5.4	 	Genomic	DNA	and	RNA	Applications		 134
	 5.4.1	 	Overview		 134
	 5.4.2	 	Fusion	Transcript	Detection		 134
	 5.4.3	 	Gene	Expression		 136
	 5.4.4	 	Summary		 138
	 5.5	 	Genomic	DNA,	RNA	and	Protein	Multimodal		

Applications		 138

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023



Contentsx

	 5.5.1	 	Introduction		 138
	 5.5.2	 	Workflow	Overview		 141
	 5.5.3	 	Experimental	and	Target	Details		 141
	 5.5.4	 	Results	Summary		 142
	 5.5.5	 	Conclusions		 145
	 5.6	 	Concluding	Remarks		 145

	References		 145

	 Chapter	6	 	The	Drop-	screen	for	Biological	Functional	Assay		 147
Shih- Chung Wei, Myat Noe Hsu and Chia- Hung Chen

	 6.1	 	Introduction		 147
	 6.2	 	Droplet	Multiplexed	Enzyme	Assays		 149
	 6.2.1	 	Proteolytic	Activity	Matrix	Analysis		 149
	 6.2.2	 	Pico-	injection		 151
	 6.2.3	 	Multiplexed	Assay		 152
	 6.3	 	Microfluidic	Single-	cell	Biology		 155
	 6.3.1	 	Single-	cell	Enzyme	Profiling		 155
	 6.3.2	 	Tumor	Profiling		 160
	 6.3.3	 	Rare	Cancer	Cell	Assay		 161
	 6.3.4	 	Liquid	Biopsy	Leukocyte	Assay		 163
	 6.4	 	Smart	Hydrogel	Microfluidics		 164
	 6.4.1	 	Hydrogel	Sensor		 164
	 6.4.2	 	Hydrogel	Design		 165
	 6.4.3	 	Immunosensing		 166
	 6.4.4	 	Single-	cell	Immunoassay		 167
	 6.4.5	 	Plasmonic	Sensing		 167
	 6.4.6	 	Droplet	Sorting		 170
	 6.5	 	Current	Limitations	and	Future	Development		 170
	 6.6	 	Summary		 171

	References		 172

	 Chapter	7	 	Application	in	Single-	cell	Functional	Analysis		 175
Xiaoming Chen and Weian Zhao

	 7.1	 	Introduction		 175
	 7.2	 	Applications	in	Single-	cell	Functional	Analysis		

Using	Droplet	Microfluidics		 177
	 7.2.1	 	Cell	Activation	and	Secretion		 177
	 7.2.2	 	Cell–Cell	Interaction		 180
	 7.2.3	 	Screening	Antigen-	specific	T	Cells	or	B	Cells		 182
	 7.3	 	Challenges	in	Single-	cell	Functional	Analysis		

Using	Droplet	Microfluidics		 185
	 7.3.1	 	Single-	cell	Encapsulation	in	Droplets		 185
	 7.3.2	 	Sensitive	Detection	of	Fluorescent		

Cells/Beads		 186

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023



xiContents

	 7.3.3	 	Droplet	Sorting	Throughput		 187
	 7.3.4	 	Single-	cell	Recovery		 187
	 7.4	 	Conclusion	and	Future	Perspectives		 188

		Abbreviations		 188
	Acknowledgements		 189
	References		 189

	 Chapter	8	 	Droplet	Microfluidics:	Applications	in	Synthetic		
Biology		 193
Samuel R. Little, James M. Perry, Kenza Samlali and  
Steve C. C. Shih

	 8.1	 	Introduction		 193
	 8.1.1	 	Synthetic	Biology		 193
	 8.1.2	 	Design–Test–Build–Learn		 194
	 8.1.3	 	Automation	and	the	Age	of	the	Biofoundry		 195
	 8.1.4	 	Droplet	Microfluidics		 196
	 8.2	 	Building		 196
	 8.2.1	 	De novo	Oligo	Synthesis		 197
	 8.2.2	 	Amplification		 198
	 8.2.3	 	Assembly		 199
	 8.2.4	 	Gene	Delivery	Methods		 200
	 8.2.5	 	Application:	Mammalian	Genetic	Editing		

Pipelines		 202
	 8.2.6	 	Application:	Building	Synthetic	Cells		 203
	 8.2.7	 	Microfluidic	Automation	of	the	Build		

