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Introduction

This PhD work focuses on the miniaturization of biochemical reservoirs towards the femtoliter
scale, i.e. reservoirs of 1-10 µm in diameter. The effort towards miniaturization is one of the
constants of modern era. One of the most immediate example is the one of micro-electronics and
computing. In the 1940’s, one of the first electronic supercalculators, the ENIAC, occupied 160
m2 and weighed 30 tons. The apparition of semi-conductors enabled a very fast miniaturization
and the birth of micro-electronics. After the 1960’s, the integration of components on circuits
follows an exponential law until reaching ultra-fast processors containing 40 millions transistors
and confortably fitting in an ultra-portable computer.

Figure 1 – Electronics were subjected to a very fast miniaturization process in the 20ieth century. On
the left is pictured a photo of the ENIAC, one of the first electronic calculator. It occupied a surface
of 160 m2 for an operation time on the order of the millisecond. Adapted from Los alamos national
laboratory/Science photo library. On the right, a modern ultra portable computer. It weights 1 kg and
can perform hundreds of millions of operations per second.

In the meanwhile, miniaturization also operated in chemistry and biology, though in a more
humble way. Until the 1990’s, most assays were realized in test tubes with volumes on the order
of the mL. The apparition of microtitre plates decreased this volume to microliter scales and
enabled the automation of analysis within robots. The number of assays passed from 100 per
week in test tubes to more than 100 000 per day in 1536-well plates (slightly more than one
per second). Further miniaturization in open reservoirs was demonstrated, with assay volumes
of 1 µL in 3456-well plates[1] and of 200 nL in 9600-well plates[2] but faced considerable issues:
evaporation, capillary action that could bridge the liquid between wells and result in cross-
contamination, lack of reproducibility, pipetting errors[3].

The eagerness towards an increase of the analysis capacity is to be related to the inherently
vast extent of biological spaces. The example of protein engineering is particularly demonstra-
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tive. Protein engineering aims at improving existing proteins towards a better stability (wider
conditions of use) or a better efficiency (enhanced catalytic activity of an enzyme, for instance).
Protein functionality is highly coupled to its structure, which is itself determined by the amino-
acid (AA) succession. There are 20 natural AA; in the case of a short polypeptide of 100
amino acids, the total number of corresponding proteins is 20100 ∼ 10130, which is more than
the number of molecules in the universe. Besides, analyzing the effect of the modification of a
single AA is often inadequate; the protein structure depends on the cooperation of different AA;
AA distributions cannot be studied independently, but taking into account correlations between
sequence positions[4]. Combinatorial spaces are extensively broad which stimulates a constant
effort towards improved throughputs.

This context encouraged the thrive of microfluidics and especially of the droplet-based mi-
crofluidics domain. Microfluidics is the science of fluids at the micrometer scale, a non-turbulent
domain in which fluid flows are reversible. Microfluidics provides a platform for the robust
manipulation of fluids at low cost. The use of water-in-oil droplets as biochemical reservoirs
empowered a further miniaturization of volumes down to the nanoliter and picoliter scales and
contributed to the improvement of the analysis capacity to 106 assays per day in picoliter
droplet-based platforms.

In this manuscript, we demonstrate the possibility of miniaturizing droplet-based microflu-
idics further down to the femtoliter scale and illustrate the advantages of volume miniaturization
through several biological applications.

The first part of this manuscript introduces droplet-based microfluidics and microfluidic
experimental methods.

A second part focuses on the miniaturization of each elementary operation of droplet-based
microfluidics to the femtoliter scale. Production on-demand, mixing, coalescence, sorting, split-
ting, droplet stability and biocompatibility at the femtoliter scale are investigated.

The encouraging developments of this initial stage of my PhD work stimulated the develop-
ment of some biological applications. Part III focuses on the construction of a platform for the
in situ encoding of droplets with barcodes readable per sequencing.

Last, my link with the Laboratory of Biochemistry encouraged collaborations on two other
biological applications related to directed evolution. Those contributions, in which I only par-
ticipated on the physics part, are gathered in a fourth part of this manuscript.

Short table of contents
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– Experimental techniques 31

II Miniaturization of droplet-based operations to the femtoliter scale 47
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– Manipulation of droplets with electric fields 71

– Hydrodynamic splitting 91
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III Direct droplet labeling with oligobarcodes fabricated in situ 107

– Introduction to single-cell analysis 111

– Direct droplet labeling with oligobarcodes fabricated in situ 123
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This PhD work has led to the publication of an article, Droplet-Based Microfluidics At The
Femtolitre Scale, that is reproduced in Appendix B and a patent, High-throughput dynamic
reagent delivery system (WO 2014085802 A1). In the first months of my PhD, another article was
published, Dynamics of a small number of droplets in microfluidic Hele-Shaw cell. This article
focuses on preliminary work that is not directly related to my PhD subject and is reproduced
in Appendix C. An article on the platform for the in situ encoding of droplets with barcodes
readable per sequencing is under redaction.





Contents

I Droplet-based microfluidics and experimental section 9

1 Droplet-based microfluidics 11
1.1 Droplet-based microbiology before microfluidics . . . . . . . . . . . . . . . . . . . 11

1.1.1 Pure-culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.1.2 In Vitro Compartmentalization (IVC) . . . . . . . . . . . . . . . . . . . . 12
1.1.3 Input of microfluidics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Droplet-based microfluidics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.1 Physical principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.2 Basic operations of droplet-based microfluidics . . . . . . . . . . . . . . . 17

1.3 On the advantages and drawbacks of droplets miniaturization . . . . . . . . . . . 25
1.3.1 Throughput of the encapsulation step . . . . . . . . . . . . . . . . . . . . 25
1.3.2 Throughput of the incubation step . . . . . . . . . . . . . . . . . . . . . . 26
1.3.3 Throughput of droplet interrogation . . . . . . . . . . . . . . . . . . . . . 27
1.3.4 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2 Experimental techniques 31
2.1 Emulsification process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.1.1 Step-emulsification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.1.2 Emulsion stabilization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2 Microfabrication techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.2.1 PDMS chips . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.2.2 Systems bonding and obtention of different surface properties . . . . . . . 40
2.2.3 Microfluidic pneumatic valves . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.2.4 Other fabrication techniques . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.3 Biological assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.3.1 Polymerase Chain Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.3.2 Agarose gel electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.3.3 DNA purification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

II Miniaturization of droplet-based operations to the femtoliter scale 47

3 Femtoliter drop-on-demand 51



8 Contents

3.1 Drop-on-demand devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.1.1 Pneumatic valves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.1.2 Electrohydrodynamic jetting . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.1.3 Pico-injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.1.4 Piezoelectric actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.1.5 Other active actuators in microfluidics . . . . . . . . . . . . . . . . . . . . 53

3.2 Experimental part . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.2.1 EHD jetting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2.2 Femto-injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2.3 Piezoelectric actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2.4 Pneumatic actuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.3 Summary of all envisioned DoD methods . . . . . . . . . . . . . . . . . . . . . . . 60

4 Mixing during the step emulsification process 61
4.1 Passive mixing inside droplets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1.1 Reminders on the internal recirculations of a circulating droplet . . . . . . 62
4.1.2 La transformation du boulanger . . . . . . . . . . . . . . . . . . . . . . . . 62
4.1.3 Diffusion times in femtoliter droplets produced in step-emulsification . . . 63

4.2 Mixing inside droplets during the step emulsification process - direct visualization 63
4.2.1 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.3 Mixing inside droplets during the step emulsification process - indirect measurement 64
4.3.1 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.4 Conclusion on the mixing process during step-emulsification . . . . . . . . . . . . 68

5 Manipulation of droplets with electric fields 71
5.1 Impact of an electric field on water-in-oil droplets . . . . . . . . . . . . . . . . . . 71

5.1.1 Behavior of an isolated conductive droplet in an electric field . . . . . . . 71
5.1.2 Behavior of a pair of droplets under an electric field . . . . . . . . . . . . 74

5.2 Dielectrophoretic sorting of femtoliter droplets . . . . . . . . . . . . . . . . . . . 77
5.2.1 Theoretical analysis of the sorting process . . . . . . . . . . . . . . . . . . 77
5.2.2 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.3 Electrocoalescence of femtoliter droplets . . . . . . . . . . . . . . . . . . . . . . . 83
5.3.1 Theoretical reminders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.3.2 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.4 Conclusion on the manipulation of femtoliter droplets with electric fields . . . . . 87



Contents 9

6 Hydrodynamic splitting 91
6.1 Reminders on droplet splitting operations . . . . . . . . . . . . . . . . . . . . . . 91

6.1.1 Significance of this operation . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.1.2 Miniaturization considerations . . . . . . . . . . . . . . . . . . . . . . . . 91

6.2 Splitting of femtoliter droplets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.2.1 Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7 Droplet stability and biochemical compatibility 95
7.1 Femtoliter droplet stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

7.1.1 Theoretical approach on droplet stability . . . . . . . . . . . . . . . . . . 96
7.1.2 Stability of femtoliter droplets . . . . . . . . . . . . . . . . . . . . . . . . 97

7.2 Reinjection of femtoliter droplets . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
7.3 Polymerase Chain Reaction (PCR) . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7.3.1 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
7.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

7.4 Conclusion on the stability of femtoliter droplets and their use as biological reactors102

Conclusion 107

III Direct droplet labeling with oligobarcodes fabricated in situ 107

8 Introduction to single-cell analysis 111
8.1 Single-cell analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

8.1.1 Screening on single-cells and directed evolution . . . . . . . . . . . . . . . 112
8.1.2 Single-cell transcriptomics . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

8.2 Droplet encoding and analysis per sequencing . . . . . . . . . . . . . . . . . . . . 113
8.2.1 Droplet encoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
8.2.2 Sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8.3 Hydrodynamics of droplets under different flow conditions . . . . . . . . . . . . . 117
8.3.1 Hydrodynamics of droplets . . . . . . . . . . . . . . . . . . . . . . . . . . 118
8.3.2 Coupling of confined and unconfined flows . . . . . . . . . . . . . . . . . . 119

9 Direct droplet labeling with oligobarcodes fabricated in situ 123
9.1 Interest of our method compared to the state of the art . . . . . . . . . . . . . . 123

9.1.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
9.1.2 Interest of our method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

9.2 Injection of multiple femtoliter droplets on demand . . . . . . . . . . . . . . . . . 125
9.2.1 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
9.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

9.3 Pairing and releasing of multiple droplets into a slug . . . . . . . . . . . . . . . . 126



10 Contents

9.3.1 Design of the chip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
9.3.2 Pairing and releasing by imposition of an electric field . . . . . . . . . . . 130

9.4 Construction of barcodes in situ on a 8 injectors / 8 valves design . . . . . . . . 133
9.4.1 Definition of the elementary DNA units . . . . . . . . . . . . . . . . . . . 133
9.4.2 Experimental protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
9.4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

9.5 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
9.5.1 Multiplexed version of the droplet printer . . . . . . . . . . . . . . . . . . 138
9.5.2 Going towards higher throughputs . . . . . . . . . . . . . . . . . . . . . . 139

9.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

IV Contribution to other biological projects 143

10 Introduction to the study of evolutionary processes 147
10.1 About the origin of life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
10.2 RNA world evolutionary processes . . . . . . . . . . . . . . . . . . . . . . . . . . 149

10.2.1 The RNA world . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
10.2.2 Problematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

10.3 DNA world evolutionary processes - enzyme engineering . . . . . . . . . . . . . . 150
10.3.1 Strategies for the engineering of proteins . . . . . . . . . . . . . . . . . . . 150
10.3.2 Interest of miniaturization . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

11 Study of evolutionary processes with femtoliter droplets 153
11.1 Early RNA world study - the origin of chromosomes . . . . . . . . . . . . . . . . 153

11.1.1 Description of the workflow . . . . . . . . . . . . . . . . . . . . . . . . . . 153
11.1.2 Splitting of picoliter droplets into multiple femtoliter droplets . . . . . . . 154
11.1.3 Pairing and coalescence with fresh picoliter droplets . . . . . . . . . . . . 157

11.2 Genotype-phenotype mapping of the enzyme SGAP . . . . . . . . . . . . . . . . 157
11.2.1 A multistep directed evolution workflow . . . . . . . . . . . . . . . . . . . 158
11.2.2 Production of 200 fL droplets . . . . . . . . . . . . . . . . . . . . . . . . . 160
11.2.3 Pairing and releasing of 200 fL droplets in 2 pL droplets . . . . . . . . . . 160
11.2.4 Perspectives - Towards a more complex genotype-phenotype mapping . . 163

Conclusion 165

Annexes 167

A Multiple layer soft lithography 169

B Article : Droplet-based microfluidics at the femtoliter scale 173



Contents 11

C Article : Dynamics of a small number of droplets in microfluidic Hele-Shaw
cells 185

D Elementary DNA units sequences 197





Part I

Droplet-based microfluidics and
experimental section





Chapter 1

Droplet-based microfluidics

1.1 Droplet-based microbiology before microfluidics

Long before the apparition of microfluidics, researchers had envisioned the interest of confining
microorganisms and biomolecules inside droplets. This section presents the biological interest
of droplets and motivates the development of droplet-based microfluidics.

1.1.1 Pure-culture

Starting from the early 1900’s, researchers became aware of the necessity of isolating microor-
ganisms to link with certainty the observable characteristic to a particular organism. They
created the concept of pure-culture, meaning that all the individuals descend from the same
single cell[5] and considered it a prerequisite for any investigation. Many techniques for the iso-
lation of single microorganisms appeared thereafter [6, 7, 8]. Among them, the use of droplets
as small reservoirs that isolate biological content was already envisioned. [8].

The compartimentalization of single cells into droplets demonstrated its interest immediately.
In 1958, Nossal [9] isolated cells from lymph nodes of rats into droplets of a fraction of nanoliters
with a glass chip represented in Figure 1.1. With a Pasteur pipette controled by the operator’s
mouth, droplets of cell suspensions were deposited under a film of mineral oil. Nossal obtained
measurable levels of antibodies in a few hours. By stimulating the rats with two antigens, he
demonstrated that cells only form one type of antibody, proving the so-called “one-cell-one-
antibody rule”.

However, those first compartmentalized experiments were very long and delicate and, in
practice, only a few hundreds of them were performed over the following decade. The lack of
digital cameras, sensitive fluorescence detection devices and modern computing methods also
slowed down those advances until the late 1990s. The concept of In Vitro Compartmentalization
(IVC) then prospered with favourable technological advances.
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Figure 1.1 – Chip used for one of the firsts droplet-based single cell study in 1958. A glass coverslip
is divided into 9 rectangles by ink lines. It is then placed on an oil chamber, which consists of three
brass rods glued onto a glass slide. Mineral oil is spread on the surface of the coverslip and the operator
deposits droplets of cell suspension under the mineral oil. Deposition is made with a Pasteur pipette,
controled by the operator’s mouth.[9]

1.1.2 In Vitro Compartmentalization (IVC)

In vitro compartmentalization envisions droplets as cell-like reservoirs in which biological assays
can be performed. It applies in many biological tests, such as evolutionary studies or emulsion
PCR.

Evolutionary studies Evolutionary studies ambition to understand the natural processes at
play in evolution; how organisms adapt to new environments, what is the interplay between
genes, does evolution happens in a slow linear way or in gradual steps are some of the ques-
tions raised. In nature, genes and their encoding molecules are compartmentalized within cells.
Cellular compartmentalization is supposed to be vital for the evolution of living organims as it
keeps together genes, RNAs, proteins and the products of their activities. In this perspective,
the presence of the cell enables a linkage between the genotype and the phenotype. Researchers
tried to use cells to co-compartmentalize genes and the proteins they encode (In vivo com-
partmentalization). However, the presence of the living cell complexifies the analysis; selection
pressures are most often limited to those resulting in the survival/death of the cell. The only
functions that can be studied are the ones that are essential for the survival of the cell.

Droplets appeared as a way to create artificial cell-like compartments suitable for molecular
evolution studies[10]. Dan Tawfik and Andrew Griffiths demonstrated the possibility to select
a desired gene inside water-in-oil droplets (Figure 1.2). First, a library of mutants of the initial
gene is created and each mutant gene is linked to a substrate for the reaction being selected.
The library is dispersed into droplets with less than one gene per droplet. The transcription and
translation steps are performed to obtain the corresponding protein. If the protein possesses the
desired enzymatic properties, the substrate is converted into a product. The encapsulation of
single mutants into reservoirs enables a proper linkage between the genotype and the phenotype.
Droplets containing desired genes present genes linked to the product of the enzymatic reaction
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Figure 1.2 – Schematic representation of the selection procedure. Step 1: An in vitro transcrip-
tion/translation reaction mixture containing a library of genes linked to a substrate for the reaction
being selected is dispersed to form a water-in-oil emulsion with typically one gene per aqueous compart-
ment. Step 2: the genes are transcribed and translated within their compartments. Step 3: proteins with
enzymatic activities convert the substrate into a product that remains linked to the gene. Compartmen-
talization prevents the modification of genes in other compartments. Step 4: the emulsion is broken, all
reactions are stopped, and the aqueous compartments are combined. Genes linked to the product are se-
lectively enriched, amplified and characterized (step 5), or linked to the substrate and compartmentalized
for further rounds of selection (step 6). Figure and caption adapted from [10]

and can be selectively enriched or compartmentalized for further rounds of selection. Droplets
containing non-desired genes cannot transform the substrate into product and are not selected.

Emulsion (or digital) PCR From a commercial point of view, the most successful appli-
cation of compartmentalization is emulsion Polymerase Chain Reaction (PCR). Discovered in
1986 by Kary Mullis, PCR enables the amplification of a DNA fragment via cycles of enzymatic
polymerization under thermal cycling. The use of droplets to isolate DNA fragments presents
multiple advantages. The PCR efficiency is known to depend notably on the characteristic
of the amplified DNA; when amplifying several DNA strands in a same tube, short strands
are preferentially amplified over larger ones. Another biase is the formation of DNA artifacts
by recombination between compatible fragments. Those biases are particularly disturbing for
the amplification of low concentrations of template DNA in which non-specific amplification
products might become predominant[11, 12]. By compartmentalizing each DNA molecule in a
single droplet, the PCR provides copies of a monoclonal template, suppressing mentioned bi-
ases and guaranteeing the obtention of a uniform amplification regardless of the DNA strand
length[13, 14]. Additionnally, miniaturization goes along with faster thermal exchanges because
of the low thermal inertia of microsystems; Wittwer & Garling[15] suggested that the specificity
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and the efficiency of the PCR was improved by a fast and controlled variation of the temperature.

1.1.3 Input of microfluidics

In most industrial applications and in first research trials, the emulsification process was per-
formed with mechanical stirring[11] or ultrasonication[12], a process that enables the creation
of large volumes of emulsions but results in very bad monodispersity. In biological applications,
the difference in droplets size complexifies their further analysis. The phenotype might arti-
ficially differ with the droplet volume, resulting in wrong selection steps. Polydispersity also
add biases on the repartition of the biological material inside droplets, especially out of the
diluted regime[16]. Last, the range of assays reachable was quite limited, as droplets could not
be manipulated and no reagent could be added after the emulsification process[17, 18]. The
development of microfluidics appeared as a way to produce and manipulate droplets in a much
more controlled manner. Droplets can be produced at kHz rates with a very good monodis-
persity (typically less than 3 %), they can be merged, splitted, incubated, sorted depending on
their content. The first use of microfluidic droplets for biological applications started in the
years 2000 [11, 19].

Figure 1.3 – Definition of the scales at play in this PhD manuscript. Most microfluidic devices are
developped at the nL and pL scales, corresponding respectively to the size of a grain of sand, and of a
eukaryotic cell. Femtoliter droplets are an order of magnitude lower in size, matching the size of bacterias.

Before entering into the details of droplet-based microfluidics, here is a scheme of the scales
involved in this PhD manuscript (Figure 1.3). Most microfluidic devices are developped at the
nL and pL scales, corresponding respectively to the size of a grain of sand and of a eukaryotic
cell. Femtoliter droplets are an order of magnitude lower in size, matching the size of bacterias.
Applications concerning cells are thus obvisouly discarded from following discussions except
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when coupling picoliter and femtoliter droplets.

1.2 Droplet-based microfluidics

In this section, the main physical principles of microfluidics are first described. The basic
operations of droplet-based microfluidics are then detailed: droplet production, addition of a
reagent, droplet sorting, droplet splitting, incubation steps.

1.2.1 Physical principles

Continuity assumption Fluid dynamics relies on the definition of a fluid particle with con-
tinuously varying properties. At the molecular scale, the brisk variations of fluid properties
prevent the definition of continuous properties of the fluid; studies on thin films have demon-
strated that the molecular organization appears for thicknesses on the order of 10 molecular
diameters[20]. The smaller dimensions considered in this manuscript are in the range 0.8 - 1µm
and the validity of the continuity assumption is thus always verified. Similarly, most character-
istic lengths (Debye length, critical radius of nucleation, capillary length, ...) are expected to
become predominant below 100 nm which is beyond our miniaturization pretentions.

Our devices are in the microfluidic domain, where the only characteristic length that matters
is the dimension of the system l. Consequences on the flow equations are highly beneficial, as
explained in the following paragraph.

The Stokes equation The behavior of incompressible newtonian fluids is governed by the
Navier-Stokes equation :

ρ[∂u
∂t

+ (u.∇)u] = −∇p+ η∇2u + f (1.1)

∇.u = 0 (1.2)

where u is the flow velocity, p is the pressure, ρ is the density, η the dynamic viscosity and f
represents body forces that apply on the flow, such as gravity or electrical forces. Equation 1.2
derives from the incompressibility condition. In microfluidics, devices scales are reduced and the
Navier-Stokes equation can be simplified by comparing the order of magnitude of the inertial
and viscous terms. The ratio of the inertial term ρ(u.∇)u over the viscous term η∇2u defines
the dimensionless Reynolds number:

Re = ρlu

η
(1.3)
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where l is the characteristic size of the system. In typical microfluidic devices, l is on the
order of 10−6 m, u varies in the range 10−6 m/s to 10−3 m/s, corresponding to Reynolds numbers
varying from 10−6 to 1. In such conditions, inertial terms can be neglected and the Navier-Stokes
equation becomes linear. For an established flow, hydrodynamics is then governed by the Stokes
equation:

0 = −∇p+ η∇2u + f (1.4)

The linearity of Stokes equation provides crucial characteristics to the flow; unicity of the
solutions upon imposition of the boundary conditions, additivity of the solutions, reversibility
of the flow fields. These features help a robust and predictible handling of fluids and the
development of complex workflows.

Other dimensionless numbers Additionnally to the Reynolds number, several other dimen-
sionless numbers characterize the fluid properties: the Capillary number Ca = ηu/γ where γ is
the surface tension represents the ratio of viscous forces over surface tension forces. It is often
used to characterize the disruption of a fluid into droplets or the effect of the continuous phase
on droplets interface. In most microfluidic devices, the Capillary number is limited by droplets
speed and varies between 10−5 and 10−2.

Another important number is the Peclet number Pe = ul
D where u is a characteristic speed

of the flow, l the size of the system, D the diffusion coefficient. In fluid exchanges problems, it
represents the relative significance of advection terms over diffusion ones. An interesting remark
about the Peclet number is that it is not necessarily small in microfluidic devices, contrary to
Re and Ca. Mixing can be governed by advection rather than diffusion even though scales are
micrometric.

When electric fields are involved, the Bond electric number Be = ε0εrlE
2/γ is used to

characterize the relative importance of electrostatic forces over capillary forces. Here, ε0 is
the vaccuum permittivity, εr the permittivity of the fluid, E the applied electric field. Be is
expected to decrease with devices miniaturization and the manipulation of very small volumes
with electric forces is questionable.

In all cases, the miniaturization of droplets to the femtoliter scale does not change the main
assumptions of microfluidics; Reynolds numbers and Capillary numbers remain small limiting
flow description to the Stokes equation. Devices dimensions remain large enough to neglect
nanofluidic phenomena. Miniaturization of droplets to the femtoliter scale is thus encouraged
by the expected absence of fundamental changes in the physics of such devices. The feasibility
of electrical actuation has to be assessed.
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1.2.2 Basic operations of droplet-based microfluidics

We describe here the main operations of droplet-based microfluidics: droplet production, addi-
tion of a reagent, droplet sorting, droplet splitting, incubation steps.

Droplet production

Microfluidics enables the production of droplets over a wide range of volumes (nL to fL), with
a high monodispersity and ultra-high throughputs (kHz - MHz). Droplets can be produced in
four different configurations (Figure 1.4).

• T-junction : the T-junction was the first developped method to produce droplets in a
microsystem. It consists in an intersection between a channel containing the phase to be
dispersed and a channel containing the continuous phase. The phase to be dispersed fills
the junction until it breaks into a droplet (Figure 1.4.a).

• Flow-focusing : the fluid to be dispersed is pinched between two streams of continuous
phase. The shearing is symetrical in this geometry, contrary to the T-junction, which
increases the production stability (Figure 1.4.b).

• Co-axial production : in this geometry, the droplet production is obtained through a
series of concentrical capillaries. The central capillary contains the fluid to be dispersed
and reaches a flux of continuous phase at the end of the central capillary. It is easy to
produce multiple emulsions in this configuration, by multiplying the number of coaxial
capillaries (Figure 1.4.c).

• Step-emulsification : the production of droplets in step-emulsification is inspired by the
industrial membrane emulsification process. In this technique, the phase to be dispersed is
separated from the continuous phase by a membrane. The phase to be dispersed is pulled
through the pores of the membrane and breaks into droplets. In microfluidics systems,
the membrane pore is modeled by a transition between a confined domain and a large
reservoir (Figure 1.4.d).

In some cases, the production needs to be sequential rather than continuous; drop-on-demand
(DoD) devices enable the sequential production of droplets. Pneumatic actuation was the first
DoD method[25, 26, 27] and uses the deformation property of an elastomeric membrane to
locally close a flow channel upon pressurization. This method is highly robust and enabled a
large parallelization of actuators[28]. The drawback of those actuators is their response time,
typically a few tens of milliseconds. In applications demanding faster throughputs, piezo-electric
actuation can be envisioned, either implementing macroscopic piezo stacks[29, 30] or, more
recently, using PZT films[31]. Other DoD methods exist, though more rarely used: thermally
mediated droplet formation[32], laser actuation[33], hydrophobic valving[34], surface acoustic
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Figure 1.4 – Four types of droplet makers. a.T-junction, adapted from [21]. b. Flow-focusing, adapted
from [22] c. Co-axial production, adapted from [23]. d. Step-emulsification, adapted from [24]

waves[35], magnetically modified elastomeric valves[36], electrohydrodynamic jetting at high
electric fields[37].

Addition of a reagent

Addition of a reagent is necessary for most multi-step biochemical assays. It also enables a
precise control over the begining of the reaction. The injection of the reagent is often performed
by merging of two droplets, either by passive or active methods. Passive methods rely on geo-
metrical or physico-chemical induction (Figure 1.5). The first coalescers leaned on the drainage
of the continuous phase, allowing the droplets to enclose and merge. A variety of functional
geometries can be reported, among which enlarging channels [38], sometimes with the addition
of pillars that drive the droplets in the center while letting the continuous phase flow around[39].
Bremond et al.[40] studied the merging of droplet pairs in enlarging channels (Figure 1.5.A) and
could demonstrate that the merging is induced by decompression at the outside of the enlarged
area. In most above mentioned devices, droplets can merge as long as they are not initially
separated by more than a few radii, which imposes a proper synchronization of droplets prior
to their merging. 3D traps[41, 42] present the advantage of suppressing synchronization issues.
A merging trap comprises two bypasses and side intrusions (Figure 1.5.B.a-b.). If the droplet
is longer than the trap, the two bypasses are blocked when the droplet front arrives at the
outlet of the trap and the droplet passes through. However, if the droplet is shorter than the
trap, the continuous phase can flow through the bypasses and the droplet is locked when its
front reaches the outlet of the trap. When another droplet arrives in the merging trap, the two
droplets merge and, if the resulting droplet is longer than the trap, it flows out of the trap.
Other passive methods can be reported such as the use of hydrophilic patches[43, 44] with the
drawback of cross-contamination as droplet content contacts the channel walls, or the use of
physico-chemical induction by using different surfactant concentrations[45](Figure 1.5.C) .



1.2. Droplet-based microfluidics 23

Figure 1.5 – A. Passive coalescence of droplets induced by a restriction. When the first droplet enters
the restriction, it generates a pressure drop between drops that helps the interface rupture. Adapted
from [40] B. Merging trap. a) Scheme of the trap from the top view. b) Scheme of the trap from a lateral
view. c) When a droplet flows into a filled trap the two droplets merge. If the residual droplet is longer
than the trap it completely releases the trap, while the content of the two initial droplets mixes effectively
even in straight channels. The width of the straight segments of the channel is 400 µm. Adapted from
[42]. C. Selective 2:1 and 3:1 passive droplet fusion. a) Time series showing a 2:1 (two-to-one) coalescence
event: two reinjected droplets fuse to a single on-chip droplet. b) Time series showing a 3:1 (three-to-one)
coalescence event: three reinjected droplets fuse to a single on-chip droplet. Emulsion droplets are black
and on-chip generated droplets are clear. Emulsion droplets in panels a) and b) are of 5 pL and 3 pL,
respectively. The arrows track droplets that coalesce. Scale bars 50 µm.

Most of those passive mergers are only suitable for non surfactant-stabilized emulsions. Ac-
tive methods provide higher fusion efficiencies and are less subjected to formulation variations,
at the expense of more complex equipments. The use of optical tweezers enables the manip-
ulation of particles as long as their refraction index is higher than the one of the continuous
phase [46]. This limits this method to the manipulation of water droplets in fluorinated oils.
Optical tweezers can be replaced by optical vortex traps to overcome this limitation[47] but the
throughputs remain very low as droplets are only handled individually (Figure 1.6.a.). It was
also demonstrated that the use of a laser point between a pair of droplets can rupture the inter-
face [33], with similar constraints in terms of throughputs (10-100 Hz) and possible degradation
of DNA and proteins upon local heating (Figure 1.6.b).
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Figure 1.6 – a. Sequential images of coalescence of two aqueous droplets trapped in optical vortexes.
Reproduced from [47] b. Localized fusion in a train of large drops. The drops, which flow from left
to right, merge as the interface crosses the laser. Reproduced from [33]. c. Microfluidic device used
for the investigation of emulsion droplet coalescence under a uniform electric field. The electric field is
generated by two parallel electrodes seen on both sides of the picture. The figure shows the behavior of a
droplet pair that travels along the fusion chamber. Sketch of two drops before and after being subjected
to a uniform electric field E0. Reproduced from [48]. d. Targeted electrocoalescence of droplets in a
microchannel. When a low potential pulse is applied (50 - 100 ms, 1- 3 V dc), pairs of droplets coalesce
at the gap between the electrodes. Reproduced from [49].

Electrical coalescers enable the manipulation of droplets at higher throughputs. Droplets
may be charged with opposite sign electrostatic charges to make them merge [50], though this
method is in practice hardly set up and provides side drawbacks such as the instability of
the newly formed droplets. Many electrocoalescence devices have been designed since 2005
[51, 52, 53]. Depending on the application, electrodes can be directly in contact with the solution
(surface electrode [49, 54] (Figure 1.6.d) or immersed platinum wires[55]), which enables the use
of lower voltages, or separated by the channel walls, which suppresses cross-contamination risks
[48, 51, 52, 53] (Figure 1.6.c). This latter technique is one of the most used for biochemical
assays, for its robustness and compatibility with biochemical content in the AC mode.

Lastly, another way to inject a reagent is the pico-injection [56] (Figure 1.7); droplets travel
though a channel containing pressurized side injectors. Under application of an electric field, the
droplet membrane breaks enabling the injection of the reagent. This method does not necessi-
tate pairing considerations and enables ultra-high throughputs (10 kHz) but cross-contamination
issues may be encountered as part of the droplet diffuses towards the injector. Some studies sug-
gest that cross-contamination issues can be weakened by increasing the injector hydrodynamic
resistance[57]. The increase in hydrodynamic resistance results in an increase of the Peclet num-
ber Pe. By increasing Pe, the advective injection of the reagent is fastened while the diffusive
back-flow of the droplet content is reduced. In practice, such considerations are barely taken
into account in most pico-injectors, as wide channels provide a more stable meniscus and offer
robustness to the injection. Cross-contamination remains a major drawback of pico-injection.
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Figure 1.7 – Pico-injection device. Droplets travel though a channel containing pressurized side injectors.
Under application of an electric field, the droplet membrane breaks enabling the injection of the reagent.
Reproduced from [56].

Droplet sorting

Sorting of droplets is very useful to extract a population of interest out of a larger library. Effi-
cient sorters have been described to sort droplets depending on their size and restore the monodis-
persity of an emulsion. Most passive sorters use asymmetric bifurcating junctions [38, 58, 59]
or Pinched Flow Fractionation in which particles are focused in a pinched segment and separate
depending on their size by the spreading streamlines when the channel enlarges[60, 61] (Figure
1.8.A). Other passive methods have been developed more recently such as inertial sorters[62]
or sorters based on deterministic lateral displacement (DLD)[63], with an active interest di-
rected towards the sorting of circulating tumor cells [64]. Tensiophoresis enables the sorting of
droplets depending on their chemical content; subjected to an orthogonal surfactant gradient
in the continuous phase, droplets migrate at a speed that depends on the concentration of pro-
teins in the aqueous phase[65]. This method provides a passive sorting of droplets depending
on their biochemical content, without labelling. Apart from this latter example, passive sorters
are limited to the sorting of droplets based on their size, restricting biological applications to a
few particular situations: Chabert et al.[66] observed that droplets containing cells were larger
than the empty ones and could sort them hydrodynamically. In the case of yeast encapsulation,
droplets would shrink with the cell growth and could efficiently be sorted by DLD[63].

To extract a population of droplets of interest out of a monodisperse library, active sorting
methods are mandatory. Multiple actuations have been envisioned to develop active microflu-
idic sorters: electro-osmotic [70], mechanical [71], optical [72], magnetic [73], acoustic[68] and
dielectrophoretic actuation[74]. However, for biological applications, sorting must be coupled to
a droplet labelling, typically a fluorescence measurement. This leaves only a few possible actua-
tors : electro-osmotic actuation is possible in presence of a conductive suspending phase, but is
to be discarded in the case of water-in-oil droplets sorting. Mechanical and optical actuations
can be envisioned, but with throughputs typically limited respectively to a few 10 Hz and a
few 100 Hz. This is highly limitable for screening applications where typical libraries count 106

droplets. Recently, coupling of mechanical and optical methods could increase the throughputs
to kHz rates; by using a pulsed laser, Wu et al.[67] create a cavitation vapor bubble that deflects
the cell towards a collection channel at rates up to 20 kHz (Figure 1.8.B). An additional coupling
to inertial chambers enabled the authors to increase the sorting purity by better controlling the
particles spacing[75]. Surface Acoustic Wave (SAW) sorters can be coupled to fluorescence de-
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Figure 1.8 – A. Passive droplet sorting by Pinched Flow Fractionnation. Particles are focused in a
narrow channel and separate according to their size at the end of the restriction by spreading of the
streaming lines. Reproduced from [60]. B. Active sorting by cavitation of a vapor bubble upon a pulsed
laser excitation. Reprinted from [67]. C. Active droplet sorting by Surface Acoustic Wave (SAW). a-c.
Without actuation, droplets direct towards the path of minimal hydrodynamic resistance. b-d. With
actuation, droplets are deflected towards the other path. Reproduced from [68]. D. Fluorescence-activated
droplet sorting. Reprinted from [69].

tection and enable the sorting of droplets at a frequency up to 3 kHz [76] at a medium acoustic
power (Figure 1.8.C). SAW is a promising sorting tool for the future.

For now, however, FACS remains the most powerful tool for the high-throughput sorting of
single cells[77, 78, 79]. In this method, a cell suspension flows in a nozzle where cell fluorescence
is analyzed by a laser excitation, cell by cell. The stream is broken into an aerosol and a charge
is imposed to the cells depending on their fluorescence. Cells are deflected to different reservoirs
depending on their charge at a rate up to 1.105 cells/s[78]. Those aerosol FACS present some
major drawbacks such as the risk of contamination as the circuits are opened. The use of closed
microfluidic chip efficiently suppresses this impediment; in DEP sorters, sorting results from the
imposition of a non-uniform electric field that interacts with droplet dipoles and deflects them
toward a collection channel[69, 80, 81] (Figure 1.8.D). Sorting rates were decreased to a few kHz
in most devices, though recent advances demonstrated a 30 kHz sorting rate[82].
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Droplet splitting

Droplet splitting corresponds to the division of a mother droplet into smaller daughter droplets.
This operation enables the multiplexing of reactions on droplets of similar composition. In the
evolutionary perspective, the splitting of droplet models the cell division and can be used to
study early life processes.

Droplet splitting is usually performed by sending a droplet at high speed against an obstacle[83]
or by driving the droplet against a bifurcation (typically, a T junction[84, 85]), though other
methods have been reported (use of a thermic resistance [86], high electric field splitting[87]).
Hydrodynamic splitting is controlled by the geometry, the viscosity ratio of the continuous and
dispersed phase λ = µc

µd
and the Capillary number, defined by Ca = µcu/γ. The case of the

T-junction splitting was highly studied [85, 88]. It has been shown that two regimes of splitting
are possible, one in which droplets occupy only a fraction of the channel width (non obstructed
regime, Figure 1.9.a. - regime B), and the other in which droplets completely obstruct the chan-
nel (break up with complete obstruction of the channel (Figure 1.9.a. - regime C)). The former
necessitates moderately low Ca, while the latter, being mostly controlled by the geometry, occurs
almost independently of Ca (Figure 1.9.b.).

Incubation steps

Droplets are used as individual microreactors for biochemical assays that most often require
incubation steps. Depending on the reaction, incubation times can vary from minutes to hours,
or even days. For fast reactions, droplets are incubated on-chip, either in a single line or in deep
and wide reservoirs (often called delay-lines). Studies demonstrated that it is possible to obtain
delay-lines for incubations up to an hour with limited hydrodynamic resistance. Constrictions
are added periodically to reduce the dispersion of incubation times[89]. For longer incubation
periods, droplets are usually stored off-chip in a tube, covered by mineral oil or a PDMS plug to
avoid evaporation issues[19, 80, 90, 91]. They can be reinjected for further analysis afterwards.

Droplet-based microfluidics provides extensive tools for the handling of droplets. A wide
panel of devices permits the elaboration of complex multi-step workflows with maintaining ultra-
high throughputs. Most of exposed devices focus on droplets volume ranging from the nL to
the pL scale, with very few advances towards lower scales[47, 92]. In the following section, we
question the interest of further miniaturization of droplets.
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Figure 1.9 – Splitting of droplets. a. An obstacle is placed in the center of the channel. When the
droplet collide the post, it splits into two daughter droplets. Reproduced from[83] b. Droplets are
driven towards consecutive T-junctions and are sequentially spllitted into smaller droplets. Reproduced
from[84] c. Three regimes are defined depending on the droplet length and the capillary number. A.
Non breakup regime. B. Breakup without complete obstruction of the T junction. C. Breakup with
permanent obstruction of the T junction. Reprinted from [88] d. Phase diagram in the case of λ = 1.67.
Regime C exists at any capillary number while regime B demands a critical droplet speed. Reprinted
from [88]
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1.3 On the advantages and drawbacks of droplets miniaturiza-
tion

Droplet-based microfluidics has demonstrated major advantages over conventional microtitre
plates technologies. For instance, Agresti et al.[69] demonstrated a 1,000-fold increase in through-
put for the directed evolution of the horseradish peroxidase enzyme, and a million fold reduction
in cost that is to be related with the low volumes consumed. The screening of a typical library
of 107 mutants takes 2 years and costs 16 million euros in microtitre plates, while it takes one
day and costs 2 euros in picoliter droplet-based microfluidics.

However, miniaturization presents its own drawbacks. Despite the huge technological ad-
vances since the 1900s, further scale reduction meets the limits of technical devices. Optical
sensitivity may become limiting; many assays rely on the detection of fluorescence and the
downscaling limits the number of fluorophores inside each droplet. Devices miniaturization
also goes along with higher hydrodynamic resistances correponding to higher working pressures.
Everything is expected to go faster which raises questions of electronic automation possibilities.

The sum-up of these advantages and drawbacks sets an optimal droplet size that depends
on the biological application, as recently highlighted by Rosenfeld et al.[16]. Similarly to those
authors, we are going to study the impact of droplet size on throughput and sensitivity. We
first focus on the impact of miniaturization on the throughput of workflows. Depending on the
assays, the throughput can be limited by the emulsification time, by the incubation time or by
the droplet interrogation/sorting time.

1.3.1 Throughput of the encapsulation step

Emulsification of a fixed volume of sample To analyze a fixed volume of sample in
droplets, the first step is the emulsification process. Whatever the chosen geometry, droplet
production results from the interplay between shear stresses applied by the continuous phase
and the capillary tension of the interface. Two production regimes are usually defined. At low
external flow rate and low flow rate ratios between the two phases, the internal fluid produces
monodisperse droplets at the orifice, with a characteristic size l on the order of the orifice
dimension; this regime is called dripping. At larger external flow rates, and keeping low flow
rate ratios between the two phases, the internal fluid forms a jet that destabilizes into droplets
far from the junction. This regime, so-called jetting, produces more polydisperse emulsions. The
dripping to jetting transition depends upon the Capillary number, Ca = ηu/γ.

To remain in the monodisperse dripping regime, the external phase flow rate is thus limited
to a critical flow rate Qmax. The continuous phase has a maximal characteristic speed u that
verifies Qmax = ul2. The time necessary to emulsify the entire sample volume is tproduction ∼
Vsample/Qmax ∼ Q−1

max ∼ l−2. The time needed to emulsify a fixed volume of sample is thus
larger for small drops. The use of femtoliter droplets is to be avoided for the emulsification of a
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large volume of sample.

Encapsulation of a fixed number of molecules The above argument needs to be put
in perspective; in many assays, the parameter that is fixed is the number of molecules to be
encapsulated rather than the volume of sample. Encapsulation of the biological material follows a
statistic distribution of uncorrelated rare events. If we denote λ the mean number of biomolecule
per drop, the probability for a drop to contain k biomolecules is given by a Poisson statistic:

P (k) = λke−λ

k! (1.5)

To make sure that all droplets contain one biomolecule at most, samples are very diluted
(λ ∼ 0.1−0.2). The expected value of λ is calculated by λ = CVd where C is the concentration of
the biochemical sample and Vd the volume of the droplet. The miniaturization of droplets goes
along with an increase of the concentration of the sample with the following scaling law: C ∼
V −1
d ∼ l−3. The encapsulation of a given number of biomolecules thus necessitates less droplets

with their miniaturization. The time necessary to encapsulate a fixed number of biomolecules
is tproduction ∼ Vsample/Qmax ∼ l3/l2 ∼ l. The emulsification time decreases with droplet
miniaturization in the case of a fixed number of molecules.

1.3.2 Throughput of the incubation step

Thermalization of the sample Droplet incubation is often performed by thermalization of
the emulsion at a favorable temperature. The establishment of thermal equilibriums is faster in
miniaturized devices, with a characteristic time τthermal ∼ αl2. α depends upon ρ the volumic
mass, Cp the specific heat (J.kg−1K−1) and K the thermal diffusivity (W.m−1K−1), and is
defined as α = ρCp/K. Incubation times can be limited by the use of downscaled microfluidic
chambers. However, to avoid issues related to evaporation or to a poor biocompatibility of the
device, emulsions are most often recovered off-chip to perform the incubation (typically, the
PCR) in a conventional thermocycler. The impact of miniaturization is unclear in this later
case; we want to compare the characteristic time of thermal diffusion for a fixed volume of
sample, heated either in bulk or in droplets. To simplify the problem, we consider droplets as
cubic elements of length lw, surrounded by elements of oil of dimension lo and laterally heated
as represented in Figure 1.10. The macrosopic lateral dimension is L1. If n is the number of
droplets in a row, τthermal−droplets ∼ n(αol2o + αwl

2
w) ∼ nαol

2
o as αo � αw. The size of the

element of oil must vary depending on the temperature (thermic stirring) and is taken to lw,
the characteristic size of the droplet.

τthermal−droplets/τthermal−bulk ∼
nαol

2
o

αwL2
1
∼ αo
αw

lw
L1

(1.6)
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Figure 1.10 – Incubation of a fixed volume of water in a macroscopic reservoir, laterally heated. The
macroscopic lateral dimension is L1 and droplets are assimilated to small cubes of characteristic dimension
l. The thermalization of a sum of individual droplets is faster than the thermalization of the bulk volume;
the improvement increases with droplet miniaturization.

The incubation time of an emulsion in a conventional thermocycler is thus lower with droplet
miniaturization, and lower than the thermalization of an equivalent volume of water in bulk
despite the low thermal diffusivity of oil. The use of femtoliter droplets should accelerate the
thermalization of samples.

Biochemical impact of droplet miniaturization In enzymatic reactions, the encapsula-
tion of a single enzyme molecule in a small droplet increases its effective concentration; a single
enzyme in a microtitre plate is very diluted (∼ 1aM) but by encapsulating it in a femtoliter
reactor, its effective concentration is increased by 9 orders of magnitude (∼ 1nM). Considering
the enzymatic rate k scales like the effective concentration of the enzyme[93], fluorogenic prod-
ucts are formed with a time scale 1/k ∼ l3 that corresponds to a faster detectable level with
droplet miniaturization. Another example of the beneficial effect of compartmentalization of bio-
chemical reactions kinetics was recently revealed; Fallah-Araghi et al. demonstrated that both
kinetics and thermodynamics of synthetic reactions can be enhanced by compartmentalization
in micrometer-diameter droplets [94]. This process is based on an interfacial reaction-diffusion
mechanism, coupling bulk and surface reactions that requires low binding energies. Droplet
miniaturization is expected to increase the throughput of incubation steps from a biological
point-of-view.

1.3.3 Throughput of droplet interrogation

Analysis of the droplets content is either performed in a 2D image or one drop at a time in a
circulating channel.

Interrogation of a train of droplets When droplets are analyzed one-by-one, the inter-
rogation frequency is related to droplets maximum speed and their minimal spacing. Droplets
minimal spacing is set to avoid undesired interactions or coupling between droplets and can
be generally fixed to a few l. The maximum droplet speed is defined either by hydrodynamic
considerations, i.e. the maximal speed that does not induce droplet splitting, or by actuation
forces limits. For instance, DEP actuation is only possible below a critical droplet speed; the
maximum electric field is defined by the electrosplitting limit and sets a corresponding critical



32 Chapter 1. Droplet-based microfluidics

droplet speed above which DEP forces are weaker than drag forces. More detailed analysis of
the DEP sorting process can be found in Chapter 5.2. The scaling law shows that sorting fre-
quency scales like l−1 in this case. When droplets speed is limited by hydrodynamic splitting,
studies by Leshansky [85] defined and characterized two regimes of splitting; above a critical
capillary number, droplets are splitted in a non-obstructed regime with a boundary defined by
l/w ∼ Ca−0,21 where l is the droplet length, w the channel width. In the case of slower droplets,
droplets split with a complete obstruction of the junction and splitting is purely governed by
the junction geometry; the regime boundary is defined by l/w ∼ Ca0. In both cases, droplet
frequency scales like l−0,8 or l−1 corresponding to an increase of the interrogation frequency with
droplet miniaturization.

Interrogation of a 2D chamber The interrogation of individual streaming droplets limits
throughputs to a few 10 kHz in the best perspectives. Analysis of multiple droplets in large
microfluidic chambers enables the improvement of the interrogation capacity. In such devices,
the interrogated area is a compromise between the field of view and the collection efficiency.
Increasing the observable area demands the use of low magnification objectives, that most usually
have lower numerical apertures (NA). However, the NA is related with the light-gathering ability
which is a highly important parameter for the fluorescence analysis of droplets. By using arrays
of lenses instead of a single lens, authors could reach an interesting compromise between the
field of view and the collection efficiency. On 4pL droplets, with a 1x magnification, Schonbrun
et al.[95] demonstrated the analysis of 200 000 drops/second with a lens array. With similar
techniques, the interrogation throughput was recently increased to 1.2 millions of analyzed
droplets per second[96] with an improval of the sensitivity detection (2.5 µM of fluorescein).
We don’t pretend to discuss here the impact of miniaturization on 2D droplet interrogation,
as it mostly depends on the progress of optics. Even so, the two previously depicted examples
are promizing paths towards a 2D analysis of femtoliter droplets. If enabled by the resolution
and sensitivity, the miniaturization of droplets at fixed field of view increases the capacity of
interrogation.

Additionally, as a result of large dilution factors and of the Poisson distribution, a vast
majority of droplets are empty. Using the cumulative distribution function, one can assess the
percentage of empty droplets as a function of λ. For instance, to guarantee than less than 0.05
% droplets contain more than a single molecule, λ is fixed to 0.2 and 95% of droplets are empty.
The percentage of empty droplets does not change with their volume at constant λ which implies
that the unoccupied volume decreases with droplet miniaturization; the number of interrogated
droplets of interest increases with droplet miniaturization.

1.3.4 Sensitivity

We now concentrate on the impact of miniaturization on the sensitivity of the assay. Compar-
timentalization in small reservoirs enables single-molecule studies but goes along with increased
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adsorption issues.

Single-molecule studies, detection of rare events The compartmentalization inside indi-
vidual reservoirs enables the detection of rare events; typically, in the case of emulsion PCR, all
DNA templates receive a similar amplification factor in droplets while rare fragments would be
hindered by predominant fragments in bulk. In the case of single-molecule studies, the compart-
mentalization inside reservoirs (droplets[97], microchamber arrays, lipid vesicles, virus capsids,
as reviewed in [92]) is necessary to extract individual heterogeneities of a population rather than
the average behavior of an ensemble. The study of enzyme kinetics demands their immobiliza-
tion for long-time monitoring; the usual way to do it is by immobilizing the enzyme on a surface
but this process can lead to partial inactivation, steric hindrance or disturbance of the bulk
enzyme activity that are to be avoided[92]. Moreover, fluorescence assays on single-molecules
face signal-to-noise issues. Background contributions may originate from elastic and inelastic
scattering of light by the surrounding medium and have been shown to decrease linearly with
the excited volume while the signal of a fluorophore is constant[98]. This is typically used in
confocal epifluorescence microscopy experiments where the excitation laser beam is focused on
a diffraction limited spot and enables the detection of single-molecule fluorescence[98]. The
miniaturization of droplets enables single-molecule studies (spacial localization of biomolecules
without hindering, improved fluorescence assay) and the detection of rare events.

Adsorption of biomolecules at the droplet interface With droplet miniaturization, the
surface to volume ratio increases drastically and adsorption issues might become predominant.
An important parameter in analyzing adsorption is the ratio of the maximum surface coverage
Γmax of the biomolecule over its initial concentration inside the droplet C0. Depending on
Γmax/C0, adsorption happens in presence of an excess of biomolecule or in presence of an excess
of surface. This corresponds to an adsorption limited either by the area of the interface or by
the quantity of biomolecule inside the droplet. Several models have been developped to study
adsorption kinetics. The rate of adsorption of biomolecules can be limited by the diffusion
toward the interface[99] or by the time of adsorption[100]. The miniaturization accelerates
adsorption when the rate is limited by the diffusion toward the interface but should not affect
adsorption kinetics in the second case. In all cases, adsorption of biomolecules must be hindered
in droplets which demands the formulation of surfactants that properly protect the interface.
The miniaturization of droplets enhances adsorption issues and a proper formulation must be
chosen.

To summarize above discussions, most of mentioned scaling laws are in favor of miniaturiza-
tion. Decreasing droplet size provides a faster encapsulation of a fixed number of biomolecules,
faster incubation steps (both thermically and biologically), faster droplet interrogation - both
in 2D, at the expense of a sufficient optical sensitivity, and in a train of droplets, at the ex-
pense of acceptable electronic performances -. The relevance and sensitivity of assays increases
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with droplet miniaturization opening access to single-molecule studies and enhancing surface
to noise ratio of fluorescence assays. Among considered phenomena, only two scaling laws are
unfavourable to miniaturization: the production of large volumes of emulsions is laborious and
the adsorption of biomolecules (DNA, proteins) on the interface might be detrimental to the
assay sensitivity.

The initial aim of this PhD work was the investigation of the possibility of miniaturizing
droplet-based microfluidics down to the femtoliter scale. As explained above, this project was
encouraged by the expected absence of fundamental changes in the physics of miniaturized
devices and by the wide perspectives that would provide a robust handling of femtoliter biological
reservoirs. Before entering into the details of my research projects, experimental procedures are
described in the following chapter.



Chapter 2

Experimental techniques

This chapter describes the experimental techniques that are common to all following chapters:
femtoliter emulsification process, fabrication of the microchips and of macroscopic pieces, fabri-
cation of pneumatic valves, biological assays.

2.1 Emulsification process

This section concentrates on the emulsification process. The production of water-in-oil femtoliter
droplets is carried out by a step-emulsification device. Formulation choices are made to provide
stability to the emulsions and match the envisioned biological applications.

2.1.1 Step-emulsification

Several production geometries have been introduced in Chapter 1.2.2: T-junction, flow-focusing,
co-axial production, step-emulsification. In this PhD work, most emulsions have been formed
using step-emulsification geometries and we will detail the principles and mechanisms at play
in this particular geometry. Step-emulsification has interesting characteristics: droplets size
is mostly governed by the geometry, with a weak dependence on flow conditions, production
throughputs are high and monodispersivities in the range of the %.

Step-emulsification devices combine a 2D-like Hele-Shaw cell 1 with a step outlet to a deep
and wide reservoir. In the Hele-Shaw cell, the phase to be dispersed is either in a T-junction
conformation (Figure 2.1.a.) or pinched between two continuous phase flows (Figure 2.1.b.). In
a third conformation, the phase to be dispersed simply flows through an array of holes and fells
into a wide, deep reservoir of continuous phase[102]. This latter geometry is discarded from the
discussion as it presents larger polydispersities (typically 5%).

1. A Hele-Shaw cell is a channel with a height h much smaller than other dimensions, considered two dimen-
sional.
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Figure 2.1 – Step-emulsification device. The shallow Hele-Shaw cell either contains a T-junction (a.)
or a flow-focusing conformation (b.). c. Three regimes can be defined depending on the flow rates of the
dispersed and continuous phase (q1 and q2 respectively). At low flow rate ratio, droplets are formed at
the junction in a dripping mode. At large flow rate ratio, the dispersed phase forms large balloons at the
step, similarly to a jetting mode. At intermediate values of the flow rate ratio, droplets are formed at
the step by step-emulsification. a. and c. are reproduced from [101].

Three regimes can be defined depending on the flow rates of the dispersed and continuous
phase (q1 and q2 respectively). At low flow rate ratio q1/q2, droplets are formed at the junction
in a dripping mode (Figure 2.1.c, upper picture). At large flow rate ratio, the dispersed phase
forms large balloons at the step, similarly to a jetting mode (Figure 2.1.c, lower picture). At
intermediate values of the flow rate ratio, droplets are formed at the step by step-emulsification
(Figure 2.1.c, middle picture).

Several models have been proposed to describe the step-emulsification regime. In a slightly
different conformation where the confined section falls into a less-confined area, Dangla et al. use
geometric arguments to explain that the growth of a droplet in the less confined area results in a
necking in the confined area, eventually producing a droplet. This theory successfully describes
the formation of droplets at a step but fails to distinguish the transition to jetting condition.
Recent studies have demonstrated that there is a critical capillary number characterizing the
transition between step-emulsification and the balloon regime[103]. If we define the capillary
number Ca,

Ca = µ1q1
γbw

(2.1)

With w the Hele-Shaw cell width, b its height, γ the surface tension, µ1 the dispersed phase
viscosity, q1 its flow rate, Li et al. demonstrated that Ca∗(w/b) is a constant; the capillary
number that defines the step to jetting transition only depends on the Hele-Shaw cell aspect
ratio. This model is consistent with experimental observations: Figure 2.2.a-b. represent phase
diagrams of a step-emulsification device for two Hele-Shaw aspect ratios (a. w/b = 8.8, b.
w/b = 32.6). The void symbols correspond to the step emulsification regime and the filled
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Figure 2.2 – a-b. Phase diagrams of a step-emulsification device defining the step to balloon regime
transition for two Hele-Shaw aspect ratios (a) w/b = 8.8, (b) w/b = 32.6. The void symbols correspond to
the step emulsification regime and the filled symbols to the balloon regime. Depicted capillary numbers
are the same as defined in Equation 2.1 at the expense of a numerical value (12). The step to balloon
transition occurs at constant capillary number for a given geometry. c. The phase to be dispersed (in
green) is pinched between two flows of continuous phase in a Hele-Shaw cell and reaches a step to a deep
reservoir. The quasi-steady shape of the tongue is represented. Reproduced from [103]

symbols to the balloon regime. Transition occurs at a constant Capillary number for a given
geometry, in agreement with Equation 2.1. Li et al. model also provides a prediction of the
droplet size, that barely depends on the flow rates and is in the order of 3b.

All femtoliter emulsions were produced in the step-emulsification regime. Droplets size is
tuned by changing the Hele-Shaw cell height and by setting it to a third of the aimed droplet
diameter.

2.1.2 Emulsion stabilization

The use of droplets as microreservoirs suitable for biochemistry demands certain constraints in
terms of formulation; droplets need to be stable enough to go through incubation steps without
coalescing, leakage issues between droplets must be avoided, the biological material needs to be
fully available for further analysis, regardless of adsorption issues. In this section, we introduce
some basic knowledge on surfactant science and explain the formulation choices that were made.
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Film drainage
2. Surfactant gradients 
create counter-flows 

that delay the film drainage
1. Steric repulsion

Surfactants stabilize the emulsion by
(1) steric repulsion

(2) surfactant gradients may create counter-flows by Marangoni effect

Figure 2.3 – In the absence of surfactants, droplets coalescence is governed by the film drainage dy-
namics. The introduction of surfactants stabilizes the emulsion by steric repulsion and may generate
additionnal Marangoni flows that counteract film drainage.

What is a surfactant?

The emulsification process goes along with the creation of a large interfacial energy. To limit the
interfacial energy increase, surfactants can be added. Surfactants are amphiphilic molecules, that
possess a hydrophilic head linked to a hydrophobic tail. The hydrophilic part (often charged, or
polar) is better solvated in aqueous medias whereas the hydrophobic tail prefers to be surrounded
by oil. Surfactants are thus located at the water/oil interface and decrease the interfacial energy.
Emulsion stabilization is provided by steric repulsion between the surfactant molecules (Figure
2.3). The kinetics of drainage is also slowed down by the apparition of a counter-flow governed
by Marangoni effect; the drainage tends to decrease the local concentration of surfactants in
between the droplets, leading to a counter-flow towards the film.

The stabilization efficiency of the surfactant is often assessed by the surface tension decrease.
If we denote Γ the surfactant surface concentration, c the surfactant bulk concentration, γ the
surface tension, T the temperature and R the gas constant, the decrease in surface tension is
described by the Gibbs adsorption isotherm for ideal solutions (dilute regime) :

Γ = − c

RT

dγ

dc
(2.2)

Above a certain surfactant concentration (the critical micellar concentration, or CMC), sur-
factant molecules tend to self-assemble and form micelles, breaking the dilute regime assumption.
Above this CMC, Equation 2.2 is no further valid and the surface tension remains constant upon
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addition of surfactant.

Recent studies have shown that dynamical properties are as important as thermodynamic
parameters to control the emulsion stability [104]. Baret et al. demonstrated that the surfactant
concentration has to be much higher than the CMC to efficiently stabilize droplets. In the case of
a Krytox FSH - DMP surfactant introduced at 2CMC, multiple coalescence events are observed,
resulting in a distribution of droplet size equal to multiple integers of the uncoalesced droplet
area A0 (Figure 2.4.a.). A concentration of 15 CMC was needed to suppress coalescence events.
To better understand the dynamics of surfactants stabilization, they used a surfactant that
fluoresces when it reaches the droplet interface and observed that the build up of the surfactant
interfacial coverage happens on timescales on the order of the droplet manipulation (ms - s)
(Figure 2.4.b). The dynamics of surfactant stabilization has to be taken into account in most
experiments.

a. b.

Figure 2.4 – a. Droplet stability as a function of surfactant concentration : size distribution of droplets.
Droplet areas A have been rescaled by uncoalesced droplet area A0. Upper graph : 1,9 CMC, several
populations are visible, at areas equal to multiple integers of A0. Lower graph : 15 CMC, droplets are
stable. b. Fluorescent signal intensity a in arbitrary units of the surfactant as a function of the position
of the droplet. The label of each curve corresponds to the droplet lifetime after generation when they are
analyzed. Surfactant coverage reaches its stable value after several hundreds of milliseconds.

Aging of an emulsion

The addition of surfactants stabilizes the emulsion in a metastable state. The stability of the
dispersion is governed by dynamical aging mechanisms. The first of them is the coalescence of
droplets; this process is expected to be well hindered by surfactant stabilization, mainly through
steric repulsion of the surfactant molecules and blocking of the continuous phase drainage by
Marangoni effect in the presence of a surfactant gradient. Another aging mechanism is Ostwald
ripening. In a polydisperse emulsion, small droplets have a higher Laplace pressure P = 2γ/R
(γ the surface tension, R the radius). As a consequence, small droplets diffuse spontaneously
towards large droplets and the mean radius of the emulsion increases. Ostwald ripening can be
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slowed down or even blocked by the addition of a solute that is not soluble in the continuous
phase. Indeed, the presence of the solute creates an additionnal osmotic pressure, that retains
the water inside the droplet.

Chosen formulation for our experiments

Continuous phase The continuous phase needs to satisfy two conditions : first, to enable a
proper compartmentalization, solutes must be insoluble into the continuous phase. Secondly, it
must be compatible with the microfluidic chip, typically made of polydimethylsiloxane (PDMS);
many oils induce swelling of PDMS. Fluorinated oils satisfy those two conditions; their hydropho-
bicity and lipophobicity ensures a low solubility of most biological reagents and they are among
the solvents that least swell the PDMS[105]. Additionnally, fluorinated oils possess a good solu-
bility for gases, which can be useful for applications involving living organisms (cells, bacterias).
We chose the HFE 7500 fluorinated oil.

Surfactant The development of surfactants to stabilize water-in-fluorocarbon emulsions is
quite recent[106]. In addition of guaranteeing emulsions stability over long incubation times and
wide storage conditions (typically, high temperatures), surfactants must let the encapsulated
biomolecules fully accessible for further analysis, meaning they don’t interact with each other.
Neutral surfactants are preferred as bioreagents (DNA, RNA, proteins) are often charged and
their activity might be altered by electrostatic interaction.

Figure 2.5 – Water-in-oil emulsions are stabilized by a PEG-di-krytox surfactant.

Holtze et al. developped triblock copolymers comporting a PEG block soluble to water and
two long fluorinated PFPE tails that provide a good steric repulsion between droplets. They
optimized the number of PEG units to lower the interaction of bioreagents, the PFPE chains
length to obtain an efficient stabilization and the molecular weight of the final copolymer to
maintain its ability to diffuse to the interface.

The surfactant is now provided by Raindance Technologies (EA surfactant, Mw ∼ 14000
g/mol, CMC 0.033%, Figure 2.5). A solution of HFE 7500 containing 2% of EA surfactant (60
CMC) is used for most experiments realized in this manuscript.

To further decrease the interaction of the bioreagents with the interface, another non-ionic
surfactant is added in the aqueous phase, Pluronic F-68 at a concentration ranging from 1 to
3%. (30 to 90 CMC)

Demulsifier In some biological assays, droplets need to be broken after the incubation step
to analyze their content. To break the emulsion, another surfactant is added, 1H, 1H, 2H, 2H-
Perfluoro-1-octanol. This surfactant possesses low stabilizing properties and is much smaller
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than the EA surfactant; perfluorooctanol molecules diffuse fastly towards the interface at the
expense of the EA surfactant. The emulsion stabilization is drastically reduced and droplets can
be broken by vortexing.