Process		 203
	 8.3	 	Testing	in	Droplets		 205
	 8.3.1	 	High-	throughput	Single-	cell	Screening		

and	Its	Applications:	Single-	cell	Encapsulation		 205
	 8.3.2	 	Library	Sequencing		 207
	 8.3.3	 	Other	Analytical	Techniques	for	Detection		 208
	 8.3.4	 	Application:	Directed	Evolution		 209
	 8.3.5	 	Testing	to	Complete	the	Loop		 210
	 8.4	 	Learning	and	Outlook		 211
	 8.4.1	 	Learning		 211
	 8.4.2	 	Application:	DNA	Storage		 212
	 8.5	 	Discussion	and	Future	Recommendations		 213

	References		 214

	 Chapter	9	 	Tissue	Engineering	and	Analysis	in	Droplet	Microfluidics		 223
Nan Shi, Md Moniruzzaman and Christopher J. Easley

	 9.1	 	Introduction		 223
	 9.1.1	 	Tissue	Engineering		 224
	 9.1.2	 	Microscale	Tissue	Engineering		 225

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023



Contentsxii

	 9.1.3	 	Analysis	of	Tissues	at	the	Microscale		 227
	 9.1.4	 	Use	of	Droplet	Microfluidics	in	Engineering		

and	Analysis	of	Tissue		 228
	 9.2	 	Cell	and	Tissue	Culture		 229
	 9.2.1	 	Cell	and	Tissue	Culture	Fundamentals		 230
	 9.2.2	 	Off-	chip	Cell	and	Tissue	Culture		 231
	 9.2.3	 	On-	chip	Cell	and	Tissue	Culture		 232
	 9.2.4	 	Droplet-	enabled	Cell	and	Tissue	Culture		 235
	 9.3	 	Small-	volume	Bioanalysis		 236
	 9.3.1	 	Off-	chip	Analysis	with	Standard	Approaches		 237
	 9.3.2	 	Modular	Analysis	with	Droplet-	based		

Techniques		 239
	 9.3.3	 	Fully	Integrated	Analysis	On-	chip		 240
	 9.3.4	 	Integrated	Droplet-	based	Analysis	of		

Cells	and	Tissues		 243
	 9.4	 	Recent	Applications	in	Tissue	Engineering	and		

Analysis	with	Droplet	Microfluidics		 246
	 9.4.1	 	Hepatocytes		 246
	 9.4.2	 	Pancreatic	Islets		 247
	 9.4.3	 	Adipose	Tissue		 249
	 9.4.4	 	Neuronal	Tissue		 250
	 9.5	 	Conclusions	and	Future	Outlook		 252
	 9.5.1	 	Summary	of	this	Chapter		 252
	 9.5.2	 	Challenges	and	Future	Directions		 252

	References		 253

	Chapter	10	 	Emulsion	Drops	as	Templates	for	the	Fabrication	of	
Microparticles	and	Capsules		 261
E. Amstad

	 10.1	 	Fabrication	of	Calibrated	Reagent-	loaded		
Emulsion	Drops		 261

	 10.2	 	Drop	Stability		 264
	 10.3	 	Production	of	Particles	from	Single	Emulsion		

Drops		 265
	 10.3.1	 	Covalently	Crosslinked	Microparticles		 265
	 10.3.2	 	Ionically	Crosslinked	Microparticles		 267
	 10.3.3	 	Physically	Crosslinked	Microparticles		 269
	 10.4	 	Fabrication	of	Non-	spherical	Particles		 269
	 10.5	 	Fabrication	of	Janus	Particles	from	Single		

Emulsion	Drops		 271
	 10.6	 	Fabrication	of	Capsules	from	Single	Emulsion		

Drops		 272
	 10.7	 	Fabrication	of	Capsules	from	Double	Emulsion		

Drops		 275
	 10.8	 	Applications	of	Calibrated	Microparticles	and	

Microcapsules		 279
	References		 281

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023



xiiiContents

	Chapter	11	 	Challenges	and	Opportunities	–	Future	Directions		 290
M. Gilligan, A. Lee and C. Ren

	 11.1	 	Introduction		 290
	 11.1.1	 	Good	Judgement	About	the	Application		 290
	 11.1.2	 	Definition	of	Innovations	Across	Disciplines		 291
	 11.2	 	Future	Direction		 292
	 11.2.1	 	Bioinformatics		 292
	 11.2.2	 	Materials		 292
	 11.2.3	 	Active	Modular	Droplet	Microfluidics		

Platform		 292
	References		 293

Subject	Index		 294

D
ow

nloaded from
 http://books.rsc.org/books/edited-volum

e/chapter-pdf/1609521/bk9781788017695-fp007.pdf by guest on 24 S
eptem

ber 2023


	Contents