2.2 Microfabrication techniques

This section describes basic microfabrication techniques. Microfluidic channels are built using
a standard photolithography process and the Poly-dimethylsiloxane (PDMS) fast prototyping
technology.

2.2.1 PDMS chips

PDMS presents many advantages: biocompatibility, porosity to gases, rapidity of prototyping,
low-cost, among others. The fabrication of PDMS chips requires the following steps: first, the
desired structure is designed with a CAD software, then the structure is replicated on a master
mold by soft lithography. Last, PDMS counter-molds can be replicated from the master mold.
Those steps are detailed in the following subsections.

Masks Masks are designed with a CAD software (Clewin5) according to the aimed applica-
tion. Depending on the smallest dimension of the design, several printing methods are used. For
structures down to 6 micrometers, masks are printed on flexible substrates. For smaller struc-
tures, it becomes mandatory to use chrome masks, fabricated in the UPMC microfabrication
platform.

Soft lithography - standard protocol Soft lithography enables the fabrication of mi-
crostructured silica molds. The desired structures can be transferred from the mask to the
mold thanks to photosensitive resists. Depending on the resist type (positive or negative), the
exposed area respectively get dissolved or reticulate. A complete protocol is described thereafter
in the case of the negative photoresist SU8 series and summarized in Figure 2.6 along with ad-
vice on critical steps. The wafer is dehydrated at 200˚C for 10 minutes. This step improves the
adhesion by ensuring the wafer is completely dry. The photoresist is deposited by spin-coating.
The deposition thickness depends upon the spinning speed and the resist viscosity. The solvent
is removed by a first baking step (soft bake) according to the manufacturer’s datasheet. The
resist is exposed through the mask with a UV lamp filtered at 365 nm. A catalyst is created in
the exposed area. A second bake is performed to enable the exposed areas to reticulate. The
non exposed areas are dissolved in SU8 developer. A hard bake is performed to improve the
adhesion and the surface aspect of the resist.

In the case of positive photoresist, the resist reticulates everywhere and the exposure dissolves
it locally.
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Step Comments

Wafer dehydration at
200°C for 10 minutes

The dehydration improves the adhesion of the resist onto the
wafer.

Photoresist deposition 
by spin-coating following 
the constructor parameters

The obtained thickness slightly depends on the room temperature.

Soft-bake (65°C and 95°C) This �rst bake evaporates the solvent.

Exposure During the exposure step, a catalyst is formed in the exposed areas. 
Over-exposure improves the adhesion and the quality of the 
mold (less cracks) but may enlarge structures through di�raction.

Post-exposure bake (65°C
and 95°C)

Reticulation of the photoresist takes place in the areas containing
the catalyst. A long post-exposure bake ensures a complete 
reticulation.

Development The developer solution saturates very fastly. Finish the development
with clean developer. In tricky developments, an ultrasound bath can
improve the development.

Figure 2.6 – Soft lithography steps with SU8 negative photoresist

Soft lithography - case of multiple layers To minimize the total hydrodynamic resistance
in our devices, most of our molds contained several layers; local thin layers to handle femtoliter
droplets and thick layers for the input channels. The multiple-layer lithography process re-
quires alignment procedures that can be tedious and time consuming. The conventional method
consists in the following steps: after the first layer construction (deposition, soft bake (SB),
exposure, post-exposure bake (PEB)), the second layer is deposited and soft-baked. The wafer
is then aligned with the second layer photomask, typically using a mask aligner and dedicated
alignment structures. During this alignment procedure, alignment structures are hidden below
the upper photoresist layer, which limits the thickness ratio between the two layers (maximum
∼ 1:10 before the optical contrast becomes too low to distinguish the structures), as well as the
precision of the alignment, resulting from light scattering in the photoresist film. Different tech-
niques have been used to overcome these optical limitations; one way is to create structures with
higher optical contrasts independently of the SU8 mold construction, either by dry etching [107]
or by using red positive resist [108]. Other methods are to add intermediate films of resist to
sequentially build the desired layer, or to locally remove the resist above the alignment structure
with developer [109]. However, all these methods are time consuming and add supplementary
steps that either reduce the final precision of the mold, or decrease the cleanliness of the surface.

We developped a very fast and precise method to create multiple-layer wafers, in which
alignment structures are fully visible whatever the thickness of the upper layers, and that does
not require additional spin-coating / development steps. In our procedure, tape is used to protect
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Figure 2.7 – PDMS devices are cast from the silica master by pouring a 10:1 (w/w) mixture of monomer
and crosslinker onto the wafer and letting it cure at 70˚C for 2 hours. The cured PDMS is then peeled
off the master. Inlets are punched with a 0.5 mm biopsy puncher.

alignment structures from the upper layers deposition. Alignment structures are not hidden by
the upper layer of photoresist, allowing to perform minute alignments, whatever the thicknesses
of the different layers. With a proper design, the use of tape barely reduces the useful area
of the wafer, and enables the construction of multiple layer wafers with the same alignment
structures, as their complementary shapes are never constructed. Complete description and
characterization of the technique can be found in Appendix A.

PDMS molding - conventional protocol with Sylgard 184 or RTV-615 PDMS PDMS
devices are cast from the silica master by pouring a 10:1 (w/w) mixture of monomer and
crosslinker onto the wafer, letting it degas under vaccum conditions and curing it at 70˚C
for 2 hours[110]. The cured PDMS is then peeled off the master. Inlets are punched with a 0.5
mm biopsy puncher. Two types of PDMS are used depending on the degree of elasticity wanted.
When high pressures need to be applied, Sylgard PDMS is used for its higher Young modulus.
Cheaper RTV is used daily, especially for the PDMS membrane of pneumatic valves described
in Chapter 3.

Hard PDMS When high aspect ratios are needed (typically larger than 10), standard PDMS
channels tend to collapse. In such cases, hard PDMS enables the fabrication of stiffer devices,
with keeping the fast prototyping PDMS technology[111]. Its Young modulus is ∼ 10 MPa, ten
times larger than conventional PDMS. Five reagents need to be mixed to prepare hard PDMS,
with the following proportions:

VDT 731 VQM 135 modulator SIP 6831.1 HMS 301
6.8g 1-2g 50 µL 10 µL 1g
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Figure 2.8 – The hard PDMS is deposited on the microstructured wafer by spin-coating (800 rpm, 30s),
and baked for 30 minutes at 70˚C. A mixture of conventional PDMS (Sylgard 184 or RTV-615) is then
poured onto the hard PDMS membrane to obtain a composite chip. Reprinted from [111]

The four first reagents are mixed together and stored. An improvement of hard PDMS
membrane was observed after letting the initial mix a few days in the fridge. HMS 301 is the
curing agent. After its addition, the hard PDMS is deposited on the microstructured wafer
by spin-coating (800 rpm, 30s), and baked for 30 minutes at 70˚C. A mixture of conventional
PDMS (Sylgard 184 or RTV-615) is then poured onto the hard PDMS membrane to obtain a
composite chip.

Punching the inlets and outlets often results in fracturation of the hard-PDMS membrane.
To avoid such problems, a thin flat of conventional PDMS may be deposited above the chip
before punching the inlets. This enables the imposition of a pressure at the location of the
biopsy puncher during its removal and suppresses fracturation issues.

2.2.2 Systems bonding and obtention of different surface properties

02 plasma cleaner

PDMS chips are bonded onto glass slides with an O2 plasma cleaner. A plasma is a gaz that
contains a variety of charged, highly reactive species. The surfaces to be bonded are placed in a
chamber filled with O2. Imposition of a radiofrequency electric field results in the creation of a
diversity of excited species (oxygen radicals, ionized ozone, etc) that interact with most organic
bonds and break them. The surfaces are oxydized, which makes them hydrophilic and reactive.
Upon contact, covalent Si-O-Si links are created between the PDMS and the glass slide.

On non-bonded surfaces, the oxydation results in an increase of the density of silanol func-
tions. Immediately after a plasma, the static contact angle measured on a flat PDMS surface is
∼ 20˚, but rearrengements in the polymeric chains and silanol condensation enable the PDMS
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to go back to its native hydrophobicity after ∼ 15 minutes[112]. This time can be extended if
the device is kept in a water reservoir[113].

All PDMS hydrophobic devices

To obtain hydrophobic devices, the first method envisioned is to create full PDMS devices; in-
deed, the static contact angle measured on a flat PDMS surface is ∼ 110˚C. PDMS covered glass
slides are fabricated by spin-coating liquid PDMS and curing it at 70˚C. The bonding is then
realized by 02 plasma and the return to hydrophobicity is fastened by placing the chips at 90˚C.
Several mechanisms are envisioned to explain the progressive recovery of hydrophobicity: migra-
tion of short PDMS chains from the bulk to the surface [114], chains rearrengements inducing
the internalization of SiOH functions [115], condensation of silanols into siloxane functions[112].
Experimentally, we found that the hydrophobicity recovery is enough after 12 hours at 90˚C
in most devices. We did not try to further characterize the partial or complete hydrophobicity
recovery after this time.

Silanization

In cases where the natural hydrophobicity of PDMS is not sufficient to provide a proper wetting,
a fluorinated silane can be grafted to improve the surface/fluorinated oil affinity. A vapor phase
protocol was followed; surfaces are exposed to an 02 plasma cleaner, then deposited in a box
with 20 µL of 1H,1H,2H,2H-perfluorooctyltrichlorosilane. Some silica gel is added to ensure
the air is dry and avoid degradation of the silane. The box is then sealed and the surfaces are
exposed to the silane vapor for 40 minutes. Bonding and silanization of the closed chamber can
be performed in a row with the same plasma. A complete study of the mechanisms at play can
be found in [116].

2.2.3 Microfluidic pneumatic valves

Pneumatic valves are active components that enable the controlled injection of reagents. A
control channel is added above the flow channel, separated by a thin elastomeric membrane that
can bulk upon pressurization of the control channel. Fabrication of pneumatic valves requires
the production of two wafers, one containing the flow channels and the other one containing
the control channels. On the control channel wafer, a layer of PDMS is spin-coated such as to
obtain a membrane of a few micrometers above the control channels. The PDMS film is cured
at 70˚C for two hours. PDMS is poured onto the flow channel wafer at a thickness of ∼ 5 mm
and cured. Devices are cut, punched and O2 plasma bonded to the control channel wafer with a
manual alignment step under a binocular. After a short bake (15 minutes at 70˚C), the PDMS
and the membrane can be peeled off the mold; control channels inputs are punched and devices
are closed by O2 plasma bonding on a glass slide.
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Figure 2.9 – Fabrication of pneumatic valves requires the production of two wafers, one containing the
flow channels and the other one containing the control channels. On the control channel wafer, a layer
of PDMS is spin-coated such as to obtain a membrane of a few micrometers above the control channels.
PDMS is poured onto the flow channel wafer at a thickness of ∼ 5 mm and cured. Devices are cut,
punched and O2 plasma bonded to the control channel wafer with a manual alignment step under a
binocular. After a short bake (15 minutes at 70˚C), the PDMS and the membrane can be peeled off the
mold; control channels inputs are punched and devices are closed by O2 plasma bonding on a glass slide.
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Some critical steps :

- To make sure flow channels close completely upon pressurization of the control channel, it is
preferable to give them a rounded profile rather than a rectangular one. Such characteristic
is obtained by using positive resist for the soft-lithography process and by performing a
hard bake (115 ˚C). In our case, flow channels are drawn with a rectangular profile because
of the very thin thickness (1 µm).

- Control channels can be placed above or below the flow channels.

- When PDMS membranes are very thin (a few µm), the punching of inputs can produce
fractures that are to be avoided. Similarly to hard PDMS microfabricaiton, a thin flat
of conventional PDMS may be deposited above the chip before punching the inlets. This
enables the imposition of a pressure at the location of the biopsy puncher during its removal
and suppresses fracturation issues.

- Structures located in the thick PDMS part tend to shrink by a few % ([117]). This effect
can be neglected over short distances but is to be taken into account in the masks design
for large structures.

RTV PDMS is used for the membrane to benefit from its higher elasticity.

2.2.4 Other fabrication techniques

Around microfluidic chips, macroscopic elements are needed to sustain the chips or to support
the reservoirs. Two tools were used in this purpose. The 3D printer (Makerbot, The Replicator
2X) uses thermoplastic polymers to create a 3D structure previously designed on Autocad. The
extrusion parameters depend on the chosen polymer; ABS is one of the most used by engineers
for its strenght, machinability, high temperature resistance (softens at 90˚C). It is soluble in
acetone, a property that can be used to smooth the surface and obtain a better sealing. PLA is
another thermoplastic polymer that is more rigid than ABS. This property is interesting for the
construction of large pieces where the use of ABS often results in bended corners and printing
errors but also means PLA structures break more easily than ABS ones. PLA softens around
50˚C and is more complicated to machin after the 3D printing. The choice of the polymer
thus depends on the aimed application. In our case, small pieces (microliter reservoir wells)
were made in ABS and large pieces (chip holders, multiple reservoir) were preferently made
in PLA. Another available polymer is the HIPS, that presents properties similar to the ABS
with the advantage of being soluble in limonene; printing in ABS/HIPS and dissolving the HIPS
afterwards enables the construction of complex structures that would not be easily accomplished
without supports.

The construction of structures with a 3D printer is fast and easy but built pieces present
rough surfaces and a low compliance with requested dimensions, as thermoplastics tend to shrink
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during the printing. In cases where a high precision on the thickness is needed, a milling machine
can be used (Charly4U) to manufacture plexiglass plates. The drill bit can be tuned in agreement
with the desired structure, the smaller having a diameter of 1 mm.

2.3 Biological assays

2.3.1 Polymerase Chain Reaction

One of the most common reaction is the Polymerase Chain Reaction (PCR). PCR is the ampli-
fication of DNA by a series of thermal cycles.

Each PCR cycle comprises 3 steps.
1. Denaturation The DNA is brought to high tem-
peratures (95 C̊ ), resulting in the destabilization
of hydrogen bonding in the DNA double helix, and
the separation of the two DNA strands. This step
is called DNA denaturation.
2. Annealing The temperature is lowered (around
55 to 65 C̊ ) to enable the hybridization of
primers (represented by small red fragments) on
the DNA. The primers will serve as binding sites
for the DNA polymerase enzyme (represented by
the green circle) in the third step.
3. Elongation The temperature is increased (72 C̊

) to enable the DNA polymerase to synthesize the
complementary DNA out of dNTPs in solution.
The cycles are repeated until complete use of the
primers. After one PCR cycle, the quantity of
DNA is theoretically doubled, which means that
a million copies of the target DNA is obtained af-
ter 20 cycles. In practice, the amplification yield is
lower; bad hybridization of the primer, poor con-
trol of the temperature, efficiency of the enzyme
may affect the total yield of the PCR.

2.3.2 Agarose gel electrophoresis

An agarose gel electrophoresis corresponds to the migration of DNA in a gel under imposition
of a DC electric field. The gel contains a stain (usually ethidium bromide or R©SYBR Safe) that
becomes fluorescent upon intercalation in the DNA. Inside the gel, DNA molecules interact with
the agarose matrix and the smaller molecules migrate faster than the larger ones; a separation
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by size can be performed and the use of a ladder gives the corresponding DNA length. The
fluorescence intensity is directly linked to the quantitity of DNA. The complete agarose gel
electrophoresis protocol is described below.

- The gel is prepared by dissolving an agarose powder into a buffer, TBE in our case. The
concentration of the gel is tuned depending on the length of the DNA strands that are
to be separated. For our short DNA fragments (0.1 - 1000 bp), 2 % gels are used. The
agarose solution is heated near its boiling point and poured, 2 µL of R©SYBR Safe are
added. A comb is placed to create wells in the gel.

- Once the gel is reticulated, the comb is removed and the gel is placed in the electrophoresis
chamber covered by TBE buffer. Samples contain the solution to be analyzed along with
a loading buffer (DNA Gel Loading Dye (6X), Life technologies) that forces the solution
to sink at the bottom of the well. Prepared samples can be loaded into the wells; 5 µL of
ladder (GeneRuler 100bp DNA Ladder, Life Technologies) is also loaded.

- A DC voltage is applied taking into account the negatively charged DNA molecules migrate
towards the anode. The voltage is chosen between 60 and 100V depending on the aimed
gel quality. Migration is faster at high voltages but migration anomalies can appear such
as edge effects.

- The gel is analyzed in a UV chamber.

2.3.3 DNA purification

Figure 2.10 – Purification system based on magnetic separation. DNA double strands longer than
100 bp bind to the magnetic beads (step 2), enabling their separation from the sample (step 3). After
several washing steps (step 4), an elution buffer is added and DNA strands are eluted from beads (step
6). Reproduced from Beckman and Coulter’s Agencourt AMPure XP PCR purification Instructions for
use.

AMPure kit Depending on the protocols, it is sometimes useful to remove excess primers,
nucleotides, salts, enzymes in PCR experiments, or remaining short DNA strands in ligation
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experiments. The Agencourt AMPure XP PCR (Beckman Coulter) purification system was
used to purify samples when needed. This system relies on the use of paramagnetic beads
coated with carboxyl molecules. Those particles can reversibly bind DNA in the presence of
polyethylene glycol (PEG) and salt. The length of retained DNA fragments can be tuned by
changing the percentage of PEG.

The protocol steps are described in Figure 2.10. The beads solution is thoroughly mixed
and a volume v is added to the sample to purify. v is a function of the minimal size of DNA
fragments that we wan’t to recover, typically 1.6 µL per 1 µL of sample to recover >100 bp DNA
strands. The solution is mixed with the pipette and binding is performed (RT, 5 minutes). The
sample is placed on a magnetic rack that immobilizes the paramagnetic particles. The sample
can be removed through pipetting and 2 washing steps are performed with 70 % Ethanol to
remove all non-binded molecules. An elution buffer is then added, to enable the resuspension of
DNA strands. The solution of purified DNA is transfered to a new reservoir.

The recovery percentage can be as high as 90 % if elution volumes and beads concentration
are correctly tuned.



Part II

Miniaturization of droplet-based
operations to the femtoliter scale





There is plenty of room at the bottom
Richard Feynman

This second part of this PhD manuscript focuses on the miniaturization of elementary
droplet-based microfluidics operations. Each chapter concentrates on one operation: produc-
tion of droplets on-demand, mixing inside droplets, operations involving electric fields (dielec-
trophoretic sorting and electrocoalescence), hydrodynamic splitting and incubation steps. Ad-
ditional states of the arts are presented when necessary, along with theoretical interrogations on
the miniaturization feasibility of such operations. Part of the exposed results can be found in the
article Droplet-based microfluidics at the femtoliter scale[91] which is reproduced in Appendix
B.

Figure 2.11 – Summary of elementary operations of droplet-based microfluidics at the nanoliter and
picoliter scales. From left to right and from up to down: droplet production, coalescence of droplet pairs,
pico-injection, droplet splitting, droplet pairing, fluorescence detection, emulsion reinjection, on-chip
droplet storage, fluorescence-activated sorting, sorting by size, on-chip incubation, off-chip incubation.
Reproduced from the PhD manuscript of Alexei Godina.





Chapter 3

Femtoliter drop-on-demand

In most biochemical assays, periodic trains of droplets are formed and manipulated at high
frequencies. However, in the absence of active components, flow rates, droplet sizes and droplet
production are coupled which decreases the number of controlable parameters. The use of drop-
on-demand devices largely enhances the control over droplet synchronization and droplet size.
Looking wider than the scope of research laboratories, drop-on-demand devices have proven
their utility in our daily life, for example with the ink-jet printer.

The production of femtoliter droplets on demand is a difficult task as dead volumes need
to be nearly suppressed from the entire setup. Before chosing the best strategy to produce
femtoliter droplets on demand, we present concise states of the art of existing devices and discuss
their miniaturization possibility. Several experimental trials were performed in agreement with
these discussions: piezoinjection, miniaturization of the pico-injection, electrojetting, pneumatic
actuation. Results of this initial phase are summarized thereafter.

3.1 Drop-on-demand devices

3.1.1 Pneumatic valves

Pneumatic valves take advantage of the deformation property of an elastomer (typically PDMS)
to locally close flow channels (see Chapter 2.2.3). Actuators contain a control channel that is
separated from the flow channel by a thin elastomeric membrane; upon pressurization of the
control channel, the membrane bulks until closing the flow channel (Figure 3.1). Pneumatic
valves have low internal volumes (typically a few nL), fast response times (a few milliseconds)
and can be extensively parallelized [28].

Miniaturizing such devices raises several questions. Goulpeau et al. established predictive
rules for the design of pneumatic valves from comparison between experimental data and an
equivalent electrical circuit model[118]. They predicted that multiplying the characteristic di-
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Figure 3.1 – Scheme of a pneumatic valve. The flow channel is separated from the control channel by a
thin PDMS membrane. Under pressurization of the control channel, the membrane bulks and closes the
flow channel. Reproduced from [26]

mensions of the pump by a factor λ would demand an operating pressure Pop ∝ λ−1. This model
predicts operating pressures of 10 bars for 500 fL volume valves, and 40 bars for 10 fL valves, a
range not achievable in PDMS/glass microfluidic chips. Those considerations led us to give up
on this method in a first step.

3.1.2 Electrohydrodynamic jetting

Electrohydrodynamic (EHD) jetting relies on the competition between electrostatic pressure and
surface tension which relative strenght is defined by the dimensionless Bond electric number,
Be = ε0εrE

2l/γ with ε0 the vaccuum permittivity, εr the fluid permittivity, E the electric field
and l the characteristic dimension of the fluid. Above a critical electric field, electrostatic stresses
are too large to maintain the interface stability; the interface deforms and a droplet is ejected.
EHD jetting is usually used to print droplets on flat substrates[119, 120, 121] and create complex
patterns but microfluidic versions of such devices have been developped[37].

The inspection of Be dependence with device scale shows that the miniaturization of EHD
jetting systems demands the imposition of larger voltages and its feasibility needs to be demon-
strated. However, this method raises few technical questions regarding the implementation of a
miniaturized version of existing device and was one of the first envisioned to produce fL droplets.

3.1.3 Pico-injection

Pico-injection is widely used in multi-step droplet-based microfluidics assays as it allows the
injection of a precise picolitric volume of reagent inside droplets without synchronization issues.
Perpendicularly to the main flow channel, an injection channel is added and pressurized to obtain
a stable meniscus of the fluid to be injected. When a droplet flows, upon imposition of an electric
field, the meniscus can break and the injected volume depends on the contact time between the
droplet and the reagent, and on the injection channel pressure. One of its major drawback is
the cross-contamination induced by the contact between the droplet and the injection channel.
The following injected droplet may receive part of the material of the preceding droplet.
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Miniaturization of the pico-injection raises few technical questions. The injected volume
varies with the contact time between the droplet and the injection channel and with the pressure
of the injector; the minimal injected volume is on the order of the nozzle dimension. The
reduction of the injected volume should be possible by decreasing the nozzle dimension and
increasing electric fields to maintain a high-enough Be.

3.1.4 Piezoelectric actuation

A piezoelectric material is a material that converts an electric input into a mechanical dis-
placement. Piezo stacks allow microsecond response times and low deflections (1-100 µm).
Implementation of such actuators in microfluidic chips is usually made by positionning the piezo
stack above a large reservoir, separated by a thin PDMS membrane[29, 30]. In this configu-
ration, the deflection of the stack is directly transfered to the fluidic reservoir and the stroke
volume corresponds to the product of the actuator extension times its diameter[30]; correspond-
ing volumes are in the range of 100 pL - 100 nL and could hardly be miniaturized considering
the macroscopic size of actuators. This objection might change in the years to come as PZT
thin films were recently integrated into microfluidic chip, enabling the creation of micropumps
actuated at low voltage[31]. This could open up new miniaturization possibilities.

In the absence of availability of such techniques in our lab, the ultra-fast response time of
piezo stacks led us to look for new geometries that minimize the injected volumes with keeping
macroscopic stacks.

3.1.5 Other active actuators in microfluidics

Other drop-on-demand methods exist, such as surface acoustic wave generation[35], thermally
mediated droplet formation[32], hydrophobic valving[34] or magnetically modified elastomeric
valves[36]. Magnetic and thermomechanical actuation were envisioned at first but are discarded
from the manuscript for their lack of interesting results. Other methods were not investigated
for lack of time.

3.2 Experimental part

This section presents the results of preliminary experiments. In agreement with above consid-
erations, electrical actuation was the first envisioned (EHD jetting and femto-injection). Piezo-
electric actuation was tested for its ultra-fast response time with a modified implementation to
reduce injected volumes. Pneumatic actuation was tested for its ease of implementation, despite
unfavorable theoretical considerations.
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3.2.1 EHD jetting

EHD jetting was the first envisioned for its ease of implementation and encouraging scaling laws.

Protocol O’donovan et al. recently demonstrated the possibility of removing the side elec-
trodes of a picoinjection device by directly charging the fluid to inject[122]. In agreement with
this observation, two configurations were tested: one in which the electrodes are placed around
the injection channel separated by a PDMS wall (Figure 3.2.a.) and another one in which the
fluid to be injected is directly charged through an immersed Pt electrode (Figure 3.2.b.).

Figure 3.2 – Electrojetting femtoliter DOD devices. Electrodes may be located around the injection
channel (a.) or the fluid may be directly electrified (b.)

Injectors comprise a thin channel (1 µm thick) that is connected to the thick main flow
channel (25 µm). To limit the total hydrodynamic resistance, the thin part of the injector is
limited to a length of ∼ 50µm and is fed by a thick reservoir (25 µm). In the side electrodes
configuration, an enlarging region was added in the injector to ease the obtention of a stable
meniscus (Figure 3.3.a). This provides a higher stability as a result of the high curvature between
the reagent and the oil[56].

Electric voltages were produced by an AM300 generator (R&S) and amplified by a BOP1000M
amplifier (KEPCO) with a gain of 100. The electric field was applied to the microfluidic device
by an Electrowell (Fluigent) through Pt electrodes (Ø 300 µm) plunged into a conductive buffer.
In the first configuration, side channels were filled with a solution of NaCl (189 g/mol) to create
electrodes; in the second configuration, the Electrowell Pt electrode directly plunged into the
solution to inject (DI water + F-68 pluronic at 1%).

Fluorinated oil is injected into the main channel using an MFCS pressure controller and
injection channels are pressurized such as to obtain a stable meniscus before imposing any
electric field.

Results and discussion Electrohydrodynamic jetting successfully enabled us to produce fem-
toliter droplets on demand, as pictured in Figure 3.3. Figure 3.3.a. shows the injection of a
droplet of 16 fL, indicated by a white arrow, by imposition of a pulse of 75 ms in the first
configuration. Figure 3.3.b. demonstrates the production of a droplet of 180 fL by imposition of
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a pulse of 10 ms in the second configuration. Respective values of the applied voltage are 900V
and 1000V, at a frequency of 1.5 kHz.

Figure 3.3 – Electrojetting femtoliter DOD.
The imposition of an electric field generates a
femtoliter droplet. a. Electrodes are located
around the injection channel. 900V, 75 ms
pulse every 500 ms, AC field. Electrodes are
artificially colored (blue for the ground elec-
trode, red for the charged AC electrode). The
droplet, indicated by a white arrow, is ejected
and remains trapped in the electric field until
it is turned off. b. The fluid to be injected
can be directly electrified. 1000V, 10 ms pulse
every second, AC field.

Figure 3.4.a. depicts the evolution of the injected volume as a function of the injection
number in the case of a device with side electrodes (configuration 1, 900V, pulse of 75 ms every
500 ms, dark cyan circles) and in the case of a device without electrodes (configuration 2, 1000V,
pulse of 10 ms every 1s, orange circles). Injected volumes are much higher in configuration 2
and vary around the mean injected volume with a standard variation of 17 fL in configuration
2 and 4 fL in configuration 1.

Figure 3.4.b. shows the variations of the injected volume as a function of the electric pulse
duration in configuration 1. There is a global increase of the injected volume. In this configu-
ration, no volume is injected for actuation times lower than 50 ms.

Despite these encouraging results, we observed a very bad predictability of the devices be-
havior; depending on the device, the imposition of the electric field would either eject a droplet
or repel the aqueous phase meniscus. We assume this contradictory behavior comes from the
electrostrictive properties of PDMS[123, 124, 125]. When compliant electrodes are placed around
a dielectric membrane, they exerce an electrostatic pressure that compresses the membrane. To
conserve the volume, the membrane expands orthogonally to the field direction, as pictured in
Figure 3.5. Many experiments were carried out changing the PDMS type (RTV/Sylgard), the
curing agent ratio or the curing time but we could not relate those parameters to the presence
or absence of electrostrictive effects.

3.2.2 Femto-injection

Protocol To miniaturize volumes injected by pico-injection, a two-layer design was envisioned,
consisting of a thick main flow channel (33 µm thick) and thin side-way injectors (1.6 µm thick).
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Figure 3.4 – a. Variation of injected volume as a function of the injection number in the case of
side electrodes (configuration 1, dark cyan circles) and charged fluid (configuration 2, orange circles).
Injected volumes are higher in the second configuration and vary around the mean injected volume with
a standard variation of 17 fL. The standard variation is of 4 fL in configuration 1. b. Evolution of the
injected volume with the electric pulse duration (ms) in configuration 1. There is a global increase of the
injected volume. A minimum of 50 ms actuation is needed to inject water.

Figure 3.5 – Scheme of the electrojetting device. Compliant
liquid electrodes are highly electrified. Because of the charac-
teristic height of the channel (h ∼ 1µm), even very low elec-
trostrictive properties can produce detectable effects.

Electrodes were added in front of the injector, similarly to a conventional pico-injector, and filled
with a conductive buffer charged by an Electrowell.

Fluorinated oil is injected into the main channel using an MFCS pressure controller and
injection channels are pressurized such as to obtain a stable meniscus before imposing any
electric field.

Results and discussion Figure 3.6.a. is a timelapse of an injection sequence, in which
the injected fluid is concentrated fluorescein; fluorescence is inhibited by auto-quenching effects.
Upon injection of the reagent into the droplet, the concentration decreases and there is apparition
of fluorescence. Figure 3.6.b. represents the gray scale profile inside the circulating channel in
presence of the electric field (pink curve) and without electric field (gray curve). The injection
channel location is indicated by a dotted line. Before the injector, droplets interface are visible
thanks to the difference in optical index between water and oil. After the injector, droplets
become fluorescent with application of the electric field while they remain dark without electric
field. Attempts to measure the injected volume were carried out (Figure 3.6.c.) but variations
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are within the data analysis uncertainties.

Figure 3.6 – Miniaturization of the pico-injection to the femtoliter scale. a. Time scale of an injection
in the case of 50 pL droplets. The injected reagent is concentrated fluorescein. Upon release inside the
droplet, the concentration decreases and the aweakening of auto-quenching effect results in the apparition
of fluorescence inside the pL droplet. b. Gray scale profile inside the circulating channel in presence of
the electric field (pink curve) and without electric field (gray curve). Femto-injected droplets become
fluorescent. c. Attempts to measure the variation of volume were carried out but are within the data
uncertainties

Similarly to the electrojetting, robustness issues were encountered with the femto-injector.
Imposition of the electric field sometimes results in the repelling of the injector’s phase. The
lack of reproductibility led us to give up on this method.

3.2.3 Piezoelectric actuation

Protocol As explained earlier, the coupling of a macroscopic piezostack and a fluidic reser-
voir limits volumes in a range 100 pL - 100 nL despite the low displacements allowed by the
piezoelectricity. To overcome this limitation, we imagined the system presented in Figure 3.7 in
which the piezo stack is coupled to an integrated valve: pressurized fingers embrace the femto-
liter injector, preventing droplets injection. The piezo deflection is imposed to the pressurized
monitoring chamber, slightly increasing its total volume and releasing the injection channel. To
generate the monitoring chamber, a PDMS membrane is created by pouring the PDMS over a
custom insert designed on a CharlyRobot, that defines a PDMS membrane of chosen thickness
(300 µm) and diameter (1-3mm). This thin membrane enables the precise positioning of the
piezo actuator, and total transmition of the deflection to the monitoring chamber.
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Figure 3.7 – Piezoelectric femtoliter DOD.
The device comprises a thin femtoliter cham-
ber and a large monitoring chamber. Pres-
surized fingers embrace the femtoliter injector,
preventing droplets injection. By increasing
the volume of the monitoring chamber with
the piezo actuator, the release of a femto-
liter droplet was expected. Even at high pres-
sures (5bars), the injection channel is not ob-
structed, as depicted in the lower left image.

Results Those preliminary experiments turned out to be very tedious and did not enable a
successful control of the droplet production. Lateral control channels could not efficiently close
the injection channel, even at the highest reachable pressure in PDMS-glass devices (5 bars).

3.2.4 Pneumatic actuation

Considering the lack of reproductibility obtained with preliminary experiments, pneumatic ac-
tuation was tried out despite the unfavorable theoretical predictions.

Protocol In order to minimize the injected volume, the channel dimensions were decreased;
the height was 1 µm and the width 6 µm. This aspect ratio was too large to be easily closed, we
thus added an enlarged area (20 µm) near the main flow channel (Figure 3.8.a-b). The enlarged
area helped the channel closing at reasonable working pressure (2-3 bars) with preventing the
rest of the channel from collapsing. Before an experiment, control channels were filled with DI
water, sometimes dyed with Brilliant Blue, and the corresponding air input was plugged on the
filled channel. This step suppressed issues related to the high compressibility of air and avoided
diffusion of air towards flow channels through porous PDMS.

Figure 3.8 – Miniaturization of pneumatic
valves. a. Scheme of the design. The injection
channel is locally enlarged to enable a proper
closing of the valve at reasonable pressures. b.
Picture of a pneumatic femto-injector. The in-
jection channel is very low (∼ 1µm) and falls in
the thick main circulation channel (∼ 25µm).
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Figure 3.9 – Femto-drop on demand by pneumatic injection. a. Time lapse of the injection of a
femtolitre droplet for an opening time of 10 ms. The injection channel is only partially opened during
the injection process. b. Time lapse of the injection of a femtolitre droplet for an opening time of 30 ms.
The injection channel opens entirely during the injection process. c. Mean injected volume as a function
of the opening time, at constant pressure. The volume increases with the opening time. The increase is
not linear because of the response time of the PDMS membrane. Despite this partial opening, standard
variations are reasonably low between consecutive injections. d. Variation of the injected volume with
the injection pressure, at different opening times.

Results and discussion With the enlarging region trick, pneumatic actuation could be suc-
cessfully miniaturized down to the femtoliter scale, with a control channel pressure of 3 bars. An
example is shown in Figure 3.9.a. for an opening time of 10 ms. A droplet of 16 fL is injected
on demand.

Figure 3.9.c shows the mean injected volume at constant pressure (450 mbars) by increasing
the opening time of the valve. Injected volumes can be as low as 16 fL at a frequency of 60 Hz.
Above a critical volume, the injected phase breaks into two or more droplets by Rayleigh-Plateau
instability; the total volume is represented in this graph. The increase in the injected volume
is not linear, as would be expected for a completely opened valve. This must be related to the
response time of the PDMS membrane. Figure 3.9.a shows that the enlarged region remains
partially closed during the 10 ms injection process, whereas it completely opens above 30 ms
injection times (Figure 3.9.b). At constant opening time, the dispersion in the injected volume
is reasonably low (standard variation 7 fL).

The injected volume also increases with the pressure applied to the injection channel (Figure
3.9.d). By adjusting the pressure, the injected volume can be easily tuned at each injector to
file down microfabrication variations.
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3.3 Summary of all envisioned DoD methods

A summary of first trials can be found in the following table. Several DoD methods could
be successfully miniaturized towards the femtoliter scale but the only robust device was the
pneumatic actuator. Difficulties might be related to the use of PDMS and of its electrostrictive
properties. Perspectives remain open for the implementation of electrical actuators in NOA or
glass devices.

Advantages Drawbacks Perspectives

Piezo
High actuation frequencies Not easily implemented Use PZT films
Low displaced volumes Hard to parallelize

EHD
High actuation frequencies Need for high voltages Use of non-electrostrictive
Ease of implementation Not reproducible because devices (NOA?)

of electrostriction

Femto-I

High actuation frequencies Need for high voltages Use of non-electrostrictive
Ease of implementation Not reproducible because devices (NOA?)
No synchronization of electrostriction

Cross-contamination

Pneumatic
Ease of fabrication Low injection frequencies Frequencies cannot
High robustness be increased
Easy to parallelize



Chapter 4

Mixing during the step
emulsification process

Many biochemical processes exhibit fast dynamics: for instance, single-turnover kinetics of en-
zyme demand millisecond resolution [126]. Protein folding kinetics can happen on even shorter
time scales [127]. To extract relevant parameters, mixing times must be faster than biochemical
kinetics. Stopped flow and quenched flow methods have enabled the determination of some
protein folding kinetics through the application of turbulent mixing under highly sheared flows.
Turbulence creates multiple folds of liquids, decreasing the distance other which diffusion needs
to be performed, and thus highly enhancing mixing times. However, dead volumes usually limit
the time resolution to a few milliseconds in stopped-flow. Continuous-flow mixing [128, 129]
enabled the reduction of dead times to a few tens of microseconds, by bringing the reagents into
contact in a small mixing volume. The major drawback of such methods is the volume of samples
consumed. To produce the high shear that generates turbulence, large flow rates are needed and
large sample volumes are necessary. The apparition of microfluidics enabled the miniaturization
of such devices and the efficient mixing of nanoliter volumes in microseconds[130].

Paradoxically, mixing in microfluidics is an inherently complicated operation. Indeed, mi-
crofluidics relies on laminarity and the absence of turbulence. Microfluidic flows most often have
low Reynolds numbers (Re « 100), meaning that viscous forces dominate other inertia. Two
fluids can flow side by side without mixing over long distances, with a mixing mainly governed
by diffusion. A number of effective micromixers have been developped over the years, some of
them based on the addition of external energy supply, and others relying on passive strategies.

In this chapter, a brief introduction on the passive mixing inside droplets is depicted be-
fore focusing on the mixing process in femtoliter droplets. Two experimental approaches were
considered: the direct visualization of recirculations inside droplets during their production in
step-emulsification was first envisioned. An indirect measurement of mixing times was then
carried out by formation of a fluorescent product at the step.
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4.1 Passive mixing inside droplets

4.1.1 Reminders on the internal recirculations of a circulating droplet

a.

b.

Figure 4.1 – a.Topology of the counter-rotating recirculation zones induced by the presence of the
interface. The stagnation points on the interface are classified between the converging points A and
diverging points B. Reproduced from [131]. b. As a consequence, mixing inside each half droplet is
fast through advection in the recirculation rolls, but mixing between the two halves can only happen by
molecular diffusion, resulting in long mixing times. Reproduced from [126].

When a droplet travels inside a channel, a thin film of continuous phase of uniform thickness
is formed between the drop and the wall. Boundary conditions at the droplet interface induce
flow fields inside the droplet. The topology of the flow is represented in Figure 4.1 in the
case of a circular tube. Because of the symetry of the device, those recirculations only mix
fluids in longitudinal directions but not transversally to the flow[132]. We thus need to define
two mixing time scales inside a travelling droplet: in each half droplet, mixing is governed
by advection whereas mixing transversally to the flow is solely governed by a much slower
molecular diffusion (Figure 4.1.b). Preliminary experiments on droplets circulating in a straight
microchannel showed a considerable effect of the initial distribution of fluids on the mixing
time[132]. If the initial distribution was perpendicular to the flow (front-back distribution),
mixing was efficient after distances corresponding to a few droplets lengths. If the distribution
was longitudinal (left-right distribution), mixing was highly inefficient.

4.1.2 La transformation du boulanger

Mixing inside droplets can be improved by chaotic advection. The strategy is to increase the
contact area between fluids to enhance molecular diffusion. In circulating droplets, an easy way
to fold and stretch the fluids is by adding corners in the channel. At each corner, the recirculation
rolls reorient along the channel direction, which significantly enhances the mixing efficiency[126,
133]. This stretching and folding process is often called transformation du boulanger, as it
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Figure 4.2 – Mixing by chaotic advection in a plug moving through a winding channel. The interfaces
between the red and blue fluids are reoriented, stretched, and folded as the plug moves through the
corners and straight sections of the channel. Reproduced from [126]

corresponds to the work performed by bakers to intercalate thin layers of butter to layers of
paste and obtain flaky pastry. With this design, Song et al. decreased the mixing time inside
nanoliter droplets to a few milliseconds, 1,000 times faster than diffusion mixing.

4.1.3 Diffusion times in femtoliter droplets produced in step-emulsification

Reducing the droplet size naturally decreases diffusion times. With decreasing the droplet
characteristic dimension by two orders of magnitude, mixing times by pure molecular diffusion
are decreased by four orders of magnitude.

τdiffusion ∼
l2

D
(4.1)

where l is the characteristic dimension other which mixing needs to be performed, D is the
diffusion coefficient. As a consequence, decreasing the droplet size to a few micrometers leads
to mixing times by diffusion in the order of a few milliseconds, which was the fastest reported
mixing time inside droplets.

4.2 Mixing inside droplets during the step emulsification pro-
cess - direct visualization

In this section, we present preliminary experiments that pretended to visualize recirculations
inside droplets during their production in step-emulsification.
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4.2.1 Experimental protocol

To decrease the level of complexity of the experiment, 10 pL water-in-oil droplets were produced
in step-emulsification. First experiments were carried out with 100 nm fluorescent beads and a
sensitive Hamamatsu Orca camera. However, the droplet production frequency and the weak
fluorescence of beads could not allow us to extract workable data.

To be able to work at high acquisition frequencies, carbon black particules were added inside
the water phase in a dilute regime. The solution was filtered at 1.2 µm to suppress eventual
aggregates and avoid clogging issues. Droplets production was observed with a Photron fast
camera.

4.2.2 Results and discussion

We could image some interesting recirculations in pL droplets, such as pictured in Figure 4.3.
To make appearent particule movements, each image of Figure 4.3 is the superposition of stacks
during 2 milliseconds. Particules act as passive tracers and are advected along the streamlines
inside the droplet as it grows (Figure 4.3. 0ms - 12ms). As soon as the liquid bridge breaks,
any advectional movement is stopped (Figure 4.3. 14 - 16 ms).

This allows us to assume that advection mixing only happens during the droplet growth and
stops as soon as the droplet detaches. Though particule movements could only be imaged from
the top view, recirculations are necessarily 3 dimensional, as pictured in Figure 4.4. The droplet
can be divided in four advection rolls, further decreasing the distance over which molecular
diffusion is expected to work.

Direct visualization of the mixing process in the droplets only brought qualitative under-
standing of the process. To measure a quantitative mixing time, further experiments were
carried out.

4.3 Mixing inside droplets during the step emulsification pro-
cess - indirect measurement

In this section, we investigate the mixing inside droplets during the step-emulsification process
by an indirect measurement. An ultra-fast acid base reaction producing a fluorescent product
is used to measure mixing times.

4.3.1 Experimental protocol

To further investigate the mixing process inside femtoliter droplets during their production, we
used the diffusion-limited acid base reaction between fluorescein (50 mM) at pH 4 and a basic
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Figure 4.3 – Movement of carbon black particles inside a droplet during its production in step-
emulsification.

Top view Side view

p- p+

Figure 4.4 – 3D recirculations inside a droplet during its production in step-emulsification.

buffer at pH 9 (30 mM Tris-Base). This reaction is much faster than the mixing times considered
hereafter. Protonated fluorescein has a very low fluorescence, while its dianionic form is highly
fluorescent. An intercalating stream of acid buffer (10 mM Tris-HCl pH 4) separated the two
reagents to prevent prior contact. The three laminar streams flowed side by side (Figure 4.5.a)
and were pinched between two streams of fluorinated oil containing fluorosurfactant.
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Figure 4.5 – Mixing process in femtoliter droplets. (a) Droplet production and mixing in the step
emulsification regime. The increase in fluorescence resulting from fluorescein deprotonation was used to
determine the mixing time. Dimensions are indicated for the fL experiments. (b) Surface profile of 75 fL
droplet production, with an exposure time of 500 ms. At the step, the fluorescence emission was low then
increased along the streamwise direction (y axis). (c) Example of 1 pL droplet production. The location
of a selected droplet in successive images is indicated by a red circle.

Owing to the shallow geometry (1.7µm height, 25µm width), no droplets were formed at
this stage. On reaching the step, where the channel increased to 40µm in height and broadened
to 100µm in width, droplet precursors began to form at the step and grew until droplets were
generated. Droplets of 75 fL (5.2µm diameter) were produced at a frequency of 10.7 kHz in
the step-emulsification regime. The increase of fluorescence intensity If was monitored during
droplet production and time-position equivalence was used to replace the position coordinate
by time.

Low fluorescence emission and high speeds did not allow femtolitre droplets to be tracked
individually in real time. We thus exploited image averaging to enhance the signal to noise ratio
to obtain profiles like the one depicted in Figure 4.5.b, in which space has been converted to time
by using the relation t = y/U (with U the aqueous phase speed). Additional experiments carried
out with 1.1 picolitre droplets (13µm diameter) produced at a lower frequency (2.8 kHz) using
a step emulsification regime (Figure 4.5.c) enlightened the hydrodynamics of mixing. In this
case, individual droplets could be imaged and tracked after their production and the increase in
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fluorescence measured by image analysis.

Before the step, the contact time τcontact between the fluids was short enough to exclude the
possibility of diffusive mixing as the fluids flow side by side. The contact time was 3 to 500 times
smaller than the characteristic diffusion time τdiff for H+ and OH− ions in water, calculated
over the width w of the water stream (Figure 4.5.a). At infinite dilution, DH+ = 9.31.10−5cm2/s,
DOH− = 5.30.10−5cm2/s. For the 75 fL droplets: w = 3µm, τdiff = 480µs, τcontact = 160µs.
For the 1.1 pL droplets: w = 18µm, τdiff = 17ms, τcontact = 60µs. Calculated diffusion times
are overestimated as diffusion coefficients are smaller at finite dilution.

4.3.2 Results and discussion

a.

b.

Figure 4.6 – a. pL droplet fluorescence was measured using Image J, integrating the fluorescence over
the entire drop. The fluorescence intensity If (t) (2) was renormalized and averaged over 8 droplets,
then fitted to an exponential evolution to obtain the characteristic time, τpico = 330µs. The fluorescence
intensity extracted from surface profiles of 75 fL droplets production is plotted on the same graph (•).
b. Average fluorescence intensity If of 75 fL droplets was determined as a function of the distance to the
step and the time-position equivalence was used to determine the time. The fluorescence intensity was
renormalized and fitted to an exponential evolution If (t) = I + (I0− I)exp(−t/τ) with Matlab to obtain
the characteristic time, τfemto = 45µs.

Figure 4.6.a depicts the renormalized fluorescence measurements in the femtolitre case (•)
and in the picolitre case (2). Owing to the different time scales, the femtolitre fluorescence
intensity measurement is replotted in Figure 4.6.b. Experimental data was fitted to an exponen-
tial evolution with Matlab (lines in Figure 4.6.a and 4.6.b). Corresponding mixing times are 330
µs in 1.1 pL droplets and 45 µs in 75 fL droplets. The latter result is the shortest time reported
to date for a droplet microreactor, 35-fold smaller than fastest time previously reported (2 ms).
We thus demonstrate that miniaturizing droplets to the femtolitre scale allows unprecedented
fast mixing times (45 µs).
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This time scale is to be compared to the droplet production time: 93 µs in the femtoliter case
and 360 µs in the picoliter scale. Mixing happens on the same timescale as droplet production,
allowing us to assume mixing is mostly governed by advection during the step emulsification
process. An important dimensionless number for mixing issues is the Peclet number, defined as:

Pe = ul

D
(4.2)

where u is a characteristic speed of the flow, l the size of the system, D the diffusion
coefficient. Pe represents the relative significance of advection terms over diffusion ones. Despite
the miniaturization of our devices, the Peclet numbers are respectively of 50 and 80 in the
femtoliter and picoliter cases. The predominance of advection over molecular diffusion is thus
logical.

4.4 Conclusion on the mixing process during step-emulsification

In this section, we studied the mixing in picoliter and femtoliter droplets during their production
in step-emulsification. Our experiments show evidence of a mixing mostly governed by advection
during the droplet growing phase. Unprecedently low mixing times were observed; 45 µs in the
case of 75 fL droplets. The correlation between droplets production frequency and mixing times
let us envision a further reduction of mixing times. Some authors report MHz production
frequencies [134], that would correspond to 1 µs mixing times if our trend is confirmed.
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Mixing during the
step-emulsification process

- Mixing is an inherently complicated operation in microfluidics, but
should be favored by miniaturization. Diffusion times in femtoliter
droplets are in the order of the millisecond.

- Direct visualization of the recirculations inside a growing droplet in the
step-emulsification regime is tedious. Analysis of a scaled up devices en-
abled the visualization of recirculation rolls; any advectional movement
stops once the liquid bridge necks and the droplet is created.

- Indirect measurement of the mixing time could be performed with an
acid-base instantaneous reaction that generates a fluorescent product.
Fitting to an exponential evolution indicated mixing times of 45 µs in
75 fL droplets and 333 µs in the 1.1 pL droplets.

- Experimental mixing times are comparable to production times, confirm-
ing that mixing must happen predominantly during the droplet growth
by advection. Peclet numbers confirm this trend.





Chapter 5

Manipulation of droplets with
electric fields

The use of electric fields to manipulate droplets has imposed itself as a highly versatile and
robust method (see, for instance[50]). It presents many advantages: devices do not contain
moving parts, it is posible to work under wide formulation conditions (direct or reverse emulsion,
presence of surfactants, ...), actuation frequencies can be as large as 105 Hz, electric fields
can be coupled to detection devices to trigger the actuation on demand. As explained in the
introduction, two main droplet-based operations are realized by imposition of an electric field:
electrocoalescence and dielectrophoretic (DEP) sorting. Electrocoalescence is the merging of
droplets by imposition of an electric field. DEP sorting enables the extraction of droplets
of interest out of a monodisperse droplet library by attracting them into a hydrodynamically
disfavorable channel. To better understand the physics of both operations, we introduce here
the electric forces in presence in such devices. We restrict ourselves to the case of water-in-
oil droplets, i.e. to the case of conductive droplets surrounded by an insulating continuous
phase. A second part of this chapter concentrates on the miniaturization of DEP sorting and
electrocoalescence towards the femtoliter scale.

5.1 Impact of an electric field on water-in-oil droplets

5.1.1 Behavior of an isolated conductive droplet in an electric field

This section describes the impact of an electric field on a water-in-oil droplet. The electric field
converts the droplet into a macroscopic dipole which has several consequences such as droplet
deformation, modification of droplet speed or of its trajectory.
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Fluid τ (seconds)
DI water 10−4

Fluorescein 300µM 10−9

DI water with 1% F-68 pluronic 10−7

Figure 5.1 – Table of relaxation time constants for different aqueous phases. Characteristic times were
assessed from Equation 5.1 with conductivities measured with a CDM 210 (Radiometer Analytical S.A.).

Polarization and conduction The imposition of an electric field on a water-in-oil droplet
results in its polarization. Two mechanisms are at play. On very short time scales, electronic
clouds rearrange (electronic polarization) and molecular dipoles align along the electric field
(orientation polarization). Because of the presence of ions in the water phase, an additionnal
conduction phenomena can happen depending on the excitation frequency. Ions act as free
charges that can move under the imposition of a slow electric field; conductivity timescale is
governed by the mobility of free charges and is most often slower than polarization.

Under the purely conducting droplet assumption, polarization and conduction processes
result in the apparition of an interfacial charge distribution of opposite polarity on both poles
of the droplet. The electric field inside the droplets vanishes, while it concentrates on the poles;
the droplet can then be assimilated to a macroscopic dipole. The characteristic time of the
apparition of charge distribution is given by[135, 136, 137]:

τdroplet = ε0εd
σd

(5.1)

If the excitation period is lower than τdroplet, free charges do not have time to move and build
the interfacial distribution; in this case, droplet polarization is entirely governed by permittivi-
ties. However, aqueous solutions most often present large conductivities, corresponding to very
small characteristic times. Examples are depicted in table 5.1. Even in the case of the lower
conductivity purified water, the conductive assumption is valid up to an excitation frequency of
10 kHz.

Figure 5.2 – The application of an electric field polarises the droplet, that becomes a macroscopic
dipole. Charges concentrate near the interface.
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Figure 5.3 – Modification of the shape of a water + span80 droplet in hexadecane, as a function of the
imposed voltage. The voltage is imposed perpendicularly to the channel. Reproduced from [138]

Deformation In presence of an electric field, the droplet is subjected to normal stresses, that
can be expressed as an electrostatic pressure pE [137].

pE = 1/2ε0εr(n.E)2 (5.2)

Droplet deformation goes along with the creation of an additional interfacial area. Surface
tension is thus going to generate a capillary pressure, that tends to bring back the droplet to its
circular shape. The capillary pressure is given by the Laplace law:

pcap = −2γH (5.3)

where γ is the surface tension and H is the interface curvature.

Figure 5.3 pictures the modification of the shape of a water droplet in hexadecane as a
function of the imposed voltage[138]. The voltage is imposed perpendicularly to the channel.
The electrostatic pressure deforms the droplet until a square shape, which is highly unfavorable
from an interfacial energy point of view.

Above a critical electric field, the capillary pressure cannot overcome the electrostatic pres-
sure; the droplet loses its integrity and splits into smaller droplets. The stability of a droplet thus
depends on the ratio of the electrostatic pressure over the capillary pressure. This dimensionless
number is called Bond electric number (sometimes electric Weber number).

Be = ε0εrE
2R/γ (5.4)

Electrosplitting usually happens for Be values in the range of a few units[139, 140].
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Droplet speed and droplet displacement When subjected to a uniform electric field,
charged droplets can move under electrophoresis effect. A droplet carrying a net charge q is
subjected to a force F = qE that either modifies its speed or deflects its trajectory depending
on the field direction.

If the applied field is not uniform, droplets don’t need to carry a net charge to experience an
electric force; the droplet dipole interacts with the inhomogeneous electric field and generates a
dielectrophoretic (DEP) force that can be expressed as[141]:

F = (p.∇)(E) (5.5)

where p is the droplet dipolar moment and E is the electric field.

The dipolar moment of a spherical particule in a dielectric medium writes:

p = vβε0εcE (5.6)

where v = 4/3πR3 is the particle volume and β depends upon the dielectric permittivities
of the phases.

β writes :

β = 3 εd − εc
εd + 2εc

(5.7)

The DEP force is thus given by:

FDEP = 4πR3εcε0βE.∇.E (5.8)

The direction of the DEP force depends upon the difference in dielectric constant of the
dispersed phase and continuous phase εd − εc. A large permittivity droplet will be driven
towards high electric field areas (positive dielectrophoresis) while a low permittivity droplet will
direct towards low electric field areas (negative dielectrophoresis). Formula 5.8 shows that the
DEP force is proportional to the droplet volume and to the gradient of the square electric field.
Droplet miniaturization will go along with a drastic reduction of the DEP force, that might be
compensated by an increase of the electric field gradient.

5.1.2 Behavior of a pair of droplets under an electric field

We consider now a pair of water-in-oil droplets. In most cases, the application of a field with an
angle θ tends to reorient the droplets along the field direction, consequently we limit ourselves
to the case of droplets already aligned along the electric field direction, separated by a distance
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d (Figure 5.4). Under the electric field, each droplet gets polarized and can be assimilated
to a macroscopic dipole. At large droplet distances (d/R � 1), droplets may be considered
pointwise. The interaction between droplets is reduced to the interaction of two point dipoles
localized at droplets center of mass; the resulting force is purely radial and decreases fastly with
droplet separation[142]:

Fr = 24πε0εcE2 R6

(d+ 2R)4 (5.9)

Many studies restricted themselves to this simple case with satisfying results as long as
droplets remain at large separations[143, 144]. However, large discrepancies appear when droplets
enclose (d/R ∼ 1)[137, 145]. When the distance between droplets becomes on the order of their
radius, a mutual induction between droplets displaces their dipolar moment. A simple correc-
tion can be implemented by a dipole-induced-dipole model[146]. Each point dipole induces an
image dipole in the other droplet; by limiting themselves to the two firsts image dipoles, Yu &
Wan could obtain a nice modeling of droplet-droplet interactions down to d/R ∼ 0.1[145, 146].
When droplets are almost in contact (d/R < 0.1), an analytical solution is needed[147], which
demands large numerical ressources. The enclosing of droplets provokes an increase of the local
electric field, assessed to be roughly 14 times larger than the external field for d/R = 0.1[147].

d

d + 2R

E

εd

εc

σd

σc

θ = 0

Figure 5.4 – Application of an electric field on two droplets aligned along the electric field

A pair of droplets subjected to an electric field can coalesce if the electrostatic pressure
overcomes the capillary pressure. In terms of orders of magnitude, the dimensionless number
that governs the electrocoalescence process is thus the same Bond electric number (Equation 5.4)
that was defined for droplet electrosplitting. However, values of Be are excepted to be much lower
to enable the electrocoalescence of droplets, typically 0.2-0.4 depending on the references[48, 87].
Figure 5.5 depicts an example of the two DI water coalescence under imposition of a 1 kV/cm
electric field.

Surprisingly, further increasing the electric field may inhibit droplet coalescence. Above a
threshold electric field, droplets repulse each other violently after formation of a liquid bridge
between them. Studies by Stone et al. [149] demonstrated that this instability can be explained
purely geometrically. Figure 5.6 shows two configurations; in Figure 5.6.a. the droplets are
almost spherical and the curvature of the neck leads to a low local liquid pressure, resulting in
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Figure 5.5 – Visualization of the attraction force between two DI water droplets at rest, under an
electric field E = 1 kV/cm. [148]

Figure 5.6 – (a) When two spherical drops contact, the curvature of the neck leads to a low local
liquid pressure resulting in inward flow and coalescence. (b) The local curvature in an unstable liquid
thread leads to a high pressure resulting in outward flow and pinch off. (c) The authors propose that
immediately after two conical drops contact, there is a self-similar neck region, which they approximate
as a volume-conserving minimal surface. They then calculate if the resulting curvature raises or lowers
the local pressure, which is responsible for the resulting fluid motion. Figure and caption reproduced
from [149]

inward flows as depicted by the arrows; in this configuration, droplets are about to merge. On
the other hand, in the case of very elongated droplets (Figure 5.6.b.), the local curvature leads
to a high pressure, and thus to an outward flow. Droplet coalescence is inhibited if the angle is
larger than 30 ,̊ that can be related to a critical electric field.

As we have seen in this chapter, the DEP force varies proportionally to the droplet volume,
and the Bond electric number varies like the droplet characteristic dimension. Consequently, we
may wonder whether the miniaturization of DEP sorting and electrocoalescence to femtoliter
droplets are feasible.

This chapter introduced general considerations mandatory to understand the two following
sections. The aim of this theoretical introduction is to discuss the physics of later studied
operations (DEP sorting and electrocoalescence), but we do not pretend to quantitatively study
those phenomenas. Indeed, the relevance of several approximations used in the theoretical part
might be discussed, among which:
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- The given DEP force expression only conserves dipolar terms. The higher order moments
can not be neglected when the electric gradient are very high, which is most likely the case
in our microfluidic device.

- The dependency of the DEP force with the electric field frequency has been discarded from
our discussions for technological reasons; our voltage amplifier has a cut-off frequency of
2 kHz that limits our studies in a low frequency range.

- The droplet size is on the order of the distance between electrodes, which means that
droplets strongly disturb the electric field. This perturbation won’t be taken into account.

- Lastly, it is very difficult to predict the drainage of the film in our geometry. Indeed,
droplets are completely confined, which must complexify the extraction of the continuous
phase. The drainage must happen mostly in lubrication films. Drainage times won’t be
studied in our devices.

5.2 Dielectrophoretic sorting of femtoliter droplets

Scaling laws predict a decrease of the DEP force with droplet miniaturization. In this section,
we are first going to analyze theoretically the consequences of droplet miniaturization on the
sorting process. Experimental demonstration of the possibility of miniaturization of the DEP
sorting to the femtoliter scale will then be performed.

5.2.1 Theoretical analysis of the sorting process

We consider a train of droplets sent towards a Y junction (Figure 5.7). Droplets completely
obstruct the channel prior to the bifurcation.

In such conditions, the pressure drop across a plug is given by [131]:

∆P = Rhlu ∼
η

wh
lu (5.10)

Where Rh is the fluidic resistivity, u the droplet speed (close to the flow speed Uc at low
capillary numbers [131]), η the droplet viscosity, w the width of the channel, h its height, and l
the plug length. The resulting force Fh that drives the plug downstream is thus given by:

Fh = ∆P ∗ S ηlu (5.11)

in which S ∼ wh is the droplet area (projected normally to the mean flow) on which the
pressure field applies. When the obstructing droplet arrives at the junction, if the difference
between the hydrodynamic resistances of the two paths is large, the droplet will be driven into
the least resistive branch with, in terms of order of magnitude, the same force Fh. In the presence
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w

l
u

d
channel 
height h

Figure 5.7 – Scheme of the sorting device. A train of droplets separated by a distance d is sent towards
a Y junction. Droplets length is l, the height of the channel is h.

of a non-uniform electric field, the droplet will be attracted towards the more resistive channel
by DEP forces. In order to achieve sorting, these forces must overcome Fh. As explained in
section 5.1.1, the DEP force is proportional to the volume of the droplet whl and to the product
of the electric field times its gradient [141]:

FDEP ∼ ε0εcwhlE.∇E (5.12)

where ε0 is the vacuum permittivity, εc is the permittivity of the carrier fluid. The critical
electric field E that must be applied to overcome the hydrodynamic drag is thus given by the
expression:

ηlu ∼ ε0εcwhlE.∇E (5.13)

Equation 5.13 implies the existence of a threshold speed, uthresh(E), above which sorting
cannot be achieved:

uthresh(E) ∼ α1
η
ε0εcwhE.∇E (5.14)

Where α is a numerical prefactor determined empirically. In practice, the maximum electric
field Emax that can be applied is limited by electrosplitting [140].

Emax ∼
√

γ

ε0εcw
(5.15)
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where γ is the surface tension. As ∇E ∼ E/δ, where δ is the distance between the electrodes,
combining 5.14 and 5.15, one obtains a critical droplet speed u∗ above which no sorting can be
achieved:

u∗ ∼ αhγ

ηδ
(5.16)

Assuming further that the minimal distance dmin between consecutive droplets is in the order
of a few droplet lengths l, one obtains the maximum droplet sorting frequency fmax, from the
following relation:

fmax = u∗

dmin
∼ αhγ

lηδ
(5.17)

This formula shows that miniaturization should favor higher sorting frequencies, since h, l
and δ scale down with the same factor, implying that fmax is inversely proportional to the device
characteristic dimension.

5.2.2 Experimental protocol

Design of the chip / COMSOL Multiphysics simulations

In conventional DEP sorting devices, electrodes are added around the circulating channel, sepa-
rated by a PDMS wall that act as a dielectric barrier. To calculate the electric field corresponding
to an imposed voltage at the electrodes, and check the feasibility of DEP sorting of femtoliter
droplets, COMSOL Multiphysics simulations were performed. The electric field inside the chan-
nel depends on the material characteristics (permittivities), on the fluids involved and on the
thickness of the PDMS wall. Using COMSOL electrostatics model, the corresponding electric
potential was calculated at the Y junction. An example of obtained potential is depicted in
Figure 5.8, for a 800V voltage.

Channels miniaturization goes along with an enhancement of electric fields. To obtain fields
close to the electrosplitting limit (3.1.106V/m for 40 fL droplets [140]), PDMS walls can be as
thick as 40 µm with a voltage of 1000V, a range easily reachable by standard soft lithography.

Protocol

In our experiments, embedded electrodes were added next to the Y junction during the litho-
graphic process; this guaranteed that the electrodes were aligned with the microfluidic channel
with micrometric precision, and they were close enough to generate large electric field gradients
(Figure 5.9.a.). The applied AC electric fields were generated by applying between 400 and 1000
V through Pt electrodes plunged in the conductive buffer, at a frequency of 1.5 kHz. Local
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Figure 5.8 – Perspective representation of the sorting area. COMSOL calculated electric potentials are
indicated.

Figure 5.9 – DEP sorting. (a) Droplets are driven towards a y-shaped junction comprising two channels
of unequal hydrodynamic resistance. (b) In the absence of electric field, well-separated droplets are driven
towards the hydrodynamic path. In presence of a high voltage, well-separated droplets are driven towards
the narrow channel.
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Figure 5.10 – (a) Speed of isolated droplets vs the applied electric field. Green dots: droplets directed
towards the narrow channel. Purple dots: droplets directed towards the wide channel. The dotted line
represents the theoretical maximum speed that enables DEP actuation calculated using Equation 5.14,
with α = 0.1, 0.4 and 1. The corresponding number of droplets per second are calculated assuming a
distance of 5l between 20 fL consecutive droplets. (b) Phase diagram of the femtolitre DEP sorter. Green:
sorted, purple: unsorted, red: undesired coalescence events. The DEP force becomes strong enough to
direct droplets at applied fields larger than 1.5.106V/m. Droplets speed were limited to 0,6 - 9 mm/s.
Under a critical distance d/l = 5, droplets coalesce in this device.

fields at the junction were found to vary from 1.1.106 to 2.8.106V/m and are close to the the-
oretical limit Emax for femtolitre droplet splitting (3.1.106V/m for 40 fL droplets [140]). Such
fields would not be admissible for picolitre droplets, because they are above the critical field
producing droplet breakup at rest (Emax = 1.2.106V/m for 15 pL (30µm diameter) droplets).

Droplets of 20 to 50 fL volume containing deionized water with 1 % pluronic were produced
on-chip with a step-emulsification process and driven towards a Y-shaped junction, with a
hydrodynamic resistance ratio R = 1.6 between the two paths. With R = 1.6, the wide channel
can contain up to 14 circulating droplets without substantially perturbing the main channel
resistance [150]. The sorter was tested with trains of droplets travelling at velocities, u, ranging
from 0.6 to 90 mm/s, varying the applied voltage V and the spacing d between the droplets.
This corresponds to 8 to 9000 droplets/s, depending on u and d. Image processing was used to
determine the droplet length l parallel with the flow, the distance d to the preceding droplet
and the droplet trajectory.

5.2.3 Results and discussion

In the absence of an electric field, all droplets passed into the low resistance channel, but
by applying a voltage to the electrodes, it was possible to direct the stream of droplets into
the high resistance channel (Figure 5.9.b.). As predicted by the above theory, DEP sorting
was possible only below a threshold velocity. Figure 5.10.a. shows that well spaced droplets
(d/l > 15) were correctly driven towards the narrow channel at low speeds (green dots), but
they flowed into the large channel in the presence of an electric field above a critical speed
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uthresh(E) (purple dots). Experimentally, below E = 1.5.106V/m, no speeds were found to
enable DEP actuation, implying the threshold speed is lower than 0.6 mm/s in such conditions.
The dotted lines represent the theoretical threshold speed, calculated using Equation 5.14 and
electric field gradients computed with COMSOL, for α = 0.1, 0.4 and 1. One sees that α =
0.1 describes correctly the experimental trend at low electric fields, but α = 0.4 better matches
the experimental data at high fields. The discrepancy between theory and experiment most
likely comes from the simplicity of our model; at high electric fields, droplets tend to deform, a
parameter discarded from the discussion. A more accurate assessment would need to take into
account the detailed shape of the droplet, its dynamical evolution during the sorting process,
but also the presence of surfactants and the precise flow geometry at the junction, which is
beyond the scope of this work.

Figure 5.10.b. shows an overview of the regimes of sorting found for various applied electric
fields and distances between consecutive droplets, d (expressed as the ratio d/l) with u = 0.6 - 9
mm/s. Three regimes were observed, which are color-coded in Figure 5.10.b.: droplets passing
into the wide channel (purple), droplets passing into the narrow channel (green), and droplets
electrocoalescing (red). In the absence of an electric field (0V), with d/l > 5, all 716 analyzed
droplets passed into the wide channel. In the presence of a low electric field, in agreement with
the study of well spaced droplets (Figure 5.10.a.), no droplets were correctly sorted. Above
E = 1.5.106V/m, sorting was possible. In such conditions, droplets were correctly sorted as long
as they were not perturbed by the preceding droplet. Figure 5.10.b. indicates that the distance
between consecutive droplets has to be above d/l ∼ 5 − 6 to enable efficient sorting, without
sorting errors or coalescence events caused by the proximity of the preceding droplet.

The maximum sorting frequency obtained experimentally was 3 kHz for 20 fL droplets, which
is an improvement compared to maximum sorting rates observed for picolitre droplets in this
geometry (2 kHz) [69] [80]. To assess the theoretical maximum frequency at the electrosplitting
limit, we assumed α was close to 0.4, and assessed the term E.∇E in COMSOL at the theoretical
limit Emax = 3.5.106V/m for 20 fL droplet splitting. Equation 5.14 then gives uthresh(Emax) =
203mm/s, and fmax = 8kHz. It may be possible, therefore, to further improve the sorting speed
by increasing the applied electric field.

We have shown that sorting of streams of femtolitre droplets under high throughput con-
ditions is feasible. This operation is achieved by increasing the electric field, which is possible
owing to the fact that electrosplitting of droplets is inhibited by miniaturization. The enhance-
ment of the sorting frequency was limited to 3 kHz in our experiments, but theoretical frequency
could be increased to 8 kHz at the electrosplitting limit.
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5.3 Electrocoalescence of femtoliter droplets

Scaling laws predict that the electrocoalescence of smaller droplets demands larger electric fields.
In this section, we provide some theoretical reminders on the electrocoalescence mechanism,
that are helpful for the design of our miniaturized electrocoalescence chip in a second time.
Experimental results are then provided.

5.3.1 Theoretical reminders

Electrocoalescence mechanism

As introduced in section 5.1.2, the interaction between a pair of droplets subjected to an electric
field is very weak as long as droplets are far away. The accepted consensus is that electric
forces only play a role once droplets are in close contact, while pairing is mainly governed by
hydrodynamics. The attractive electrostatic force between droplets results in the drainage of
the continuous phase film. The stability of films has been extensively studied[151, 152], and
extented to the case of films under draining conditions[153]. Below a critical film thickness (∼
100nm), intermolecular forces (typically Van der Waals forces or double-layer repulsion) become
predominant and instability modes may appear, that either grow and cause the film rupture or
get damped. The origin of those corrugations is usually attributed to thermal fluctuations or to
mechanical perturbations.

Some studies indicate that droplets possess “natural oscillation frequencies”[154]; droplets
would absorbe more energy from the applied field at certain frequencies, as assessed by obser-
vation of their oscillation amplitude. The “natural” oscillation frequency increases with droplet
miniaturization, and is expected to be around 1 kHz for nL droplets excited by square electric
fields[51].

Possible behaviors of a pair of droplets under an electric field

Studies on nanoliter and picoliter droplets predict the existence of three different regimes when
a pair of droplets is subjected to an electric field.

Stable pair If the electric field is too low to overcome capillary pressure, or if the droplets
are too distant, no coalescence happens. The pair is stable.

Coalescence If droplets are close enough to interact and if the electric field is high enough,
they coalesce.

Repulsion At very high electric field, droplets repulse each other violently, after a partial
coalescence and the formation of a liquid bridge. This phenomenon was presented in section
5.1.2.
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Figure 5.11 – Perspective representation of the coalescing area. COMSOL calculated electric potentials
are indicated.

5.3.2 Experimental protocol

Design of the coalescence area

To help the electrocoalescence process, the design of the coalescence area was inspired by the
passive coalescer geometry by Bremond et al.[40]. Droplets enter an enlarged area in which they
are slowed down. Their slowing down is expected to both help the pairing hydrodynamically
and electrically. Indeed, by increasing the time droplets are subjected to electric field, we
expect the electric interaction to have more time to develop. Electrodes were positioned slightly
asymetrically in order to place the field maximum at the restriction. COMSOL Multiphysics
simulations were performed to predict the repartition of the voltage inside the chip (Figure 5.11).

Protocol

Two sets of 20 to 30 fL aqueous droplets were generated at 3 kHz using an on-chip step emul-
sification process, and brought together just upstream of the coalescence zone (Figure 5.12).
Droplets entered the coalescence chamber at speeds ranging from 2 to 22 mm/s and the coa-
lescence process was tracked by analyzing images taken with a high-speed camera. An example
of coalescence of two droplets, containing brilliant black (2%) and fluorescein (1%) is shown in
Figure 5.12.b. Phase diagrams were drawn for two solutions of different conductivity: deionised
water with F68 pluronic (1%) and deionised water with fluorescein (300µM) (Figure 5.14). Their
conductivities were, respectively, 10−3 S/m and 10−1 S/m.
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Figure 5.12 – (a) Droplet pairs are driven in an enlarged channel, surrounded by two electrodes. (b)
Example of a coalescence event for 25 fL droplets colored with Brilliant Black (2%) and Fluorescein
(1%), respectively. The applied voltage was 450 V. Droplets reorient along the field (t = 12ms) and then
coalesce at the restriction (t = 21ms). The channel height is 1µm.

We measured the radius R and the distance between paired droplets, d, at the entrance of the
coalescence area. The distance between consecutive droplet pairs was maintained above 4R to
avoid droplet-droplet interactions. Under this condition, the maximum coalescence throughput
of the device was 1.1 kHz.

5.3.3 Results and discussion

Phase diagram

Similarly to picolitre droplets, three regimes were observed depending on the field strength and
on the initial separation d between successive droplets: absence of coalescence (Figure 5.13.a.),
droplet coalescence (Figure 5.13.b.), repulsion (Figure 5.13.c.).

Those regimes are represented on the phase diagram Figure 5.14 with the following color
coding: droplet coalescence (Figure 5.14 blue area), stable droplet pairs (Figure 5.14 grey area)
and repulsion between droplets (Figure 5.14 green area). No difference in behavior was observed
between the two solutions of different conductivities. The phase diagram (Figure 5.14) has a
structure similar to that established for picolitre droplets, with a triple point separating the three
regimes. However, on analyzing in more detail the phase diagram, one sees that droplets coalesce
up to an initial separation distance of 2R, compared to 0.7R usually found for picolitre droplets.
This is presumably due to the geometry: droplets need to deform to enter the restriction which
causes their average speed to be slowed down by 50% just before the restriction. This eases the
synchronization of droplets in the coalescence area.
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Figure 5.13 – Three behaviors are observed in our device. a. No coalescence, the pair of droplets
remains stable despite the electric field. b. Coalescence of the droplet pair. c. Repulsion of the droplet
pair at high fields.

Figure 5.14 – Phase diagram of the system. Blue area: coalescence. Gray: stable pair. Green: repulsion.
Experiments were carried out using droplets containing (◦) 300 µM fluorescein and (•)1% Pluronic F68,
without observable differences between the two solutions.
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Figure 5.15 – Position of the coalescence event. (a) Example of a coalescence event at the restriction.
(b) Example of a coalescence event before the restriction. (c) Repartition of the coalescence position as
a function of the applied voltage.

Position of the coalescence event

Coalescence either happens at the restriction (Figure 5.15.a.) or before the restriction (Figure
5.15.b.). The position of coalescence events was highly dependent on the electric field (Figure
5.15.c-d.). Above 800V, all coalescence events happened before the constriction (Position B),
whereas droplets coalesced at the restriction at lower fields (Position A). This can be explained
by the fact that the mechanism of coalescence depends on the voltage: at high fields, only
electric stresses are at play, whereas at lower voltages, droplet coalescence results from both
electric stress and hydrodynamic decompression at the restriction.

To summarize, we demonstrate here that controlled electrocoalescence of femtolitre droplets
can be achieved in a microfluidic environment, at the expense of applying larger electric fields
than for picolitre droplets. The coalescence chamber design favors droplet pairing at larger
initial distance and helps destabilization of the pair at the restriction.

5.4 Conclusion on the manipulation of femtoliter droplets with
electric fields

We have demonstrated the possibility of sorting and merging femtoliter droplets with electric
fields despite unfavorable scaling laws. Miniaturization is performed with keeping the fast PDMS
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technology and remaining in standard soft-lithography resolution. Compared to the state of the
art, our devices provide improved throughputs for the DEP sorting and wider initial conditions
for the electrocoalescence process.

Some perspectives remain open; the DEP sorting could be further improved by triggering
the electric field depending on droplets fluorescence. This would demand a setup containing a
laser spot and electronic implementation to couple the electric field to droplet fluorescence and
was not the main objective of this PhD work.
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Manipulation of femtoliter droplets
with electric fields

G Theoretical reminders

- Subjected to an electric field, droplets get polarized and can be
assimilated to macroscopic dipoles.

- The dimensionless number that describes the ratio of the electro-
static pressure over the capillary pressure is the Bond electric num-
ber Be = ε0εrE

2R/γ.

- Subjected to a non-uniform electric field, a dielectrophoretic force
displaces the water-in-oil droplet towards the high fields area.

G DEP sorting of femtoliter droplets

- Scaling laws analysis predict a maximum sorting speed that de-
creases with droplets size. Fortunately, the spacing between
droplets also decreases with droplet miniaturization, resulting in
an increase of the sorting frequency.

- COMSOL simulations confirmed that high enough fields could be
obtained with realistic PDMS walls thicknesses.

- Experiments provided values of the maximum droplet speed that
still enables DEP actuation and working phase diagrams of the
device.

- The maximum experimental sorting frequency was 3kHz but could
be theoretically increased to 8 kHz at the electrosplitting limit.

G Electrocoalescence of femtoliter droplets

- The reduction in device scale enables the increase of electric gradi-
ents imposed.

- Three behaviors were observed, in agreement with nL droplets ex-
periments: coalescence, stable pair or repulsion.

- Droplets can be coalesced even if initially distant of 2R, at kHz
frequencies.

- Droplets coalescence happens by pure electrocoalescence at high
electric fields but by an interplay of electrical stresses and hydro-
dynamic induction at lower voltages.





Chapter 6

Hydrodynamic splitting

Splitting of droplets is one of the basic operations of droplet-based microfluidics; it allows the
division of a mother droplet into two symetrical or asymetrical daughter droplets, enabling the
multiplexing of reactions on droplets of similar composition. In the evolutionary perspective,
the splitting of droplet models the cell division and can be used to study early life processes.

6.1 Reminders on droplet splitting operations

6.1.1 Significance of this operation

Several strategies can be used to split droplets, among which the application of a high electric
field[87] as mentioned in Chapter 5, or the use of a thermic resistance to squeeze a large droplet
[86], but we focus here on the most commonly used actuation : the hydrodynamic splitting.

6.1.2 Miniaturization considerations

The physics of droplet splitting in a T-junction was studied[84, 85, 88] and is presented in
Chapter 1.2.2.

Hydrodynamic splitting is controlled by the geometry, the viscosity ratio of the continuous
and dispersed phase λ = µc

µd
and the Capillary number, defined by Ca = µcu/γ. It has been

shown that two regimes of splitting are possible, one in which droplets occupy only a fraction of
the channel width (non obstructed regime), and the other in which droplets completely obstruct
the channel (break up with complete obstruction of the channel). The former necessitates
moderately low Ca, while the latter, being mostly controlled by the geometry, occurs almost
independently of Ca.

The miniaturization of the splitting operation can be performed by decreasing the channel
section to obtain long confined droplets that split in the obstructed regime. However, the
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Figure 6.1 – Femtoliter droplet splitting. (a) Splitting device. Droplets flow towards a T junction. The
height of the channel was 1 µm to favor obstruction and enhance the splitting process. (b) Time series
of micrographs showing a 75 fL droplet splitting.

reduction of channels dimensions increases the hydrodynamic resistance and decreases droplets
speed. Only low Ca will be reachable and the possibility of splitting femtoliter droplets in the
non-obstructed regime is questionable.

6.2 Splitting of femtoliter droplets

6.2.1 Protocol

In our case, 25 to 135 fL droplets were generated by on-chip step emulsification and driven
toward a 1 µm high, 5 µm width T-junction (Figure 6.1.a). The viscosity ratio between the oil
and the water phase is λ = 1.43. Droplets were driven towards the junction and experiments
were recorded by a high-speed camera. An example is reproduced on Figure 6.1.b. Droplet
speeds and droplet lengths l, were measured by image analysis. The channel width w was also
measured in situ, so as to take into account the PDMS deformation.

Throughout the experiments, we spanned a range of inlet pressures from 1.5 to 6 bars.
Because of the geometry (long thin channels), the corresponding speeds were low - between
5 and 50 mm/s. Attempts to achieve higher flow rates were made with a neMESYS syringe
pumps, but the glass slides could not withstand the corresponding applied pressures. To avoid
unwanted interactions, the distance between successive droplets was kept above 4l, limiting the
frequency to 850 Hz at the maximum speed of 50 mm/s.
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Figure 6.2 – Phase diagram of the splitting of 25 to 135 fL droplets. Only two regimes were observed:
(�) non breakup, and (×) breakup with obstruction (at l/w ∼ 3). This corresponds to a droplet volume
of 75 to 130 fL in our geometry, depending on the PDMS pressure related deformation

6.2.2 Results

As expected from the low Capillary number of the system, breakup was only observed in the
complete obstruction regime. Figure 6.2 shows that the critical ratio l/w upon which breakup
is obtained does not depend on the Capillary number, in consistency with the theory, but is
mostly controlled by the geometry. According to the model described in [155], the breakup with
tunnels regime could only be achieved at capillary numbers of 10−2, a range that is difficult to
achieve in our device: the underlying reason is that the geometries needed to handle fL droplets
result in channels with high hydrodynamic resistance, which limits droplet speeds and typically
results in small Capillary numbers.

6.3 Conclusion

To summarize, we demonstrate here that femtolitre droplets splitting is achievable in T junctions
in obstructed regimes, with a minimal volume of 75 fL (daughter droplets of 32 fL each) and a
maximum frequency of 850 Hz. To split smaller droplets would require either smaller features,
beyond the scope of standard soft-lithography techniques, or higher Capillary numbers, thereby
higher pressures, which were out of reach with our device.
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Splitting of femtoliter droplets

- Hydrodynamic splitting of droplets as small as 75 fL could be obtained
in devices made by standard soft-lithography techniques.

- Only a narrow range of speeds was achievable experimentally because of
large hydrodynamic resistances.

- As a consequence, the splitting with tunnels regime could not be ob-
served in our devices.



Chapter 7

Droplet stability and biochemical
compatibility

Droplets stability is a pre-requisite if such droplets are to be used as microreactors for bio-
chemical reactions. When decreasing droplets size, surface effects are expected to intensify as
surface to volume ratios grow (Figure 7.1): dissolution/evaporation phenomena, interaction of
the biological material with the interface are potential issues of miniaturization. The impact
of interfaces is actually hardly predictable; most often, part of the encapsulated material may
get adsorbed and be partially not available for further biological assays, even though beneficial
effects are sometimes described[94].

Figure 7.1 – Variation of the surface to volume ratio as a function of droplets volume. Miniaturization
goes along with an intensification of surface effects.

In this chapter, we are first going to analyze the thermodynamical stability of femtoliter
droplets through a theoretical approach and experimentation. The biochemical compatibility
will then be assessed with one of the most common biochemical reactions, the Polymerase Chain
Reaction.
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7.1 Femtoliter droplet stability

7.1.1 Theoretical approach on droplet stability

The question we address here concerns the thermodynamic stability of femtolitre droplets, stabil-
ity being a pre-requisite if such droplets are to be used as microreactors for chemical or biological
reactions. According to the Epstein-Plesset dissolution model, established for gas bubbles in a
liquid solution [156] and later extended to liquid microdroplets dissolution [157], the miniatur-
ization increases the shrinking rate of droplets, by driving faster mass exchanges between them
and the continuous phase. On the other hand, the process is known to be inhibited by the
addition of solutes[158, 159, 160]. In these papers, the solutes are assumed to be insoluble in
the continuous phase. Let us denote the subscripts α for the droplet and β for the surrounding
phase, 1 for water, 2 for oil and 3 for the solutes. The oil reservoir is assumed to be infinite. At
equilibrium, water chemical potentials in the droplet and in the surrounding phase are equal:

µ1,α(T, Pα) = µ1,β(T, Pβ) (7.1)

The equilibrium is stable under the condition[158]:

b∂(µ1,α(T, Pα)− µ1,β(T, Pβ)
∂R

c
eq
> 0 (7.2)

On the other hand, there is a relation between the fraction of water in the dispersed phase
x1,α, the continuous phase x1,β, and the laplacian pressure term across the droplet interface:

vm1
2γ
Req

+RTln(x1,α) = RTln(x1,β) (7.3)

Where vm1 is the molar volume of water and Req is the radius of the droplet at equilibrium.
Inside the droplet, x1,α = 1 − x3,α, where x3,α is the fraction of solutes in the droplet at
equilibrium; ln(1− x3,α) can be developed at first order in the vicinity x3,α << 1. The fraction
of solutes in the droplet at equilibrium x3,α is increased by a factor (R0/Req)3 as droplets shrink:

vm1
2γ

RTReq
− x3,α,0(R0/Req)3 = ln(x1,β) (7.4)

where R0 is the initial droplet radius and x3,α,0 is the initial fraction of solutes in the droplet.
The application of condition (10) to equation (12) gives the minimal fraction of solutes x∗3,α,0,
and hence the minimal concentration of solutes c∗3,α,0, under which droplets are stable:

x3,α,0 > (x3,α,0)∗ = 2γvm1
3RTR0

(7.5)

c3,α,0 > (c3,α,0)∗ = 2γvm1ρ1
3RTR0Msolute

(7.6)
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Figure 7.2 – Off-chip droplet incubation and reinjection. (a) Diagram of the parallelized femtolitre
droplet maker. (b) Micrograph of a parallelized femtolitre droplet maker.

Where ρ1 is the volumic mass of water and Msolute is the molar mass of the solute. With
droplet miniaturization, higher solute concentrations are needed to obtain stable droplets. For a
typical Msolute = 300g/mol, the minimum solute concentration as a function of droplet volume
is presented in Table 1. Despite the increase in c∗3,α,0 on miniaturization, the values remain
accessible experimentally, and femtolitre emulsions can easily be stabilized with proper formu-
lation. We recall that the theory corresponds to an infinite reservoir of the continuous phase.
However, in reality, the emulsion reservoir is finite, and shrinkage is expected to stop once the
continuous phase is saturated with water and the chemical potentials in the droplet and in the
surrounding phase are equal. In this case, the minimum initial solute concentrations required
for stability, will be lower than those in Table 1.

Droplet volume 4 fL 60 fL 500 fL 5 pL
Minimum solute concentration c∗3,α,0 80 µM 28 µM 14 µM 6 µM

7.1.2 Stability of femtoliter droplets

Experimental protocol In our experiments, droplets of 65 fL volume were produced using a
parallelized step-emulsification device (Figure 7.2). The aqueous phase flows through an array
of 37 narrow channels (1 µm high, 5 µm wide), and falls into a deep reservoir of oil (35 µm
deep), giving a total droplet production frequency of ∼ 10 kHz.

Results and discussion When composed of DI water (c3,α,0 = 0), droplets disappeared in
a few seconds (Figure 7.3.a. ◦) in agreement with the theory. Droplets containing high solute
concentration (for instance, PCR reagents, with c3,α,0 over ∼ 2 mM) demonstrated a better
stability. To go deeper, we measured the droplet size distribution by injecting an emulsion
comprising 65 fL droplets containing PCR reagents between two glass slides and carried out
image analysis (Figure 7.3.a. �). Just after their production, droplets shrunk slightly towards
their radius of equilibrium (0.1 days). Then, the mean radius remained constant over 5 days,
before increasing towards higher radii (12 days after the production). The variance in radius
(Figure 7.3.b) remained small at short times (up to 2 days) and slightly increased at longer
times (12 days).
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Figure 7.3 – Evolution of the average radius of 65 fL droplets containing DI water (◦) or PCR reagents
(�) after droplet production and during storage at room temperature under mineral oil. (d) Evolution
of the probability density function (PDF). Black : day 0, dark blue: day 1, green: day 2, orange: day 4,
red: day 12. The monodispersity remained high during the first two days (Coefficient of variation (CV)
0.02) and started to decrease after 4 days of incubation at room temperature (CV 0.16 at day 12).

The slight initial shrinking is most likely caused by the low but non-zero solubility of solutes in
oil. In this case, size distribution depends on the diffusion rates of the solutes and is expected to
decrease slightly in the case c(3,α,0) � c∗(3,α,0), c(3,β,0) = 0 [158]. The increase in size distribution
observed at long time scales most likely results from coalescence events rather than Ostwald
ripening because the average droplet volume increases.

Femtoliter droplets are stable for a few days under certain constraints on the formulation
and can be used a micro-reservoirs.

7.2 Reinjection of femtoliter droplets

When performing chemical or biological reactions in droplets, many studies focus on performing
incubation steps on-chip, but this is associated with a variety of technological issues, notably
related to evaporation due to the porosity of PDMS. A way to avoid these issues is to recover
the emulsion off-chip, incubate off-chip, and reinject the emulsion into another chip for analysis.
After overnight incubation at room temperature, the 65 fL droplets containing PCR reagents
were reinjected and spaced with fluorinated oil with 2% fluorosurfactant. Regular spacing of
droplets demands a nozzle as narrow as the droplet diameter, to allow just one droplet to
be separated by spacer oil at a time. To obtain such characteristics with 65 fL droplets, the
channel height was lowered to 1 µm. The squeezed micrometric droplets have an increased
effective radius and could be reinjected in a controlled way in 5 µm width channels accessible
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Figure 7.4 – Reinjection of a femtolitre emulsion. The channel was 1 µm high, increasing the apparent
radius of droplets and enabling one-to-one injection without leaving standard soft lithography processes.

by standard soft lithography process with a chrome mask. (Figure 7.4).

7.3 Polymerase Chain Reaction (PCR)

In this section, we investigate the biocompatibility of femtoliter reservoirs through the amplfi-
cation of a plasmid DNA by PCR.

7.3.1 Experimental protocol

Droplets of 20 or 65 fL volume containing PCR reagents are produced using the parallelized
step-emulsification device described above. PCR is performed on a 2660 bp pUC18 plasmid, out
of which a 129 bp PCR product is amplified with M13 Forward and Reverse primers. The PCR
mix is the following :

- DreamTaq enzyme green buffer (5 µL/50 µL)

- M13 Forward and Reverse primers (0,4 µM). They are the limiting reagents in the am-
plification

- dNTPs (200 µM)

- DreamTaq DNA polymerase (1 µL/50 µL)

- F68 pluronic (0,02%)

- drosophila total RNA (340 pg/µL)

DNA concentration is varied from 8 pg/µL to 300 pg/µL to obtain a large range of mean
DNA number per droplet.

The amplification cycle comprises the following steps. Initial denaturation of DNA at 94 C̊

for 2 minutes, then 35 cycles consisting in:

- denaturation of DNA at 94 C̊ for 15 seconds
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Figure 7.5 – a. Typical example of the emulsion distribution after thermocycling: there are very few
coalescence events. b. Example of an agarose gel obtained in the case of λ = 1, 85. Both in bulk and in
droplets, complete amplification of the 129 bp target fragment was obtained.

- hybridization of primers at 62 C̊ for 30 seconds

- elongation of the DNA strand at 72 C̊ for 30 seconds

At the end of the 35 cycles, a final elongation step is performed at 72 C̊ for 5 minutes.

Several measures were taken to overcome adsorption issues. The reaction mixture was sup-
plemented with 0.2% F68 Pluronic and Drosophila total RNA was added to the DNA dilutions
and to the PCR mix at a final concentration of 340pg/µL. Silanization of the polypropylene
reservoirs was also performed, using dimethyldichlorosilane. The template DNA concentration
was varied from 10pg/µL to 200pg/µL which corresponds to a mean number of template DNA
molecules per 65 fL droplet, λ, ranging from 0.22 to 4.5.

After production, droplets were collected in a 200µL Eppendorf tube and covered with heavy
mineral oil to avoid evaporation. PCR was then performed in a thermocycler off-chip. Figure
7.5.a. depicts a typical example of the emulsion distribution after thermocycling: the emulsions
suffered very few coalescence events during the cycling. After thermocycling, the emulsion was
broken by adding 30 to 60 µL of perfluorooctanol, and analyzed by agarose gel electrophoresis
together with the same reaction performed in bulk (Figure 7.5.b.). Primers were the limiting
reagent in this PCR reaction.

7.3.2 Results

Quantification of the number of coalescence events after thermocycling To estimate
the fraction of coalescence events in a packed emulsion, we identified coalesced droplets by their
size and measured the total area of coalesced droplets ac, the total area occupied by uncoalesced
droplets au and the total number of uncoalesced droplets nu. The fraction of coalesced droplets
is

C = ac/aunu
nu + ac/aunu

(7.7)
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Figure 7.6 – a. In presence of total RNA, experiments were carried out varrying λ. The amplification
in bulk is constant, in conformity with the use of primers as limiting reagent. In emulsion, amplification
is in agreement with a Poisson distribution. b. Amplification yield (represented by the renormalized
fluorescence intensity) as a function of the mean number of DNA per droplet λ. Without total RNA,
the amplification is lower than expected. The addition of total RNA enabled the amplification of all the
encapsulated material.

The typical fraction of coalescence events is C = 0.3%, inducing a negligible biase in our exper-
iments.

Verification of the quantitative amplification with total RNA In bulk the final yield of
DNA does not depend upon the initial DNA concentration (Figure 7.6.a). In droplets, however,
the final yield of DNA is expected to drop quickly when λ ≤ 1. This is because the template
DNA should be distributed into droplets following a Poisson distribution and when λ ≤ 1 an
important fraction of droplets does not contain a template DNA molecule (33% at λ = 1). The
final yield of DNA should fit the curve describing the fraction of drops containing ≤ 1 template
DNA molecules fo = 1− e−λ. The yield of amplified DNA at λ = 4.5 in femtolitre droplets was
similar to in bulk, but dropped off as λ decreased, closely fitting the curve described by a Poisson
distribution without loss of template DNA. Initially, PCR experiments were performed without
total RNA. Figure 7.6.b shows that the renormalized fluorescence intensity in droplets is lower
than expected for a Poisson distribution of the biological material. Part of the template DNA
was most probably adsorbed on the tubings and on the droplets interface. The introduction of
total RNA saturates the interfaces, with a faster dynamics than the DNA adsorption process
considering the small size of RNA molecules. The presence of residual total RNA during the
PCR does not perturb its proper realization.

These results indicate that femtolitre droplets can be used for quantitative biological assays,
despite the high surface to volume ratio. Some precautions are needed in terms of formulation
and microfabrication, but those precautions are very similar to larger droplets’.
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7.4 Conclusion on the stability of femtoliter droplets and their
use as biological reactors

To summarize, aqueous femtolitre droplets are thermodynamically stable, provided the aqueous
phase contains a low concentration of solute. Under these conditions femtolitre droplets can
be incubated for a few days off chip and reinjected on-chip for further analysis. This stability
ensures that incubation of biochemical reactions can be performed inside femtolitre droplets.
The ability to perform biochemical reactions in femtolitre droplets was checked by performing
PCR in the droplets: no loss of reagents was observed and the reaction was equally as efficient
as in bulk, despite the high surface to volume ratio.
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Droplet stability and biochemical
compatibility

- Miniaturization goes along with a major increase of the surface to vol-
ume ratio. Surface effects (dissolution, evaporation, interaction with
interfaces) are expected to become predominant.

- Thermodynamics predict femtoliter droplets are stable above a solute
concentration of a few ten µM , that are below the typical concentrations
of biochemical reactors.

- Experiments demonstrated the stability of femtoliter droplets containing
a PCR mix over 4 days, while DI femtoliter droplets shrink in a few
seconds.

- Reinjection of femtoliter droplets is achievable with standard soft lithog-
raphy methods by reducing the channels height.

- Polymerase Chain Reaction works efficiently in femtoliter droplets at the
expense of a proper protection of the interface. Total RNA and pluronic
were used in our experiments, other biomolecules might be envisioned.





Conclusion on the miniaturization of
droplet-based microfluidics to the
femtoliter scale

We have built a femtolitre droplet toolbox of basics droplet-based microfluidic operations (Fig-
ure 7.7). Despite the small size of the droplets, we obtained a level of control comparable to
that obtained for nanolitre and picolitre droplets, while still fabricating the chips using standard
soft-lithography techniques and rapid PDMS technology. The ability to perform biochemical re-
actions in femtolitre droplets was checked by performing PCR in the droplets: no loss of reagents
was observed and the reaction was equally as efficient as in bulk, despite the high surface to
volume ratio. Some operations were more difficult to achieve such as splitting, which is acces-
sible only in the obstructed regime. However, in some other cases miniaturization to femtolitre
droplets offered significant advantages. Notably, mixing time was only 45 µs,the shortest re-
ported time in a droplet microreactor. We envisage that the new capabilities to manipulate
femtolitre droplets we demonstrate here will inspire the development of novel and innovative
systems, able to operate under ultra high-throughput conditions using unprecedentedly low vol-
umes of reagents ( one billion times lower than in conventional microtitre-plate based systems).

Figure 7.7 – Miniaturization of droplet-based microfluidics to the femtoliter scale. Elementary op-
erations were successfully miniaturized down to the femtoliter scale (production, mixing, DEP sorting,
electrocoalescence, splitting). Drop-on-demand and incubation steps were also miniaturized.
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Part of those results were published and are reproduced in Appendix B.



Part III

Direct droplet labeling with
oligobarcodes fabricated in situ





The encouraging developments of the initial part of my PhD encouraged the fabrication of a
platform for the encoding of droplets with DNA barcodes fabricated in situ. This project was
initiated by discussions with the Broad Institute and a patent was deposited (High-throughput
dynamic reagent delivery system, WO 2014085802 A1).

We first present the interest of the platform, particularly oriented towards single-cell analysis,
and state of the art on sequencing methods before introducing the work performed on the
platform.

Figure 7.8 – Multiplexed platform for the in situ encoding of droplets with DNA barcodes





Chapter 8

Introduction to single-cell analysis

In the first part of this manuscript, we have demonstrated the biological interest of droplet-based
microfluidics: the high-throughput manipulation of droplets opened access to the inspection of a
wider area of the biological space, notably thanks to the encapsulation of single molecules/cells
into droplets. Droplet interface provides a physical linkage between the genotype of the encap-
sulated biomaterial and its expressed phenotype. However, in many studies, the final step is the
sequencing of selected biomolecules to obtain data on their genotype. Other methods to provide
linkage between the selected phenotype and the genotype are to be envisioned.

This part of the manuscript introduces single-cell analysis problematics and recent methods
that enabled a deeper characterization of cellular heterogeneities. Those methods require several
steps, among which the isolation of the cell in a reservoir, its lysis and the sequencing of the
cDNA 1. The sequencing step demands an encoding of the cell biomaterial with barcodes readable
per sequencing; the second part of my PhD focused on the developpement of an encoding
platform, later on so called droplet printer, that provides an in situ encoding of droplets with
oligo barcodes readable per sequencing. In this section, we present an overview of existing
encoding methods and introduce the interest of our platform. The proper design of our platform
demanded the inspection of hydrodynamics of droplets under different confinement conditions,
that are investigated in a last part of this chapter.

8.1 Single-cell analysis

Cells of a given type can present wide expression heterogeneities even if they are kept in a
homogeneous environment. Researchers feel inclined towards analysis of individual cell hetero-
geneities, with two main applications: first, the ability to analyze variations at the single-cell
level enables the selection of better mutants in screening or directed evolution applications. An-

1. cDNA contains only the expressed genes of an organism and is produced from reverse transcription of the
RNA
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other application is the study of regulatory relationships between genes and pathways through
single-cell transcriptomics (for instance, cells response to different stimuli [161]) that has wide
implications in cancer research.

8.1.1 Screening on single-cells and directed evolution

Compartmentalization of single-cells into individual reservoirs enables the analysis of the pro-
teins that are released or secreted by the cells and their screening. A major industrial interest
is directed towards the screening of new antibodies, as expressed by the recent creation of
commercial antibody-screening platforms (Hifibio), and which represents an annual market of
100 billion $. Considerable progress was done since Nossal’s droplets made by the operator’s
mouth (Chapter 1.1.1). Cells are now co-encapsulated with magnetic beads coated by the aimed
antigen; secreted antibodies bind to the beads if they are functionally active and the droplet
content is analyzed, enabling the selection of interesting cells[81]. This platform presents mul-
tiple advantages such as the high-throughput analysis of cells but also the suppression of an
immortalization step of the immune cells 2, as the decrease in the reactor volume enables the
faster obtention of detectable levels of antibodies.

Another screening application demanding single-cell resolution is enzyme directed evolution.
Directed evolution mimics the Darwinian evolution process in laboratory conditions: genetic mu-
tations are imposed artificially, the best mutants regarding an aimed phenotype are selected and
the process is cycled. This process demands the isolation of mutants into individual reservoirs to
link with certainty the phenotype to the genotype of interest. Droplet-based directed evolution
has demonstrated its interest, for instance in the case of Agresti et al.[69] who demonstrated
a 1,000-fold increase in throughput for the directed evolution of the horseradish peroxidase en-
zyme, and a million fold reduction in cost that is to be related with the low volumes consumed.

In both cases, a final sequencing step is needed to extract the genetic information and know
what mutant/cell provided the best enzyme/antibody.

8.1.2 Single-cell transcriptomics

Single-cell transcriptomics present a major interest in the study of heterogeneous tissues such as
cancer cells [162, 163], in the inspection of neurologic pathologies [162] or in the study of stem
cells[164]. Notably, recent studies have demonstrated that the detection of the co-occurence
of several mutations within a single cell is a cancer marker and can head towards a proper
treatment[165].

The analysis of single-cell transcriptomics is inherently difficult as a cell contains small
amounts of biological material (a few picograms). Conventional transcriptomics techniques rely

2. The immortalization is a process that suppresses cell senescence. There are several immortalization methods,
including the coupling of the cell to a cancer cell.
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on an averaging over a large population of cells, typically millions, a method that fades out
individual heterogeneities[161]. Transcriptomics can be performed either at the level of the
protein or at the level of the RNA. Analyzing the RNA content presents the advantage of
enabling an amplification by RT-PCR and the obtention of higher concentrations of material.
Many protocols were developped in the years 2000, requiring complex multi-step experiments and
facing the inadequation between handled volumes with standard methods (micropipeting, patch-
clamp,... with volumes of 10-100 µL) and the volume of an individual cell (pL). Microfluidics
appeared as an attractive tool for the analysis of single-cell transcriptomics: the reduction
of volumes and the enhanced monodispersity of reactors enabled better recovery yields[166],
along with higher throughputs and an improved sensitivity. Many studies were carried out on
commercial systems (Fluidigm) containing hundreds of valves that can isolate cells, lyse them
and assay the expression of multiple genes [166, 167, 168]. More recently, the use of water-in-oil
droplets established itself as an appealing technique[169, 164]. It presents multiple advantages:
the number of reservoirs can be infinitely scaled up, capture efficiencies are higher and droplets
can be sorted at ultra high-throughput based on their fluorescence[82].

In all above analysis (transcriptomics, screening of antibodies, directed evolution), the use of
droplets as microreactors provides a physical linkage between the genotype of the encapsulated
biomolecule and its corresponding phenotype. However, the analysis of the genotype by a
sequencing step after the breaking of the emulsion demands encoding strategies to maintain the
link between the genotype and the phenotype.

8.2 Droplet encoding and analysis per sequencing

8.2.1 Droplet encoding

General droplet labeling methods Several encoding strategies have been developed, de-
pending on the aimed decoding step. Optical barcodes are based on dyes or quantum dots[170],
with the disadvantage of a relatively limited number of achievable barcodes (<100). Graphical
barcodes[171, 172] overcome this limitation by relying on the production of patterned particles
that are later injected in the droplet to be labeled. Other methods can be foreseed: spectro-
scopic reading[173], electronic encoding[174], physical encoding[175]. However, for applications
demanding a sequencing step, above encoding methods are not convenient and other encoding
methods were developped.

Droplet labeling with DNA barcodes Several sequencing-based barcoding technologies
have been developped recently. The common trait in all these techniques is the construction of
a large library of particles containing barcodes and their co-encapsulation with the biological
material during droplet production (or in the reservoir). There are some variations around this
main strategy; barcodes may be made out of elementary DNA units ligated one another, of
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Figure 8.1 – DNA barcodes. a. Split-and-pool strategy. Particles are splitted into wells and addition
of an elementary DNA unit is operated (DNA strand or nucleotide). After each addition, the particles
are recovered, mixed and re-splitted into wells where the following addition of reagent is performed. If
the mixing is efficient, all available barcodes are statistically obtained. Adapted from Wikipedia. b.
Example of a split-and-pool strategy using coated beads as particles and nucleotides as elementary DNA
unit. Reprinted from [176]. c. Example of a split-and-pool strategy using hydrogel beads as particles
and hybridized DNA strands as elementary DNA units. Reprinted from [164]

DNA units hybridized and elongated by an enzyme (Figure 8.1.c) or of the four DNA bases (A,
G, C, T) such as pictured in Figure 8.1.b. Particles may be beads coated with primers[176] or
hydrogel microspheres[164].

The barcode library is created by split-and-pool synthesis, an approach that was developped
in combinatorial chemistry and consists in several rounds of elementary units addition. Particles
are distributed in wells and the first elementary unit of the barcode is added. Particles are then
recovered, thoroughly mixed and re-splitted into wells where the following set of reagents is added
(Figure 8.1.a.). The process is repeated multiple times until the obtention of libraries that may
be as large as wanted, with typically millions of barcodes after ∼ 10 rounds of split-and-pool.
The mixing step is decisive for the obtention of all available barcodes. As the split-and-pool
synthesis relies on statistical events, the number of synthesized particles must be much larger
than the number of droplets to encode to limit the risk of encoding several droplets with the
same barcode. Typically, the number of synthesized particles is taken two orders of magnitude
larger than the number of droplets to encode.

This encoding strategy has demonstrated its effectiveness but presents some drawbacks;
notably, the construction of the barcodes library takes a day, errors can happen during the co-
encapsulation of particles and biological material and few droplets contain both a particle and a
cell in the diluted Poisson distribution encapsulation regime. Part of this PhD work focused on
the development of a competitive barcoding strategy in which DNA barcodes are built in situ.
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This strategy should enable a more controlled encoding with a barcoding on-demand, eventually
triggered by the analysis of the droplet phenotype. The use of femtoliter droplets provides a
wide multiplexing capacity, as multiple encoding droplets can be injected to the picoliter droplet
to be encoded without increasing its volume.

8.2.2 Sequencing

In above described applications, the last step of the experiment is the sequencing of biomolecule
variants to determine the genome sequence. The following section describes principles of main
sequencing strategies.

Historical methods Sequencing methods enable the determination of the succession of nu-
cleotides of a DNA fragment. First methods appeared in the late 1970’s, in parallel in Sanger’s
and Gilbert’s teams. Sanger’s method[177] relies on the construction of the complementary DNA
strand with a DNA polymerase. Four experiments are needed to build the sequence, in which
the medium contains the four usual dNTPs and a modified version of one dNTP that act as
replication terminator. The DNA replication thus terminates randomly with the incorporation
a modified dNTP. If the modified dNTP is adequately diluted, all DNA lengths are obtained
statistically. By reproducing the replication for the four different dNTPs and analyzing the
results by agarose gel electrophoresis, the sequence can be directly read (Figure 8.2).

Sanger method was rapidly automatized and gels were replaced by capillary separation and
laser detection of the fluorophore, empowering the apparition of high-throughput sequencing.
Starting from 2000’s, and especially with the foundation of the International Human Genome
Sequencing Consortium whose aim is to sequence the human genome, a huge reduction in se-
quencing costs operated; the cost per megabase of DNA sequence followed a Moore’s law from
2000 to 2007.

Next-generation sequencing With the thrive of microfluidics (emulsion PCR, microarrays),
sequencing methods evolved quickly after 2007, at a pace that exceeded Moore’s law by far; the
cost per megabase of DNA sequence fell from 700 $ to 0.1$ in four years. Four NGS platforms
exist, with their own chemistry, advantages and drawbacks. The 454 platform (Roche), the
SOLiD system (Life Technologies), and Ion Torrent (Life Technologies) use emulsion PCR and
are respectively renowned for long reads, short reads and its low-cost machine. The leadership
is currently owned by the Illumina plateform (Illumina), that specializes in short reads and uses
bridge PCR on a glass microchip (flow cell) as the amplification method. The Illumina plateform
uses a modified version of Sanger sequencing; synthesis of the complementary DNA strand is
performed with modified dNTPs that contain a fluorescently labeled terminator. Optical readout
is performed, then the terminator is cleaved out to allow the incorporation of the next base.
The latest Illumina MiSeq paired-end technology offers 107 sequence reads of up to 2*300 bp
length in a single run.
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Figure 8.2 – Sanger sequencing method. a. Sequencing gel. Each lane corresponds to an elongation
in the presence of a modified dNTP (G, C, A and T). b. Corresponding fragments of DNA in presence
of the modified A nucleotide. c. The entire sequence can be reconstructed from the analysis of the four
lanes of the gel. Part of the figure was adapted from Wikipedia.
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The Illumina next-generation sequencing technology The paired read sequencing pro-
cess comprises the following steps:

- The sample is prepared : DNA strands need to contain P5 and P7 primers to enable their
capture on the flow cell. Tags may be added with the P7 primer to multiplex the analysis:
up to 6 samples can be sequenced on the same flow cell. Samples also need to contain
binding sites for the sequencing polymerase, SBS3 and SBS12.

Figure 8.3 – Overview of the sample after its preparation. P5 and P7 primers will enable the sample
capture on the flow cell. SBS3 and SBS12 are binding sites for the sequencing polymerase. iXX represents
a tag, that can be added to the P7 end to multiplex sequencing experiments on the same flow cell.

- The sample is loaded on the flow cell. Primers hybridize to the lawn of complementary
oligos on the surface of the cell. After the DNA capture, a cluster is formed by bridge
amplification; similarly to PCR, a series of denaturation and extension cycles are operated
on the DNA strand to obtain clusters of copies of the initial DNA strand that will enhance
the optical signal. Nicely, the diffusion time of DNA strands towards the oligo lawn is
slower than the bridge PCR amplification which guarantees the obtention of clusters of a
monoclonal DNA strand.

- Sequencing is performed by incorporation of terminator-bound dNTPs. A first read is
performed from SBS3 primer, a second read is performed from the SBS12 primer.

- Reads need to be aligned to reconstruct the genome using bioinformatics tools. A variation
of analysis are possible; notably, demultiplexing of the tagged DNAs is implemented at
this step.

The huge progresses in sequencing technologies enable to use such methods routinely in
laboratory research and encourage the development of encoding platforms such as our droplet
printer. In the droplet printer, encoding femtoliter droplets are coupled to picoliter droplets
to be encoded. The correct engineering of microfluidic devices requires the understanding of
droplets flow under different confinement conditions.

8.3 Hydrodynamics of droplets under different flow conditions

The coupling of droplet scales comes along with complex hydrodynamical questions; flow condi-
tions differ depending on the degree of confinement of the droplet. The understanding of their
movement and interaction requires the inspection of droplet hydrodynamics.
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Figure 8.4 – a. Small droplets flow under bubbly conditions. b. Large droplets form slugs separated
from the channel walls by a lubricating film. c. Bubbly flows are comparable in circular and square
section channels. d. Slug flows vary depending on the channel cross-section because of the presence of
gutters.

8.3.1 Hydrodynamics of droplets

The presence of the droplet interface goes along with specific hydrodynamic considerations,
notably on boundary conditions, and on the interaction of droplets with the continuous phase
flow.

Boundary conditions Solid-fluid interface

The presence of a wall imposes a condition of zero-velocity at the solid-fluid interface. This
assumption is clear for the normal component of the fluid speed, and corresponds to the fact
that the fluid cannot interpenetrate the wall. The tangential component of the fluid can be
non-null depending on the slippage properties of the interface, but is considered null in most
cases.

Fluid-fluid interface

In the case of multiphase flows, such as water-in-oil droplets, the presence of the droplet
interface introduces interfacial tension considerations. For a curved interface, the surface tension
expresses itself through a discontinuity of normal stresses at the interface. The pressure is higher
inside the curved region, by a factor ∆p = γC where C is the interface curvature (Laplace law).
Tangential stresses are related to surface tension gradients along the interface, that can appear
from temperature variations or non-uniform surfactant molecules concentrations. In the absence
of surface tension gradient, tangential stresses are continuous through the droplet interface. The
velocity is thus continuous at the droplet interface.
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Droplet transport In multiphase flows, droplets are advected by the continuous phase inside
the channel with formation of a lubricating film between the droplet and the channel wall.
Depending on the relative size of the channel and of the droplet, several flow conditions exist.

For droplets smaller than the channel size, droplets are spherical and flow under bubbly flow
conditions (Figure 8.4.a.). They are subjected to local streamlines which means, typically, that
their speed is larger in the center of the channel than close to the walls.

On the contrary, if the droplet is larger than the channel size, it occupies almost all the
channel section and forms a slug (Figure 8.4.b). In this case, droplets move at a speed averaged
over the channel section. The slug speed slightly differs from the average speed of the continuous
phase by a factor[178]:

vdroplet − vc
vdroplet

∼ −Ca−1/3
d (8.1)

in a rectangular channel, where we denote vdroplet the droplet speed, vc the continuous phase
speed and Cad the capillary number based on the velocity of the droplets (Figure 8.4.d). This
observation is however wrong in circular channels where slugs flow faster than the continuous
phase, with a velocity difference that scales like:

vdroplet − vc
vdroplet

∼ Ca2/3
d (8.2)

The diversity of degrees of confinement and flow conditions results in a wide variety of
behaviors; coupling of confined and unconfined flows result in complex hydrodynamic questions
that are inspected thereafter.

8.3.2 Coupling of confined and unconfined flows

Relative speed of droplets and slugs In most devices described in the continuity of this
work, small spherical droplets and large slugs flow in the same square channel. The question of
their relative speeds needs to be addressed. The no-slip condition at the channel walls results
in the apparition of a Poiseuille flow, with a maximum velocity at the center of the channel.
In order to simplify the analysis, we assume that the channel is circular, which corresponds to
neglecting the square-section gutters. The Poiseuille flow in a circular channel of radius a can
be expressed as, in cylindrical coordinates:

v(r, θ, z) = v(r) = vmax(1− r2

a2 ) (8.3)

vmax = −∇pa
2

4η (8.4)
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In a first approximation, the slug’s speed can be assessed by the ratio of the flow rate over
the channel cross-section, corresponding to a speed vslug = vmax/2. The variations announced
in paragraph 8.3.1 are supposed negligible, in agreement with [179][131]; in the rectangular case,
variations are below 6% for typical capillary numbers 10−6 < Cad < 1.

We denote R the droplet radius and d the position of the droplet regarding the channel
center (see Figure 8.5.a.). In the polar coordinate centered at the droplet location, the flow field
can be expressed like:

r2 = (d+ r1cosθ1)2 + r2
1sin

2θ1 = d2 + 2dr1cosθ1 + r2
1 (8.5)

v(r) = v(
√
d2 + 2dr1cosθ1 + r2

1) (8.6)

The speed of a droplet of radius R located at a distance d from the channel center is thus:

vdroplet =
∫ R

0

∫ 2π

0
vmax(1− d2 + 2dr1cosθ1 + r2

1
a2 )dθ1dr1 (8.7)

After integration, the ratio of the droplet to the slug speeds is a function of d/a and R/a:

vdroplet
vslug

= 2[1− (d/a)2 − (R/a)2] (8.8)

Figure 8.5.b shows the variation of the speed of the droplet as a function of its distance to
the center of the channel d/a extracted from equation 8.8. Each color corresponds to a different
droplet size R/a. Large droplets (R/a > 0.3) are always faster than the slug and are expected
to pair behind the preceding slug. Small droplets (R/a < 0.3) can be faster or slower than the
slug depending on their lateral position.

Flow fields induced by the droplet interface The presence of the droplet interface modifies
the typical Poiseuille flow field, by preventing the circulation of immiscible fluids through the
interface. As explained earlier, the slug either flows slightly faster or slower than the continuous
phase depending on the geometry (circular or rectangular). This implies that the liquid particles
catch up with one of the slugs and have to change direction to avoid the slug interface. The
presence of the slug interface creates recirculation zones and stagnation points.

The above discussion on liquid particles can be adapted to small droplets. Indeed, in the
case (R/a < 0.3), if the droplet is initially faster than the slug, it catches up the slug, is deflected
towards the wall by recirculation rolls and finally gets slower when feeling the local Poiseuille
components near the wall. The droplet remains against the wall until reaching the following
slug, that brings it back in the center of the channel etc. Figure 8.6.a. represents a timelapse
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Figure 8.5 – a. Cross-sectional view of the system, with the representation of the two polar coordinates
involved in our calculation. b. Variation of the speed of the droplet as a function of its distance to the
center of the channel d/a extracted from equation 8.8. Each color corresponds to a different droplet size
R/a. Large droplets (R/a > 0.3) are always faster than the slug and are expected to pair behind the
preceding slug. Small droplets (R/a < 0.3) can be faster or slower than the slug depending on their
lateral position.

Figure 8.6 – a. Time lapse of droplet and slug co-flow. The slug flows at constant speed; the droplet is
initially faster than the slug (d/a ∼ 0.5) but is deflected by the slug interface and gets slower against the
wall (d/a ∼ 0.8). Slopes have been measured to evaluate droplet and slug speeds. b. Droplet trajectory
follows the blue curve from d/a ∼ 0.5 to d/a ∼ 0.8. Experimental data points perfectly fit the theoretical
curve.
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of a droplet traveling faster than the slug, that is deflected by the slug interface and gets slower
against the wall. Slopes have been represented and measured to assess droplets speeds.

Figure 8.6.b. represents the variations in d/a of the droplet; initially, the droplet is faster
than the slug (d/a ∼ 0.5) but it gets slower when enclosing the wall (d/a ∼ 0.8). Experimental
data points are represented by violet diamonds and perfectly fit the theoretical data curve.

A proper droplet pairing is thus easily achievable for large droplets (R/a > 0.3); large
droplets are always faster than slugs and hydrodynamically pair with their preceding slug.
However, if we try to limit the injected volumes and use smaller droplets (R/a < 0.3), pairing
considerations will be more delicate.

We have presented several biological applications that benefit from droplet-based microflu-
idics technologies but demand an encoding of cells of interest for a final sequencing step. In the
following chapter, we present a new encoding platform, so called droplet printer, that enables
an encoding on demand with DNA barcodes readable per sequencing. For the development of
robust devices, we used above considerations and either benefited from hydrodynamic pairing
(case R/a > 0.3) or applied external forces to avoid complex hydrodynamical interrogations.



Chapter 9

Direct droplet labeling with
oligobarcodes fabricated in situ

In this chapter, we introduce a method to produce on-chip DNA barcodes that can be read
through sequencing. Femto-drops containing oligomers are generated on demand via pneumatic
valves and combinatorially injected into the pico-drop library to create unique DNA barcodes.
We first present the interest of our method compared to the state of the art. A second part
of this chapter concentrates on the development of the droplet printer platform through three
cornerstones: the production of multiple droplets on-demand, their pairing and their releasing
in the droplet to be encoded. A last part of this chapter presents a biological proof of concept
of the interest of the platform.

9.1 Interest of our method compared to the state of the art

9.1.1 State of the art

As introduced in Chapter 8.2.1, several sequencing-based barcoding technologies have been
developped recently. The common trait in all these techniques is the split-and-pool construction
of a large library of particles containing barcodes and their co-encapsulation with the biological
material during droplet production[164, 176].

This encoding strategy has demonstrated its effectiveness but presents some drawbacks;
first, the construction of the barcodes library takes an entire day, with a number of synthesized
particles that is taken two orders of magnitude larger than the number of droplets to encode to
ensure unicity of the barcoding. Moreover, the number of barcodes needed is artificially inflated
by two factors. First, the encapsulation of biomolecules in a Poisson dilute regime results in a
high percentage of empty droplets, typically 90 % and a large portion of barcode particles is
thus encapsulated into empty droplets. Secondly, for most applications, the resolution of the
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Figure 9.1 – Abate et al. could beat Poisson distribution by using closely packed ordering of hydrogel
beads. Photomicrograph of the encapsulation process utilizing close-packed ordering and geometrical
droplet triggering (a.), close-packed ordering (b.) and disordered encapsulation (c.). The scale bar is 75
µm. d. Probability distributions in the three above mentionned cases, as shown for one, two and three
particles in the ordered encapsulation. Figure and caption adapted from [180]. Even in this improved
version, the coupling of the encapsulation of cells in the diluted regime to the addition of barcoding
particles fill only 8 % of droplets.

analysis does not need to be infinite; cells/enzymes can be gathered into bins according to their
expressed phenotypes. A binning by 10 - 20 already gives a proper resolution and actually meets
the limits of the number of fluorescence thresholds that can be distinguished. One can question
the interest of a larger number of bins.

Researchers are investigating ways to improve the bead barcoding technology. The co-
encapsulation of cells and barcodes is performed under dilute conditions for the cells and close-
packed ordering for the barcode particules [180] (Figure 9.1). The close-packed ordering helps
the obtention of one barcoding particule per droplet. However, even with this improvement,
the co-encapsulation of a diluted solution of cells and of a barcoding particle still corresponds
to only 8% of droplets containing one cell and one barcode, which means that more than 90
% of barcodes are useless. Additionnally, Figure 9.1.a-c. shows that the size of droplets varies
as researchers try to obtain different encapsulation efficiencies. The coupling of encapsulation
parameters and droplet size is to be avoided.

All these considerations led researchers to look for competitive encoding strategies. One of
them would be the construction of DNA barcodes in situ by injection of elementary DNA units
into an already formed droplet library. This strategy should enable a more efficient encoding
and opens up new possibilities; for instance, droplet barcoding could be triggered by the analysis
of the droplet phenotype, enabling a more clever encoding.
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9.1.2 Interest of our method

We envision the construction of a platform that enables the in situ encoding of droplets by
injecting elementary DNA units of the barcodes on-demand. A scheme of the droplet printer
is represented in Figure 9.2 in the case of 8 injectors controlled by 8 valves. The library of
droplets to be encoded is driven in a straight channel comprising side injectors that contain the
elementary DNA units. Small droplets are injected on-demand as the droplet to be encoded
passes by. Injection of the DNA units in the droplet is operated by electrocoalescence in a later
part of the device.

s

Figure 9.2 – Scheme of the droplet printer used thereafter.

Considering the predominance of engineering issues at the femtoliter scale, which resolving
is not the aim of a PhD work, a scaled-up version of the printer was created, encoding nL
slugs with pL droplets. Physical studies are performed both at the femtoliter/picoliter and
picoliter/nanoliter scales but the biological proof of concept is shown in the case of 8 picoliter
injectors.

The development of a robust droplet printer requires several achievements: an efficient and
synchronized injection of multiple droplets containing the DNA units, their pairing with the slug
library and finally, their injection into the slugs. Those three cornerstones are studied thereafter.

9.2 Injection of multiple femtoliter droplets on demand

9.2.1 Experimental protocol

Choice of the drop-on-demand method As explained in Chapter 3, several DoD tech-
niques were successfully miniaturized to the femtoliter scale. The project was oriented towards
the pneumatic actuation that had demonstrated the more robustness. With this choice, the
frequency of injection is limited to a few 10 Hz, a frequency which is enough for a proof of
concept but should be later engineered towards kHz rates.
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The pressurization of each pneumatic actuator is monitored by a solenoid valve (LHD
A0523112H, The Lee Company) controlled through a National Instrument NI-S 6008 card and a
custom Labview software. The Labview software defines an array of True/False states that cor-
respond to the open/close states of the eight solenoid valves. Every 10 ms, a 1D array containing
the states of the 8 valves is sent to the NI card. The card translates this sequence into on/off
voltages that are applied to the solenoid valves. Without voltage, valves are pressurized with a
reference pressure P1; energized valves switch to pressure P2. The maximum pressure difference
that can be applied is 2 bars. The opening and closing time of those valves are respectively of
3 and 4 ms according to the constructor, with a total actuation time faster than the software
time step.

Softwares for the injection of multiple femtoliter droplets on demand Several Lab-
view softwares were developped depending on the aimed injection procedure. For preliminary
experiments, each valve state would be defined by an alternance of open and closed time steps.
This monitoring strategy becomes tedious as soon as a larger number of valves needs to be
controlled and synchronized. Indeed, droplets travel along the main channel at a speed u and
a synchronized injection demands a delay between consecutive injectors τ = dinj/u if dinj is
the distance between the two injectors. Another software was developped that takes as input
the droplets speed and their production frequency and controls the delayed sequential injection
of all available barcodes, either in a uniform distribution or in a gradually varying form (one
barcode À, two barcodes Á, three barcodes Â, etc).

9.2.2 Results

Some examples are depicted in Figure 9.3 for the synchronized injection of 2 or 3 different
reagents in the upscaled pL-nL device.

Labview softwares enable a synchronized injection of droplets by taking the slug speed and
the slug production frequency as input.

9.3 Pairing and releasing of multiple droplets into a slug

After the injection step, droplets and slugs are driven downstream in the main flow channel
until the electrocoalescence area under different confinement conditions. In this section, we
study their hydrodynamic interaction and the electrocoalescence process.

9.3.1 Design of the chip

Hydrodynamic considerations To limit the final volume of the slug despite multiple in-
jections, droplets volume is restricted and droplet size observe the condition R/a < 0.3. In
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Figure 9.3 – Examples of synchronized injections of a.2 or b.3 different reagents. Each image corresponds
to a different slug. The channel width is 125 µm.

Figure 9.4 – Droplets traffic in the main flow channel. a. Time lapse of a representative example in
which a barcoding droplet follows the streamlines between two consecutive slugs. The continuous phase
flows from left to right. b. Evolution of the distance between the droplet and the preceding slug as a
function of time. Each color represents a different droplet. s/D varies between 0 and 1, corresponding
to a contact with the preceding and following slug.
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agreement with chapter 8.3.2, droplets act as passive tracers and follow the streamlines between
consecutive slugs. Figure 9.4.a. represents a time lapse of a barcoding droplets flowing be-
tween two slugs. The evolution of the distance between the droplet and the following slug s
was measured as a function of time and is represented in Figure 9.4.b, where each color rep-
resents a different droplet. s/D varies between 0 and 1, corresponding to a contact with the
preceding and following slug and hydrodynamical pairing has to be discarded from injection
strategies. When multiple barcoding droplets are injected in between two consecutive slugs,
collision events are observed in some experiments that temporarily modify droplets trajectory
and further complexify the hydrodynamics of droplets.

The robust injection of droplets into the slug thus demanded active strategies that over-
come hydrodynamic issues. As already showed in the Chapter Manipulation of droplets with
electric fields (chapter 5), the presence of a non-uniform electric field deflects droplets towards
high-field areas. We envisioned that the imposition of an electric field could trap barcoding
droplets between electrodes, guaranteeing a proper synchronization and merging with the fol-
lowing slug. COMSOL simulations were performed to verify the feasibility of this pairing and
releasing strategy.

COMSOL simulations 2D COMSOL simulations were performed without flow. A droplet
of varying size and lateral position is placed in between the electrodes, surrounded by two slugs
with s/D ranging from 0 to 1. Slugs are assumed to travel from bottom to top and the small
droplet is placed slightly ahead of the electrodes to be able to assess the direction of the electric
force along the flow direction. The electric potential is calculated by imposing a voltage (600-
1000 V) on one electrode and neutrality to the other one. The 2D DEP force is assessed by
following equations:

FDEP,x ∼ πε0εrR2Ex.∇xEx (9.1)

FDEP,y ∼ πε0εrR2Ey.∇yEy (9.2)

The resulting lateral force on the droplet is estimated by integrating FDEP,x over the droplet
surface and the longitudinal force is estimated by integrating FDEP,y over the droplet surface.

Figure 9.5 represents the electric potential simulated by imposing a 600 V tension, in the
case of a laterally centered droplet (Figure 9.5.a.) and of a deflected droplet (Figure 9.5.b.).
The gradient of the electric potential along x is pictured by an arrow surface. The variation of
the DEP force x component integrated over the droplet surface as a function of s/D is depicted
in Figure 9.5.c. in the case of a droplet located against the wall (orange circles) or at the center
of the channel (dark cyan circles), with R/w = 0.1. To avoid numerical issues related to the
meshing and dielectric discontinuity at the channel wall, the droplet is located 1 µm away for
the wall in the deflected case. The same graph in the case of the trapping force is represented
in Figure 9.5.d.



9.3. Pairing and releasing of multiple droplets into a slug 133

Figure 9.5 – a. Electric potential and its gradient on x for a centered droplet with R/w = 0.1, s/D = 0.5.
b. Electric potential and its gradient on x for a droplet along the wall with R/w = 0.1, s/D = 0.15.
c. x component of the DEP force calculated using formula 9.1 for a centered droplet (dark cyan circles)
and a droplet located 1 µm from the wall (orange circles), with R/w = 0.1. The x component of the
DEP force is always positive for a droplet against the wall and remains positive as long as s/D < 0.9
in the centered case. d. y component of the DEP force calculated using formula 9.2 for a centered
droplet (dark cyan circles) and a droplet along the channel wall (orange circles), with R/w = 0.1. The y
component of the DEP force is negative for s/D < 0.8, corresponding to a trapping effect (the droplet
was positioned slightly ahead of the electrodes); coalescence errors could happen if small droplets are
close to the preceding slug when entering the electrocoalescence area.
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The x component of the DEP force is always positive for a droplet against the wall and
remains positive as long as s/D < 0.9 in the centered case. Droplets are thus always deflected
towards the positive electrode, with the exception of a droplet centered in the channel and very
close to the preceding slug, a not much likely situation. The y component of the DEP force
is negative for s/D < 0.8 corresponding to a trapping effect as long as s/D < 0.8; coales-
cence errors could happen if small droplets are close to the preceding slug when entering the
electrocoalescence area (s/D > 0.8).

To assess a value of the 3D DEP force, simulated data can be multiplied by R; DEP y

components are in the order of 10−12 to 10−8 N which is to be compared to the Stokes force.
Reynolds numbers are in the range 10−5 to 10−3 which corresponds to FStokes = 6πηRu values
in the range 10−14 to 10−12N. The enclosing of the droplet to the wall further reduces the Stokes
force by a factor 2 according to Figure 8.5. Simulations confirm the possibility of trapping
droplets by dielectrophoresis.

Those simulations provided encouraging results of the possibility of trapping small droplets
and releasing them in the following slug. Experiments were carried out to verify simulated
results.

9.3.2 Pairing and releasing by imposition of an electric field

Experimental protocol Two electrodes are added around the main flow channel at a distance
equal to the minimal resolution of the soft lithography mask (30 µm in the pL-nL device, 6 µm
in the fL-pL device). Electrode channels are filled with a conductive buffer (NaCl, 189 g/L)
and connected to a voltage amplifier through an Electrowell (Fluigent). Femtoliter droplets are
produced on demand with a pneumatic valve. An increasing number of femtoliter droplets (1-4)
is injected upon arrival of the picoliter slug. Applied voltage varries from 600 to 800V, at a
frequency of 1.5 kHz.

Results and discussion Experiments confirmed expected behaviors: when barcoding droplets
arrive in the electric field area, they are deflected towards the charged electrode and trapped
until their merging with the following slug (Figure 9.6.a). The trapping process is not hindered
by the presence of multiple droplets. Figure 9.6b-c. show different observed behaviors in the
electrocoalescence area. No matter the position of droplets before their arrival in the electrodes
zone, they get trapped along the AC electrode until coalescing with the following slug. Multiple
droplets align into chains and merge with the slug, with (9.6.b) or without (Figure 9.6.c) merging
first together.

At intermediate electric fields, we observed that the droplet trapping is sometimes perturbed
by the arrival of the slug but this process is easily contained by using higher voltages (> 700 V).



9.3. Pairing and releasing of multiple droplets into a slug 135

Figure 9.6 – Time lapse of different behaviors observed during the electrocoalescence process. (700V,
1.5 kHz). a. A single droplet deflects towards the AC electrode and gets trapped until coalescing with
the following slug. Time step 0.2s. b. Four droplets align into chains under the AC field, then coalesce
together and get trapped until coalescing with the following slug. Time step 0.4s. c. A single droplet
stays trapped for ∼ 1 second before coalescing with the following slug. The three other droplets stay
paired with the slug until coalescing under the AC field. Time step 0.4s.
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Figure 9.7 – Droplets traffic in the main flow channel after imposition of an electric field. a. Time lapse
of a representative example in which a barcoding droplet follows the streamlines between two consecutive
slugs. The continuous phase flows from left to right. b. Evolution of the distance between the droplet and
the preceding slug as a function of time. Each color represents a different droplet. s/D varies between 0
and 0.4; the droplet remains close to the following slug.

Pairing and releasing is performed very robustly by imposition of large voltages (> 700V).
All analyzed droplets were correctly injected in the following slug.

Digression - an interesting hydrodynamic behavior in presence of an electric field
The imposition of an electric field results in an alteration of above mentioned hydrodynamic
considerations far upstream the electrodes area. Small droplets no longer follow the streamlines
between consecutive slugs but stabilize a few radii ahead of the following slug, as pictured in
Figure 9.7. s/D varies between 0 and 0.35, corresponding to a pairing of the droplet with the
following slug. The interplay of attractive electrostatic forces and hydrodynamic forces sets an
equilibrium position that improves the pairing of droplets with their following slug, until leading
to their merging in the electrodes area.

Interestingly, electrostatic effects are observed several minutes after the field is turned off.
Leaking of charges in nonpolar liquids such as the fluorinated oil is expected to be much faster
than the timescales involved herein (milliseconds). However, recent studies have demonstrated
that inverse micelles can become charge carriers in nonpolar liquids[181, 182]. In nonpolar
liquids, free charges cannot exist because the electrostatic attraction is always higher than
the kinetic energy that could separate charges and their countercharges over long times. The
interplay of those two competing forces defines the Bjerrum length, λB = |Z1Z2q

2
e/4πε0εckT |,

where Z1 and Z2 are charges valencies and qe is the elementary charge. The Bjerrum length
represents the distance that must separate charges and their countercharges to avoid them from
binding electrostatically irreversibly. Without surfactant, nonpolar liquids have large Bjerrum
lengths which correspond to a low probability of finding free charges. The presence of surfactants
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at high concentration goes along with the formation of micelles that may maintain a minimal
distance between charges and their coutercharge and prolong electrostatic effects. Timescales
involved in such experiments range from milliseconds to hours[183], which is compatible with
our observations.

This side behavior provides further more robustness to the pairing and releasing operation as
droplets are closer to their following slug and injection errors predicted by COMSOL in the case
s/D > 0.8 are avoided. Droplets are reproducibly paired and injected into the following slug.
The obtention of a robust platform encouraged the realization of a biological proof of concept
of the droplet printer platform.

9.4 Construction of barcodes in situ on a 8 injectors / 8 valves
design

The construction of barcodes in situ on an 8 injectors / 8 pneumatic valves design was foreseed
as a proof of concept of the potentials of our platform. The experimental protocol is described
along with some preliminary results. We apologize for the lack of final results as samples are
currently under sequencing and analysis steps.

9.4.1 Definition of the elementary DNA units

Eight elementary double strand DNA units are used to build barcodes: A0, A1, B0, B1, C0, C1,
D0, D1. Sequences of elementary units single strands are summarized in Appendix D; double
stranded DNA units are built by hydridization of top and bottom single strands.

Those elementary double strand DNA units can be ligated together by a T7 ligase that is
contained in the slug library to be encoded. The design of the elementary DNA units ensures
that units A’s can only be ligated to units B’s, units B’s to units C’s and units C’s to units
D’s. The final barcode is an ABCD double stranded DNA assembly; there are 16 combinations
with this design. Figure 9.8 represents the droplet printer in an eight injectors configuration.
Slugs containing the ligase are injected with four elementary DNA units (one A, one B, one C
and one D) via electrocoalescence. Ligation of the elementary units is then performed at room
temperature.

9.4.2 Experimental protocol

Common protocol Barcode elementary units solutions are prepared by mixing 5 µL ofXy,bot,
5 µL of Xy,top and 10 µL of water, at a final concentration of 400 µM . The droplet printer is
initialized by filling the control channels with DI water. This step prevents air from diffusing
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Figure 9.8 – Scheme of the droplet printer in an 8 injectors configuration. The slug library contains
the ligase that can ligate elementary A, B, C, D DNA units. Each barcode is made of 4 elementary units
(one A, one B, one C and one D); 16 barcodes can be produced in this configuration

through the porous PDMS membrane into the flow channels. Salt water is injected into the
electrodes (AC field and ground electrode at the output). Oil is injected in the flow channel to
ensure proper wetting properties, then the eight DNA elementary units are injected with open
valves. The output tube is plugged to avoid later hydrodynamic resistance changes that would
perturb the pressure equilibration. This does not trouble the encoding process as the AC field
is not turned on at this step, and no barcode can be created without the enzyme contained
in the slug library. Valves are actionated with an opening time of 10-30 ms depending on
the experiment and DNA unit injectors pressures are fine-tuned to adjust the injected volume.
Pictures of the setup are represented on Figure 9.9.

The slug solution is prepared and kept into ice during the entire printing process. The
slug production is started and we measure the production frequency and the slug speed to
implement those parameters into the Labview software and synchronize the barcodes injection.
The encoding can then begin; valves are momentarilly closed, the AC field is turned on and the
barcodes injection is launched. After encoding, the emulsion is kept at room temperature for
15 minutes to ensure the ligation is completed. The emulsion is then stored in the fridge until
further analysis.

Composition of the slugs Two experiments were carried out; the first one aimed at verifying
that barcodes were efficiently ligated in droplets (Figure 9.10). To do so without expensive
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Figure 9.9 – Droplet printer setup. The ligase solution is kept in ice during the entire encoding process.
Electric fields are applied through an Electrowell (Fluigent), a device in which Pt electrodes are immerged
into a salty buffer injected in the micro-chip.

sequencing steps, an agarose gel electrophoresis analysis was envisioned. PCR primers were
added to the slug solution to enable the PCR amplification of the barcode library and the
obtention of concentrations suitable for the agarose gel electrophoresis experiment. The slug
solution composition is, in this case: 20 µL of T7 enzyme buffer, 4 µL of SBS12 primers at
4 µM , 4 µL of SBS12as primers at 4 µM , 4 µL of SBS3 primers at 4 µM , 4 µL of SBS3as
primers at 4 µM and 4 µL of T7 ligase. After droplets encoding and the ligation step, the
emulsion is broken by addition of perfluoroctanol and purified on an AMPure kit as explained
in the Experimental chapter. The PCR is performed with P5 and P7 primers and a Phusion 2
enzyme: initial denaturation (98 C̊, 30”), 20 cycles of denaturation (98 C̊, 10”), annealing (58
C̊, 30”), elongation (72 C̊, 30”) and the final elongation step (72 C̊, 2’).

Latter experiments were performed without sequencing primers to be able to tag the different
experiments and sequence them in a single round (Figure 9.10). The slug solution only contains
20 µL of T7 enzyme buffer, 16 µL of water and 4 µL of T7 ligase. After the encoding step, slugs
are incubated 15 minutes at room temperature and the emulsion is broken. Small non-ligated
DNA fragments (<100 bp) are removed by purification on an AMP Pure kit. A tagged SBS3
and the SBS12 end are ligated by a T7 ligase 30 minutes at room temperature. The sample is
purified to suppress remaining tags on an AMPure kit. 6 cycles of PCR are performed to make
sure we obtain detectable levels of barcodes, with the same protocol than above. The number
of PCR cycles is limited to avoid the apparition of PCR artifacts.

Four encoding experiments were conducted; two providing a uniform distribution of barcodes
(tags i00 and i03) and two providing a gradually increasing distribution of barcodes (tags i09
and i25).
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Figure 9.10 – a. Description of the barcoding strategy. Elementary A, B, C, D units can be selectively
ligated by a ligase. Ends are designed to only enable A-B-C-D strands construction. A and D present
ends that enable further ligation to SBS3/SBS12 primers. b. Two types of barcoding experiments were
carried out. Experiment 1: to verify the efficiency of DNA ligation in droplets, SBS3/SBS12 primers were
added in the slug library. They form an SBS3-ABCD-SBS12 strand that can be amplified by PCR with
P5/P7 primers. Experiment 2: to analyze multiple samples in a sequencing platform, tagged primers are
added after the encoding process. The slug library only contains the ligase, SBS3 / tagged SBS12 are
added after the emulsion is broken. A PCR step is performed with P5/P7 primers, that will also enable
barcodes capture on the sequencing flow cell.
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After the PCR, DNA is quantified by a Qubit assay, following a protocol described in the
experimental part. 75 ng of each sample is analyzed by agarose gel electrophoresis to verify the
correct formation of barcodes and the purity of the samples before sequencing.

9.4.3 Results

Verification of the ability of constructing barcodes in situ Initial experiments without
sequencing primers were conducted and amplified by PCR. Migration on an agarose gel showed
a proper ligation of DNA elementary units and the formation of DNA barcodes of 200 bp, as
depicted in Figure 9.11. A smear appears above 250bp, that may come from ligation of non-
specific strands (incorporation of two C is possible even though not favorable) or from PCR
artifacts (recombination of strands in bulk). Addressment of this question will be done by
sequencing on latter experiments.

Figure 9.11 – Agarose gel electrophoresis of the broken emulsion,amplified by PCR. Lane 1: ladder 50
bp, lane 2: encoded emulsion. Barcodes of 200 bp were correctly formed in the device. The smear above
250 bp must correspond to PCR artifacts or incorporation of several elementary units, that is possible
even though not favorable.

The ligation efficiently works in droplets which confirms the possibility of building DNA
barcodes in situ.

Fabrication of four libraries of barcodes in situ Results of the sequencing are not
available at the time of this manuscript version. Sequencing results should be ready
for the PhD defense. We apologize for the lack of a proper results and discussion
section.
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Figure 9.12 – Multiplexed version of the printer.

9.5 Perspectives

9.5.1 Multiplexed version of the droplet printer

The proof of concept was performed with a device that enables the creation of 16 barcodes, a
number that should be enough for most applications if coupled to a detection of fluorescence
triggering, but that could seem limiting for ultra-high resolution analysis. To increase the density
of injectors, a multiplexing strategy was developped using an approach already established in
[25]. We take advantage of the lower deformability of narrow chambers and design injectors and
control channels containing narrow and wide areas (Figure 9.12.a.). When two large areas are
superimposed, the flow channel can be closed upon pressurization of the control channel. When
two narrow areas are superimposed, the control channel pressure is set to a value that does not
enable actuation.

If we denote N the number of control channels, the number of injectors n that can be
controlled scales like n = 2N/2. A table of the number of addressable injectors as a function
of the number of pressure inputs is depicted in Figure 9.12.b. The corresponding number of
barcodes is also calculated. To obtain a unique labelling of typical droplet libraries involved in
directed evolution experiments ( ∼ a million of droplets) the required number of input pressures
is 12, which is tedious but feasible. Besides, more complex multiplexing strategies have been
presented in the literature [184], that could further reduce the number of compulsory pressure
inputs.

The increase of the density of injectors raises questions about the integration possibilities
on a microchip. The inputs needed to be separated from the channel area, as represented in
Figure 9.12.c. To make sure input channels do not upsurge the device hydrodynamic resistance,
a three layer soft lithography process was required: a thin layer for the injectors (5 µm), an
intermediate layer for the main flow channel (60 µm) and a thick layer for the input channels
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Figure 9.13 – Multiplexed version of the printer. a. On this picture, valves 1, 3, 6 are not pressurized
and valves 2, 4, 5, 7 and 8 are pressurized. The release of pressure in valve 7 generates a droplet on the
left injector. The absence of coupling between injectors is verified. b. Time lapse of the alternate control
of two consecutive injectors. Produced droplets are indicated with a black arrow.

(300-400 µm). The case of an 8 valves / 16 injectors was successfully demonstrated. On Figure
9.13.a, valves 2, 4, 5 and 8 are always pressurized. Under release of the pressure in valves 1, 3,
6 and 7, a droplet is released on the left injector. No droplet is injected from the right injector,
confirming the absence of coupling between two consecutive injectors. Figure 9.13.b is a time
lapse of the alternate control of two consecutive injectors. Produced droplets are indicated with
an arrow.

The large number of inputs led us to modify the PDMS microfabrication process; instead of
punching all the holes, a custom insert was placed on the wafer before pouring the PDMS and
maintained by magnets. A corresponding input reservoir was designed and printed with a 3D
printer to minimize the number of reservoirs to pressurize.

9.5.2 Going towards higher throughputs

The pneumatic actuation restrain us to Hz frequencies, that will become limiting for large li-
braries. There is no possible advance with keeping the pneumatic control but going towards
higher throughputs is however envisionable by using femto-injectors. As detailed in the chap-
ter Drop-on-Demand (Chapter 3), femto-injection was demonstrated but presented robustness
issues. The development of this technique is appealing for the absence of synchronization con-
siderations and its ultra-high throughput, but would demand material engineering to suppress
electrostriction phenomena. The use of rigid materials such as NOA or glass devices could solve
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those issues.

9.6 Conclusion

In this chapter, we demonstrated the construction of a robust platform for the in situ encoding
of picoliter (respectively nanoliter) droplets with femtoliter (respectively picoliter) droplets con-
taining elementary DNA units that can be ligated one another. The use of electrodes enables a
proper pairing of droplets with the following slug and release of the DNA inside the slug. The
possibility of performing DNA ligation inside the slugs was verified and further proof of concepts
are under sequencing analysis. Multiplexing possibilities were also demonstrated in cases where
16 level of barcoding are not sufficient.

Perspectives on this platform remain fully opened with the investigation of other injection
methods that would provide higher throughputs and with the coupling of the injection to a
detection of fluorescence step. This fluorescence triggering should decrease the number of neces-
sary barcodes to a few 10-20 depending on the aimed resolution, compared to millions in existing
encoding methods.
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In situ encoding of droplets with
DNA barcodes

G Drop on demand

- To minimize engineering considerations, pneumatic actuation was
used and most experiments are performed in a scaled up nL-pL
droplet printer.

- Droplet injection is controlled by a custom Labview software that
takes as input the slug production frequency and the slug speed.
Corresponding delays are imposed between the injectors to properly
pair encoding droplets and the slug.

G Pairing and electrocoalescence

- Hydrodynamic pairing is discarded from the project but efficient
trapping and releasing is obtained by imposition of an electric field.

- COMSOL simulations predict the possibility of trapping small
droplets and the absence of injection errors as long as s/D < 0.8.

- An electrostatic effect is observed and helps the pairing of droplets
with their following slug, suppressing above mentioned coalescence
errors.

G Proof of concept on a 8 valves design

- The feasibility of the construction of DNA barcodes inside droplets
was demonstrated.

- Uniform encoding and gradually encoding of 4 slugs library was
performed. Samples are under sequencing and analysis.

G Perspectives

- Pneumatic actuation enables the multiplexing of inputs and the
creation of thousands to millions of barcodes with a limited number
of inputs (10 valves).

- The use of other DoD methods could increase the throughputs of
encoding; femto-injection would provide kHz encoding frequencies.





Part IV

Contribution to other biological
projects





This last part of the manuscript focuses on two projects I contributed to, without having the
leadership. Both projects could directly take advantage of the use of femtoliter droplets, either
to miniaturize a multi-step workflow and maintain high throughputs or because they needed
large dilution ratios.

A first chapter introduces the biological context of those studies and particularly the study of
evolutionary processes. The implementation of femtoliter droplets in both projects is performed
in a second chapter.





Chapter 10

Introduction to the study of
evolutionary processes

The high-throughput manipulation of droplets allows a wide range of processes and assays,
some of them requiring complex, multi-step operations and opens access to the inspection of a
wider area of the biological space. Notably, thanks to the LBC lab, major advances have been
done in the study of evolutionary processes. Studies on the evolutionary mechanisms may seem
academical at first sight, but they respond to major industrial demands. For instance, proteins
are involved in a wide pannel of lucrative applications: enzymes and therapeutic antibodies
represent respectively a market of 4 billion $ and of more than 100 billion $ [185, 186, 187,
188, 189]. Understanding evolutionary mechanisms, and applying them to the enhancement
of proteins desired properties (enzymatic activity, stability, fitness to a specific environment,
specificity to a substrate...) is thus a major industrial concern.

In this introduction, we first introduce studies on the origin of life and the use of directed
evolution platforms in such perspectives. We particularly focus on two related biological appli-
cations that could benefit from droplet miniaturization. My contributions to both projects are
limited to the physics part (design of chips, part of their microfabrication, data analysis) while
the biological part is supported by Dany Chauvin (Simbad project) and Gabrielle Woronoff
(EvoEvo project).

10.1 About the origin of life

Several theories are drawn on the origin of life. A consensual idea is that the apparition of
complex organisms originates from adaptative processes through natural selection. Departing
from simple RNA molecules, the evolution process enabled the apparition of complex cells with
a metabolism (multiple proficient enzymes) and in which the genetic information is carried by
DNA (translation factor). Taking the RNA world as the starting point, evolution must have
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gone through several evolutionary steps, such as the compartmentalization of replicators into
early protocells with a co-evolution of genome and membranes, the emergence of chromosomes
that might have been driven by selection towards more specific enzymes, the transition from the
RNA to the DNA world with the emergence of translation. Replication units - ribozymes in the
RNA world, enzymes in the DNA world - are at the center of this evolution process. Ribozymes
are RNA strands that are able to fold and form cavities that act as catalytic domains. An
enzyme is a functional protein that is able to catalyze a chemical reaction at low concentration.

Historically, researchers on evolutionary processes only had access to fossil data and their
comparison to current organisms, with sporadic informations on evolutionary intermediates,
their genotypes or the conditions that prevailed the evolutionary trajectory. This observation led
Richard Lenski to begin a long-term evolution experiment on the bacteria E. coli, that started
27 years ago and is still ongoing. Twelve initially identical populations of E. coli bacterias
are studied in parallel, subjected to a low glucose growth medium. Lenski frozes a sample of
each population of bactery every 500 generations to build a frozen fossil record that provides
history of the evolution of each population, under a controlled environment. Several evolutionary
assumptions could be verified by this evolutionary experiment; after 20,000 generations, parallel
mutations were observed in all twelve populations, with a global increase of the bacterias fitness
to their minimal growth medium[190]. This confirmed the hypothesis of an adaptative evolution
process. However, they noticed that fitness at a given time does not ensure fitness at later
times; some clones with lower fitness finally took over clones with higher beneficial mutations,
because they had greater adaptive potential[191]. Lenski and co-workers also studied interactions
between mutations[192] (some mutations have different effect if simultaneously or individually
present, a process called epistasis) or dynamics of mutation apparitions. A review of their main
findings can be found in [193].

A major drawback of Lenski’s method is the time scale of micro-organisms evolution remains
large, imposing extended experimental times (decades). In this context, directed evolution
appears as an interesting strategy for laboratory evolution experiments, as evolutionary rates
can be controlled. Directed evolution mimics the Darwinian evolution process in laboratory
conditions: genetic mutations are imposed, the best mutants regarding an aimed phenotype are
selected and the process is cycled. Mutation rates can be artificially controlled, thus varying the
evolutionary time scale, and a variety of selection pressures can be applied, providing a wide
convenience of study.

Directed evolution provides a platform for both the study of RNA and DNA evolutionary
processes. Those two applications are detailed below.
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10.2 RNA world evolutionary processes

10.2.1 The RNA world

Ribozymes are assumed to be the central unit of a prebiotic RNA world. The discovery of those
RNA molecules that are able to both carry the genetic information and have a catalytic activity
led researchers to envision a protocell world in which the RNA was the precursor of all biological
functions.

Members of the LBC lab elaborated a model for protocell’s in the early RNA world to be
able to test some evolution assumptions (Figure 10.1.a). Ribozymes containing a replication
domain are replicated by an enzyme, the Qβ replicase, into a complementary ribozyme that
possesses a catalytic domain. Analysis of the ribozyme activity can be done by addition of a
corresponding fluorogenic substrate.

Figure 10.1 – a. Model of a protocell in the early RNA world. The ribozyme does not have a catalytic
activity but it complementary strand has one. Ribozymes are replicated by an enzyme, the Qβ replicase,
to obtain an efficient replication rate. b. By co-encapsulating two ribozymes with different catalytic
activities and performing rounds of split and fuse, it is possible to investigate if and under which condition
chromosomes emerge spontaneously. Figures by S. Matsumura.

Gabrielle Woronoff and co-workers investigate, notably, if chromosomes could spontaneously
emerge in the RNA world, and which conditions prevailed their apparition. By co-encapsulating
two different ribozymes with detectable catalytic activity (Figure 10.1.b) and by imposing vary-
ing selection pressures, it would be possible to test the spontaneous emerging of ribozymes
containing the two replication domains, confirming the hypothesis of the spontaneous formation
of chromosomes.

10.2.2 Problematic

The directed evolution platform provides tools to analyze droplets phenotypes and impose selec-
tion pressures, such as the presence of multiple genes in recovered droplets, and can be directly
applied to ribozymes study.
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To reproduce natural evolutionary processes, this experiment relies on multiple cell divi-
sion/cell growth events. Unfortunately, the experiment requires different constraints on the
number of RNA molecules before the cell division and during the cell growth. Before the cell
division, concentrations of ribozymes must be high to enable fluorescence analysis and sorting
of the droplets of interest. During the cell growth step, initial ribozymes concentrations must
be low to obtain numerous replications of a limited number of RNA molecules. 1:1,000 dilution
factors are necessary to obtain reasonable concentrations and correctly model protocell division
with maintaining detectable levels of fluorescence in the workflow. The use of femtoliter droplets
was envisioned to obtain such dilution factors.

10.3 DNA world evolutionary processes - enzyme engineering

Enzymes are involved in most of chemical transformations inside living organisms (digestive
systems, muscle contraction) and present a diversity and a proficiency that exceed other chem-
ical catalysts[18]. The structure of an enzyme is organized around an active site, containing
itself a binding site matching the substrate, and a catalytic site, which is responsible for the
acceleration of the chemical reaction. Protein functionality is highly coupled to its structure;
the understanding of the relation between a protein structure and its function is still in its early
developments, though there have been recent progress in protein engineering.

10.3.1 Strategies for the engineering of proteins

There are several strategies for engineering proteins (De novo design, rational redesign, directed
evolution, combinations of the above). The de novo protein design refers to a computational
method to predict the structure of the protein from its aminoacid (AA) sequence. This algorith-
mic process demands large computational resources and is thus restricted to small proteins. It
has demonstrated its efficiency in some cases, and notably enabled the creation of new enzymes
with functions not existing in nature[194, 195]. On rational redesign, changes in the AA se-
quence are induced at precise locations, based on a detailed knowledge of the protein structure.
Though this method has demonstrated some successes [196], many attempts have failed because
of the incomplete understanding of genotype/phenotype linkage.

In this context, directed evolution presents the advantage of not requiring information about
the genotype/phentoype relation. The ability to test millions of genotypes in a single experiment
opens access to the drawing of evolutionary maps, i.e. maps representing the relationship
between genotype and phenotype under varying selection pressures.

10.3.2 Interest of miniaturization

The directed evolution workflow combines several steps (Figure 10.2).
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Figure 10.2 – Directed evolution worflow. A library of mutants is created, and each mutant is en-
capsulated in a single droplet (step 1.). The presence of the droplet interface links the genotype of the
mutant to the phenotype it will generate. The In Vitro Translation kit is injected into each droplet
(step 2.), either by pico-injection or by electrocoalescence. This step translates the genetic information
into the corresponding enzyme. The fluorogenic substrates are added (step 3.), either by pico-injection
or by electrocoalescence. The enzymatic assay is performed (step 4.) At the end of this workflow, the
fluorescence of the droplet is directly linked to the efficiency of the enzyme it contains. Droplets can be
sorted with imposition of a selection pressure by DEP sorting. A fluorescence threshold is chosen, above
which droplets are recovered and the process is cycled.

- A library of mutants is created, and each mutant is encapsulated in a single droplet (step
1.). The presence of the droplet interface links the genotype of the mutant to the phenotype
it will generate.

- The In Vitro Translation kit is injected into each droplet (step 2.), either by pico-injection
or by electrocoalescence. This step translates the genetic information into the correspond-
ing enzyme.

- The fluorogenic substrates are added (step 3.), either by pico-injection or by electrocoa-
lescence.

- The enzymatic assay is performed (step 4.).

- The fluorescence of the droplet is directly linked to the efficiency of the enzyme it contains.
A selection pressure is imposed by chosing a fluorescence threshold above which droplets
are recovered by DEP sorting. Most efficient mutants are selected at this step and the
process can be cycled through several rounds of selections.

Dany Chauvin and Clément Nizak work on an enzymatic genotype-phenotype mapping
project and observed that consecutive steps tend to inhibit themselves. Those inhibitions can
be limited by imposing 1:10 dilution factors between each step. However, this considerably in-
creases droplets volume and limits the throughput of the final sorting step. We envisioned the
use of femtoliter droplets to miniaturize the workflow and maintain high-throughputs.
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Those two direct illustrations of the utility of femtoliter droplets were investigated; results
are presented in the following chapter.



Chapter 11

Study of evolutionary processes with
femtoliter droplets

Two direct applications of femtoliter droplets were found in the study of evolutionary processes.
The first one focuses on the early origin of transcription in the RNA world; the aim is to study
the origin of chromosomes and see if they emerge spontaneously and under which conditions.
The second project investigates the genotype-phenotype mapping of the enzyme SGAP; the aim
is to better understand the link between the genetic mutations, that can be selectively elected,
and their consequences on the phenotype of the enzyme.

Interest of femtoliter droplets is here double. In the genotype-phenotype mapping experi-
ments, introduction of femtoliter droplets enables the miniaturization of a complex workflow,
the increase of throughputs and the obtention of reasonable experimental times. In the RNA
world project, femtoliter droplets enable the extraction of a small quantity of reagents out of
a picoliter droplet and the modeling of protocell division with keeping reasonable biomolecules
concentrations (a few genes per droplet).

This chapter is constructed around these two approaches: we first focus on the RNA world
project before studying genotype-phenotype mapping.

11.1 Early RNA world study - the origin of chromosomes

11.1.1 Description of the workflow

The experiment should comprise the following steps :

- Two different ribozymes and the Qβ replicase are co-encapsulated into droplets. The
emulsion is incubated to replicate the ribozymes (replication) until disappearance of all
dNTPs; this reaction creates ∼ 107 replicates.
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- Protocell division is modeled by the droplet splitting into daughter droplets (cell splitting).

- Daughter cells are merged with fresh droplets containing replication medium. Incubation
is performed (cell nursing).

- The phenotypes are analyzed (two fluorogenic products) and droplets are sorted out (cell
survival). Several selection pressures may be applied depending on the tested assumption.
For the investigation of the apparition of chromosomes, only droplets containing the two
catalytic activities are recovered.

- The process is cycled; recovered droplets are splitted and fused with fresh medium.

The high concentration of dNTPs enables the obtention of detectable levels of fluorescence
for the phenotype analysis step and cannot be reduced. However, for the model to work, many
replications must happen inside the fresh droplet; a split by two and the merging with a fresh
droplet would enable ribozymes to be replicated only twice before dNTPs thin out. By using a
split by 1,000, ribozymes can be replicated 1,000 times in the fresh droplet and the probability
of observing recombination events is much higher.

This encouraged the development of a femtoliter-picoliter platform in which femtoliter droplets
are extracted from picoliter droplets and merged with fresh picoliter droplets. This workflow de-
mands the development of a picoliter to femtoliter splitting operation and of a picoliter-femtoliter
electrocoalescence operation.

11.1.2 Splitting of picoliter droplets into multiple femtoliter droplets

Strategy Assymetric splitting is possible in the T-junction configuration by imposing a hy-
drodynamic resistance difference between the two arms of the junction[197, 198]. The ratio
between the two daugther droplets is however limited to 95-5 % in the best case[198]. To obtain
larger ratios, we designed a two-layer device comprising two thick flow channels (25 µm) linked
by a thin channel (3 µm). Several thickness ratios were assessed : the thin channel layer varied
from 1.5 to 4.5 µm at constant thick layer height (25 µm).

Protocol A 20 pL water-in-oil droplet emulsion is made with a droplet maker device and
stored under mineral oil. The emulsion is reinjected into the splitting device using an MFCS
pressure controller. In an early version of the device, the picoliter droplet library was sent to-
wards an array of thin channels (Figure 11.1.a.). A later device comports a main flow channel
that contains non-pressurized lateral thin channels, connected to deep reservoirs to avoid in-
creasing the hydrodynamic resistance (Figure 11.1.b.). We denote h the height of thin channels.
Experiments are recorded with a Photron fast camera.
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Figure 11.1 – Splitting of a picoliter droplet into femtoliter ones. a. Splitting of picoliter droplet in an
array of thin channels. b. Extraction of femtoliter droplets out of a circulating picoliter droplet.

Results and discussion In the first version of the device, the picoliter emulsion was pushed
through an array of thin channels. The close-packing of droplets introduced many coalescence
events at the entrance of the splitters. Experiments were made trying to decrease the packing
of droplets by vortexing the emulsion during its reinjection but did not completely suppress
coalescence events.

A second version of the device was implemented, such as depicted in Figure 11.2. Extraction
of femtoliter droplets from a picoliter library was only possible above a critical thickness h >
2µm. This can be understood by the presence of gutters when pL droplets travel inside a
channel; if h is much lower than the gutter characteristic dimension, the droplet interface does
not feel the depression and there is no split. This implies the existence of a minimal dimension
of extracted femtoliter droplets, experimentally found at 120 fL with h = 2µm.

Figure 11.2 – Splitting of a picoliter droplet into femtoliter ones. a. Extraction of a single femtoliter
droplet of 120 fL. b. Extraction of multiple femtoliter droplets (4 droplets of 700 fL in this case). Main
flow channel width is 30 µm.

With h = 3µm, femtoliter droplets are reproducibly extracted from the library of 20 pL
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Figure 11.3 – Extraction of femtoliter droplets out of picoliter droplets. Two regimes are defined: in the
dilute regime, the pL droplet leaves the splitter before the following droplet arrival. In the packed regime,
displacement of the pL droplet out of the splitter is prompted by the arrival of the following droplet.
a. Variation of the total extracted volume as a function of the Capillary number before the splitter. b.
Number of extracted droplets as a function of the packing Φ.

droplets. The presence of the splitter also extracts part of the continuous phase which results
in a significant slowing down of pL droplets after the splitter. Two regimes are defined: in the
dilute regime, the pL droplet leaves the splitter before the arrival of the following droplet. In
the packed regime, displacement of the pL droplet out of the splitter is prompted by the arrival
of the following droplet.

The packing is characterized by Φ, the fraction of the channel occupied by droplets after the
splitter, calculated by :

Φ = Area occupied by droplets after the splitter
Area of the channel after the splitter (11.1)

Transition from the dilute to the packed regime is experimentally found at Φ = 0.59. The
number of extracted droplets varies with the regime (Figure 11.3.a.). In the dilute regime, the
number of extracted droplets increases with Φ while it is hardly predictible in the packed regime.
Figure 11.3.b. represents the total extracted volume in fL as a function of the Capillary number
calculated before the splitter. In the dilute regime, the extracted volume increases with Ca and
varies from 100 to 600 fL. In the packed regime, there is no correlation between the extracted
volume and the Capillary number. Volumes are globally higher than in the dilute regime.

Extraction of femtoliter droplets can be performed in the dilute regime of the designed
system. The next step is the pairing and coalescence of extracted femtoliter droplets with fresh
picoliter droplets.
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Figure 11.4 – Timelapse of the electrocoalescence of a femtoliter droplet and a fresh picoliter droplet.
Voltage : 700V.

11.1.3 Pairing and coalescence with fresh picoliter droplets

Strategy In this application, a 1,000 dilution factor is aimed at; in such conditions, the relative
size of femtoliter droplets and of the fresh picoliter droplet library is very large and hydrodynamic
pairing is discarded according to Chapter 8.3.2. Similarly to the droplet printer, the pairing and
coalescence is performed by DEP attraction and electrocoalescence between electrodes.

Protocol Side electrodes are filled with a conductive buffer (NaCl, 189 g/L, σ = 41S/m) and
electrified through an Electrowell. Voltages are generated by an AM300 generator (R&S) and
amplified by a BOP1000M amplifier (KEPCO) with a gain of 100. Fluids are injected with an
MFCS 7 bars (Fluigent).

Results Similarly to the case of the droplet printer device, efficient pairing and coalescence are
operated in the electrocoalescence area. The femtoliter droplet is trapped between the electrodes
by DEP attraction towards the positive electrode and reduction of the drag force close to the
wall. It remains trapped until arrival of the following picoliter droplet (Figure 11.4).

A platform coupling picoliter and femtoliter droplets was successfully developped. Further
results are awaiting biological experiments and should be carried out soon by project leaders.

11.2 Genotype-phenotype mapping of the enzyme SGAP

The SIMBAD project focuses on the genotype-phenotype mapping of the enzyme SGAP. Under-
standing the connections between the genotype and the phenotype would help the development
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of protein engineering which has many industrial applications (pharmaceuticals, textiles, food
processing, biofuel, ...). The realization of such a study requires a complex multi-step workflow.
In a first section, we are going to describe this worklow and explain its drawbacks. Then, we
will introduce the optimized workflow using femtoliter droplets.

11.2.1 A multistep directed evolution workflow

The directed evolution workflow comports the following steps. First the library of mutants
is created by an error-prone PCR and encapsulated into individual droplets of 2 pL. Isolated
mutants are amplified by PCR. Droplets are then merged to a droplet containing the IVTT kit
to opere the translation. The fluorogenic substrate is added by electrocoalescence, incubation is
performed and droplets are sorted by fluorescence-activated DEP sorting.

All these consecutive steps are mandatory: the IVTT kit needs to be injected after the
PCR because of PCR high temperature cycling, the fluorogenic substrate needs to be injected
shortly before droplet sorting because of leaking issues on longer periods of time. However,
each electrocoalescence step increases the volume of the droplet which is detrimental to the
throughput of the final sorting step. This problem is accentuated by inhibition effects between
consecutive biological reactions that are studied thereafter.

Inhibition of the IVTT by the PCR product Experiments were carried out changing
the relative concentration of PCR product and monitoring the SGAP activity (Figure 11.5).
The following protocol is used: four different IVTT reactions are prepared, by mixing different
volumes of PCR product and IVTT kit (1:1, 1:5, 1:10, 1:20). The reaction mixes are incubated
at 37 ˚ C for 3 hours. At the end of the reaction, 10 µL of each mix is deposited in a well
along with the enzyme substrate and the enzyme buffer. Fluorescence intensity is measured as a
function of time for the excitation / emission couple 488/525 nm, results are depicted in Figure
11.5.a.

For a low dilution factor of the PCR products (1:1), the enzyme activity is very low (Figure
11.5.a, orange curve). The enzyme activity increases with the dilution factor. To better char-
acterize the effect of dilution, the linear part of each Figure 11.5.a curve is fitted with Origin;
the slope corresponds to the enzymatic kinetics, expressed in fluorescence intensity per second.
Figure 11.5.b summarizes the enzymatic activity for different dilution factors. The increase is
significant between 1:1 and 1:5 and faints at larger dilutions. A negative test was also performed,
without PCR product and shows the expected absence of enzymatic activity.

Above experiments led us to chose a 1:10 dilution factor for later experiments.

Inhibition of the enzymatic assay by the IVTT product Similar experiments were
carried out changing the relative concentration of IVTT product and monitoring the SGAP
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Figure 11.5 – a. SGAP activity as a function of time, with varying relative concentrations of PCR
product and IVTT kit. For a low dilution factor of the PCR products (1:1), the enzyme activity is
very low (orange graph). Several diltution factors have been tested: yellow 1:4, pink 1:10, red 1:20.
The enzyme activity increases with the dilution factor. b. Kinetic parameters extracted from a. by
linearly fitting the curve in OriginPro8 for t > 2500s. The increase is significant between 50:50 and 20:80
and faints at larger dilutions. Standard errors on the fitted slope are represented. The chosen dilution
parameter for later experiments is a 1:10 ratio.

activity (Figure 11.6). The following protocol was used: the IVTT was performed with a 1:10
PCR / IVTT kit ratio, at 37˚C for 5 hours. The product of this reaction was deposited in
three wells, with volumes of 10, 50 and 89 µL. The enzyme substrate and buffer were added, at
equal final concentrations in each well with a final volume of 100 µL. Fluorescence intensity is
measured as a function of time for the excitation / emission couple 488/525 nm and represented
in Figure 11.6.a.

At low dilution factors, the enzymatic activity is very low (pink curve). Decreasing the
concentration of IVTT products enhances the enzymatic assay (orange curve). Enzyme kinetics
were extracted from Figure 11.6.a. by fitting the linear part of the curves with Origin and ex-
tracting the slopes (Figure 11.6.b). The obtention of an appropriate enzymatic activity demands
a minimal 1:10 dilution factor.

Consequence on the workflow The inhibition of each step of the workflow by the previous
one demands large dilution factors between each step. Starting from 2 pL droplets for the
mutant library encapsulation, the final droplet volume is 200 pL after the enzymatic assay. As
demonstrated in Chapter 5.2, the sorting frequency varies inversely to the droplet radius. This
limits the DEP sorting rate to a few 100 Hz, corresponding to large experimental times (typically
10 hours to sort a 107 library). By reducing the size of the initial emulsion, it is possible to limit
the final droplets volume.
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Figure 11.6 – a. SGAP activity as a function of time, with varying relative concentrations of IVTT
products. For a low dilution factor of the IVTT products (9:10), the enzyme activity is very low (pink
graph). Two other dilution factors have been tested: yellow 1:1 and orange 1:10. The enzyme activity
increases with the dilution factor. b. Kinetic parameters extracted from a. by linearly fitting the curve
in OriginPro8 for t > 2000s. The increase is significant between 9:10 and 1:10. Standard errors on the
fitted slope are represented. The chosen dilution parameter for later experiments is a 1:10 ratio.

11.2.2 Production of 200 fL droplets

The encapsulation of the library of mutants into 200 fL droplets enables the miniaturization of
the entire worflow.

Strategy To produce droplets of 200 fL (7.2 µm in diameter), the design of the step-emulsification
device was adapted from Chapter 2.1.1. Li et al. model predicts the channel thickness has to be
a third of the desired droplet size, here 2.3 µm. On the shallow part of the step-emulsification
device, a 2D assumption must be verified to prevent the development of a Rayleigh-Plateau in-
stability. The shallow part width is set to w > 5b = 12µm. A single-nozzle design was envisioned
to obtain a better monodispersity.

Results The final production device is represented in Figure 11.7.a. Under such conditions,
200 fL droplets containing the library of mutants can be formed at kHz frequencies and stored
off-chip.

11.2.3 Pairing and releasing of 200 fL droplets in 2 pL droplets

Strategy The difference in droplets size is small enough to consider hydrodynamic pairing.
With a channel width of 20 µm, the expected R/a is of 0.4, enabling hydrodynamic pairing of
fL droplets behind pL droplets according to Chapter 8.3.2. To obtain an efficient 1:1 pairing, a
synchronization module was downscaled; 2 pL droplets are produced on-chip and their oil phase
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Figure 11.7 – New workflow for the SGAP genotype-phenotype mapping. a. 200 femtoliter droplet
production in step-emulsification. b. Hydrodynamic pairing of picoliter and femtoliter droplets. c.
Electrocoalescence of picoliter and femtoliter droplets.

input is coupled to the reinjection module of fL droplets. The production of a 2 pL droplet
provokes a depression that triggers the injection of a 200 fL droplets. Electrodes are placed
around the main channel to make pL and fL droplers merge together.

Results Figure 11.7.b represents the miniaturized synchronization module. Femtoliter droplets
are correctly paired to picoliter droplets. Once in the main flow channel, fL droplets flow faster
than pL ones; the speed ratio of droplets over slugs’ is 1.4, in agreement with Chapter 8.3.2
for R/a = 0.4, d/a = 0.47. In such conditions, fL droplets robustly pair with the preceding pL
droplet, after a travelling distance smaller than 75 µm (a few picoliter droplet width). Elec-
trocoalescence is robustly performed between two low-melt solder electrodes (Figure 11.7.c). A
ground electrode is added to shield the droplets at the output and avoid undesired coalescence
events. Figure 11.8 summarizes the entire pairing and releasing process, with the synchroniza-
tion area (Figure 11.8.b) and the electrocoalescence area (Figure 11.8.c). The imposition of the
electric field (typically, 700V at 1.5 kHz) enables the droplets to merge. Droplets are recovered
off-chip and incubated at 37˚C for 3 hours to perform the translation.

We developped a platform for the production of 200 fL droplets and their 1:1 merging with 2
pL droplets. The rest of the workflow uses already existing devices, such as an electrocoalescer
for the merging of 2 pL to 20 pL and a 20 pL DEP sorter that are not described here for their
lack of novelty. Final droplets volume is reduced by a factor 10, enabling kHz sorting frequencies
and reasonable experimental times (2,5 hours for a 107 library). Biological experiments are now
undergoing by the project leader.
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Figure 11.8 – Electrocoalescence of 200 fL and 2 pL droplets device. a. General view of the device. The
system combines a module to synchronise the production of pL droplets and the reinjection of fL droplets
and a main flow channel surrounded by low-melt solder electrodes. A ground electrode is added to shield
the droplets at the output and avoid undesired coalescence events. b. Zoom on the synchronisation
module. The oil phase couples the two droplet inputs; the formation of a 2 pL droplet provokes a
depression that triggers the injection of a 200 fL droplet, favoring a 1:1 pairing. c. Electrocoalescence
area. d. Time lapse of an electrocoalescence event. (700V, 1.5 kHz)
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11.2.4 Perspectives - Towards a more complex genotype-phenotype mapping

The workflow presented in this chapter enables the imposition of a single selection pressure; a
fluorescence threshold is defined above which droplets are recovered. This limits the potential
of this method. Indeed, as demonstrated by Lenski’s experiments (see Chapter 10.1), fitness
at a given time is not proof of fitness at later times; some suppressed mutants could have
higher adaptive potential and would have become remarkably efficient after several rounds of
mutations, as represented graphically in Figure 11.9. The blue mutant would be suppressed at
the first round of sorting but could become a better mutant after several rounds of mutations.
The adaptation capabilities of mutants are not necessarily related to their enzymatic activity at
a given time.

Figure 11.9 – A 2 binning sorting might suppress interesting mutants. After a first round of mutations,
the imposition of a selection pressures suppresses a lot of mutants, that could have resulted in interesting
phenotypes after several mutation rounds.

To better understand the link between genotype and phenotype, a more complex binning is
necessary. Setting several fluorescence thresholds (typically, a 16 binning is envisioned) would
enable the drawing of more complex evolutionary maps. A direct method to obtain such a
binning is to use the droplet printer platform to encode the droplets after a fluorescence de-
tection step. Thorough analysis of the genotype/phenotype mapping should be accessible with
combining both projects.
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Study of evolutionary processes with
femtoliter droplets

G Study of the emergence of chromosomes in the RNA world

- A model prebiotic RNA world was developped in the LBC lab. It
comprises originate replicators (ribozymes) carrying two different
genes. Each gene possesses a catalytic activity enabling the assess-
ment of its presence inside the droplet.

- By co-encapsulating two types of ribozymes and performing mul-
tiple protocell division cycles with imposing the presence of both
genes inside selected droplets, the emergence of ribozymes contain-
ing both catalytic domains is forecast.

- A platform coupling picoliter and femtoliter droplets was devel-
opped to test this assumption. The use of femtoliter droplets en-
ables the extraction of a limited number of ribozymes and a better
modeling of protocell division.

- Biological experiments are undergoing.

G SGAP enzyme genotype-phenotype mapping

- Multiple steps are needed to perform the genotype-phenotype map-
ping of SGAP (library of mutants generation, addition of the IVTT
kit, addition of fluorogenic substrates, enzymatic assay, DEP sort-
ing).

- The IVTT is inhibited by PCR products remaining after the mu-
tants library generation. The enzymatic assay is inhibited by IVTT
products remaining after the translation step.

- Both inhibitions can be curtailed by imposing a 1:10 dilution factor
between each step.

- The development of a platform coupling picoliter and femtoliter
droplets limits the final droplet size and maintains reasonable ex-
perimental times for the final sorting step (a few hours).

- Combining the SGAP project to the droplet printer should provide
access to thorough genotype/phenotype maps.



General conclusion on the scope of
this work

This PhD work has extended the current handling of droplets down to femtoliter scale. By study-
ing miniaturization laws and decreasing devices scales, we could successfully demonstrate that
femtoliter droplets can be produced, continuously or on-demand, sorted by dielectrophoresis,
merged by electrocoalescence, hydrodynamically splitted, incubated over days, and that they
are suitable reservoirs for biochemical assays. Unprecedently low mixing times were demon-
strated with droplet reactors. Miniaturization was performed with keeping the fast PDMS
technology and remaining within standard soft lithography resolutions. This opens up multiple
applications, from a simple improvement of existing picoliter assays to the development of new
functionalities; typically, single-molecule studies should benefit from these developments.

Three biological applications were considered during this PhD work. The first one is the
creation of a droplet printer device, a tool that enable the creation of DNA barcodes on-demand.
Barcodes consist of elementary double strand DNA fragments that can be ligated one another,
and that possess ends compatible with the Illumina sequencing technology. The possibility of
constructing DNA barcodes on-demand was demonstrated. More complete results, including the
final sequencing step, are under progress. This platform should become a competitor to existing
barcoding technologies, and notably to the encapsulation of hydrogel beads, and enables binning
considerations. Indeed, by analyzing the phenotype of the droplet and triggering a corresponding
barcode injection, it is possible to create complex droplet sorters. 16 bins are already available
in the current version of the device, with is enough for many applications (genotype-phenotype
mapping for instance). The encoding of a library of 107 droplets by an in situ technique such as
our does not demand millions of distinct barcodes; the number of barcodes is chosen in function
of the aimed resolution of analysis.

Another application was found in the study of origin of chromosomes in the RNA world.
Taking as a starting point an RNA world model developped in the LBC, a platform was created
to test selection pressures that may have favoured the apparition of chromosomes. Femtoliter
droplets are used here to extract a low amount of biomolecules (ribozymes), inject them into a
fresh picoliter droplet and study repetitive cycles of protocell division/growth. Last, a third ap-
plication focused on the genotype-phenotype mapping of the enzyme SGAP. The use of femtoliter
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droplets enabled a miniaturization of this multistep complex workflow and the maintainment
of kilohertz sorting rates at the end of the worflow. In both works, project leaders are now
performing biological tests on the developped platform.

At the end of this PhD, several perspectives remain open. The development of a higher
throughput droplet printer should be carried out, probably heading towards a miniaturized
version of the pico-injector. The coupling of the encoding process to an analysis of fluorescence
is also foreseen and should be easily achieved within LBC platforms. Last, several applications of
the droplet printer are envisioned, such as its use on the genotype-phenotype mapping project.
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Appendix A

Multiple layer soft lithography

The complete procedure is summarized in Figure A.1.

• The first layer is spin-coated, soft-baked, exposed, and post-baked as in the classical pro-
cedure. The resist is then developed to make the alignment structures apparent.

• A hard bake is performed (200˚C, 10 minutes). This step is not mandatory, but it improves
the adhesion of the resist onto the wafer and prevents the alignment structures from getting
ripped off by the tape.

• Tape pieces are glued onto the alignment structures. The tape must not hid any structure
of interest.

• The second layer is spin-coated.

• The tape is removed using tweezers, making the alignment structures fully apparent, before
proceeding to the soft bake. The tape must be removed before the soft bake to prevent it
from sticking to the wafer.

• The alignment step is then performed very easily with the mask aligner.

Following steps (post-bake, development, hard bake) are carried out in the classical proce-
dure. Multiple-layer lithographies are possible by repeating the process. The development of
the first layer is recommended to enhance the visibility but not necessary.

Figure A.2.a. depict a picture of the wafer during the taping process. After the second
layer deposition, the tape is removed, leaving a clean surface and completely visible alignment
marks. Figure A.2.b-d. show the resulting alignment procedures in the case of the realization of
the second layer without development of the first layer (Figure A.2.b.), and with intermediate
development of the first layer (Fig A.2.c-d).
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Figure A.1 – Protocol developed for a multiple layer soft lithography

The addition of tape onto the alignment structures generates an extra-thickness during the
spin-coating process. To determine the extent of the non-uniform area, we measured the thick-
ness of the upper SU8 layer after the soft bake, near the edge generated by tape removal. Figure
A.3 depicts an example of the profiles obtained by the optical profiler, in the case of SU8 2035
resist. Because of the steep slope generated by the tape removal, the profiler can not resolve
the fringes at the edge. The practical slope limit is typically 5˚at a magnification of 5x. Con-
sequently, profiles are not defined near the tape, and the precise tape position is taken at the
location of the silica wafer fringes. (Figure A.3.a). The use of tape results in an extra-thickness
of resist. Figure A.3.b represents the obtained profiles for five different resists (SU8 2010, 2025,
2035, 2050, 2075 and 2100) deposited at the same rotation speed (3000 rpm). In the case of
SU8 2075 and 2100, profiles are measured with a mechanical profiler because the perturbed area
is larger than the optical profiler field of view. From these profiles, we extract the distance of
perturbation ∆, defined as the distance between the tape location and the return to the mean
thickness, and the maximum extra-thickness δh. Figure A.3.c shows that ∆ increases with the
thickness of the deposited resist. However, its value remains quite low (maximum a few millime-
ters). Resists above SU8 2075 are known to induce planarization defects after the spin-coating,
with, notably, the creation of an edge bead. The same phenomena amplifies the distance over
which the film uniformity is disturbed by the tape in the case of thick resists. However, in all
cases, the available area for constructing structures of interest is very large; we estimate that
the tape pieces occupy an area of 150mm2, and the disturbed area is, in the worst case, 900mm2

which represents 10% of the area of a 4′′ wafer. For resists in the range SU8 2010 - SU8 2075, less
than 5% of the wafer is disturbed by the tape. Figure A.3.d represents the maximum measured
extra-thickness δh of resist near the edge, i.e. the difference between the maximum thickness
and the mean thickness far from the tape. δh first increases within the SU8 series (SU8 2010
- 2035) but then decreases for film thicknesses of 49 and 66 µm. This can be explained by the
fact the tape thickness is 60 µm; the deposition process is less disturbed when the tape is of
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Figure A.2 – (a) Tape pieces are added onto the alignment structures, here after developing the first
layer. (b) Picture of the alignment process. The first layer (SU8 2010 - 3000 rpm) is not developed prior
to the second layer deposition (SU8 2025 - 3000 rpm). On the left, no tape was used and the alignment
mark is faint. On the right side, tape was used to protect the structure, that is much more visible. (c)
Picture of the alignment process. The first layer (SU8 2002 - 3000 rpm) is developed prior to the second
layer deposition (SU8 2010 - 3000 rpm). On the left, no tape was used and one can see the faint mark
bellow the mask. On the right, tape pieces were used and structures are fully visible. (d) Picture of the
alignment process. Process B: the first layer (SU8 2002 - 3000 rpm) is developed prior to the second layer
deposition (SU8 2025 - 3000 rpm). On the left, the alignment structures are completely hidden whereas
they are fully visible on the right.

similar height. Higher thicknesses (SU8 2100) have a large δh, but this needs to be put into
perspective, as the bead edge formed all around the wafer with such resists is high.
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Figure A.3 – Characterization of the surface homogeneity near the tape edge. (a) Example of a surface
profile obtained in the case of SU8 2035. Near the edge, the profilometer can not resolve the fringes
because of the steep slope. The zero position is defined at the location of the silica wafer fringes. (b)
Profiles extracted from optical profilometre surface profiles. In the case of SU8 2075 and SU8 2100,
profiles are obtained by a Dektak mechanical profilometer because the disturbed region is larger than the
field of view. (c) Distance between the edge and the return to mean thickness, ∆, as a function of the
resist type. (d) Maximum extra-thickness near the edge as a function of the resist type.
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Droplet-based microfluidics at the femtolitre scale†

Marie Leman,*ab Faris Abouakil,a Andrew D. Griffithsb and Patrick Tabelinga

We have built a toolbox of modules for droplet-based microfluidic operations on femtolitre volume

droplets. We have demonstrated monodisperse production, sorting, coalescence, splitting, mixing, off-chip

incubation and re-injection at high frequencies (up to 3 kHz). We describe the constraints and limitations under

which satisfactory performances are obtained, and discuss the physics that controls each operation. For some

operations, such as internal mixing, we obtained outstanding performances: for instance, in 75 fL droplets

the mixing time was 45 μs, 35-fold faster than previously reported for a droplet microreactor. In practice,

in all cases, a level of control comparable to nanolitre or picolitre droplet manipulation was obtained

despite the 3 to 6 order of magnitude reduction in droplet volume. Remarkably, all the operations were

performed using devices made using standard soft-lithography techniques and PDMS rapid prototyping. We

show that femtolitre droplets can be used as microreactors for molecular biology with volumes one billion

times smaller than conventional microtitre plate wells: in particular, the Polymerase Chain Reaction (PCR)

was shown to work efficiently in 20 fL droplets.

Introduction

By using droplets as microreactors, droplet-based microfluidics1–8

has allowed biological and chemical systems to be analyzed
with high throughputs, small sample volumes, low costs, fast
mixing,9 and “digital” analysis of single compartmentalized
molecules10–14 or cells.15,16 In the state-of-the-art, droplet volumes
usually range from 2 pL to 4 nL (15 and 200 μm diameter), one
thousand to one million times smaller than microtitre plate
wells. Highly monodisperse droplets can be made and manipu-
lated at kHz frequencies: a range of on-chip droplet manipula-
tions such as mixing,9,17,18 splitting,19,20 fusing,21–25 injecting,26

incubating27–29 and sorting30–32 have been developed, that can
be combined with off-chip incubations followed by re-injection.16

These operations allow a wide range of processes and assays,
some of which require complex, multi-step operations to be
implemented in droplet-based microfluidic systems (see, for

example ref. 33 and 34). This miniaturized technology has
developed into a powerful tool for a number of applications1,4,5,7

including synthesis of small molecules or particles,17,35,36 screen-
ing of small molecule libraries,37 screening of antibodies,38,39 screen-
ing and directed evolution of enzymes,40–42 targeted sequencing43

and digital PCR.10–13,44 Today, droplet-based microfluidic systems
for targeted sequencing, next-generation sequencing and dig-
ital PCR are commercially available.

Further miniaturizing the droplets down to the femtolitre
scale affords significant gains in terms of reduction in reagent
consumption and cost, increased throughput, faster thermal
transfer and higher mixing speeds. Moreover, there exist
areas where use of very small droplets is either advantageous
or essential. For example, drug delivery45 (in which droplets
must have volumes <65 fL to avoid embolism), or “digital
biology” approaches based on analyzing single-cells or single-
molecules, such as measurement of the activity of single
enzyme molecules.14,46,47 Last but not least, having the capa-
bility to generate droplets of colloidal size using micro-
fluidics may open up interesting new avenues in the fields
of diagnostics and colloidal materials.48

The first devices for producing femtolitre droplets at high
throughput were demonstrated by Kobayashi.49 Femtolitre
droplets were produced using a step emulsification geometry,
with kHz production rates and monodispersivities in the range
of a few percent. Using a similar geometry, Malloggi et al.50

extended this approach by demonstrating that complex
droplets, such as Janus droplets, double emulsions, UV
cured particles, and elementary clusters with volumes in the
femtolitre range could be produced. More recently, novel
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methods of production/parallelization have been proposed,51

enabling MHz production of femtolitre droplets.14

However, subsequent downstream manipulation of
femtolitre droplets has so far been restricted to optical manipu-
lation of individual droplets.52,53 From a physical standpoint,
high-throughput manipulation of femtolitre droplets is chal-
lenging due to unfavorable scaling of many operations. By
reducing droplet volumes from the pL to fL scale, one consider-
ably affects the balance of forces that governs the physics of
the system. For example, picolitre droplets are traditionally
sorted using dielectrophoresis.30,31 By reducing droplet vol-
ume by a factor of 1000, dielectrophoretic forces54 are reduced
by three orders of magnitude while drag forces are decreased
by one order of magnitude only. It is thus questionable
whether dielectrophoretic forces can overcome drag forces to
allow high-throughput dielectrophoretic sorting of fL drop-
lets. Likewise, the destabilization and coalescence of pairs of
droplets by an electric field55 is disfavored by miniaturization
as the capillary recovering force (linear in R) decreases more
slowly than the competing electrostatic force (square depen-
dence in R). Scaling difficulties are also encountered for
droplet splitting19,20 or droplet coalescence by hydrodynamic
forcing,56 as droplets must be confined, which poses prob-
lems when using standard microfabrication methods. Last
but not least, the surface/volume ĲS/V) ratio increases on
reducing droplet size ĲS/V = 3/R). Thus adsorption of reagents
to surfaces risks to compromise chemical and biological
reactions such as DNA amplification in fL droplets or other
highly miniaturized systems.57

Here we demonstrate that, even though scaling laws
look at first sight unfavorable in a number of cases, all the
key operations of droplet-based microfluidics can be per-
formed in a highly controlled manner with droplets of a few
femtolitres in volume, at kHz rates. We have built up a
modular femtolitre droplet toolbox of unit operations: high
throughput monodisperse production, sorting, coalescence,
splitting, mixing and production, off-chip incubation and
re-injection. In certain cases (such as internal mixing), we
obtain outstanding microfluidic performances, interesting in
their own right.

Experimental section
Device fabrication

Microfluidic chips were fabricated using a classical soft
lithography process.58,59 Silica molds were fabricated with
SU-8 negative photoresist (Micro Chem). In most cases, two-
layer lithography was used: the silica wafer was first
dehydrated at 200 °C, then the thin layer (900 nm to 3.6 μm
depending on the design) was spin-coated, exposed, and
developed. In order to prevent adhesion issues, the post bake
time was extremely long (9 minutes) and a hard bake was
performed before starting the second layer fabrication. To
obtain a thick second layer without an intermediate step,
pieces of tape (3M, Magic Scotch) were added onto the
alignment structures before the second layer spin-coating.

Alignment structures were then fully visible whatever the
thickness of the second layer and optical aberrations were
suppressed during the alignment procedure. The alignment
process was thus very fast and accurate, and a typical ratio
between the heights of the two layers of 35 : 1 was obtained
without an intermediate step. The detailed protocol for fabri-
cation of the molds is provided as ESI.† Poly-Ĳdimethylsiloxane)
(PDMS, Sylgard 184, Dow Corning) mixed with 10% Ĳw/w)
curing agent was poured over the mold to a depth of 4 mm
and incubated at 65 °C for around 12 hours. The PDMS was
peeled off the mold and the input and output ports were
punched with a 0.5 mm-diameter Harris Uni-Core biopsy
punch (Electron Microscopy Sciences). 150 μm thick glass
slides were spin-coated with a 50 μm PDMS layer and cured.
Devices were bonded to these slides with a PDC-002 oxygen
plasma cleaner (Harrick Plasma). To obtain hydrophobic sys-
tems, bonded devices were then aged at 90 °C overnight to
enable the PDMS to go back to its native hydrophobic state.
Sometimes, the aging was accelerated by heating to 115 °C.
For thin structures with aspect ratios higher than 10, hard
PDMS was sometimes used, with a standard protocol.60

Apparatus

Unless mentioned, fluids were injected using an MFCS pres-
sure controller (Fluigent) which can apply up to 7 bars. Usual
working pressures were 1.5 to 4 bars. For applications where
an electrical field was needed, channels were added in the
lithographic process and filled with a conductive buffer
(Na Cl, 189 g L−1, σ = 41 S m−1).61,62 Electric voltages were
produced by an AM300 generator (R&S) and amplified by a
BOP1000M amplifier (KEPCO) with a gain of 100. The electric
field was applied to the microfluidic device by an Electrowell
(Fluigent) through Pt electrodes (Ø 300 μm) plunged into the
conductive buffer. Experiments were observed using an
inverted microscope (Zeiss, Observer A1), with a 40× or 100×,
objective and recorded with a high-speed camera (Photron;
Fastcam SA3). For fluorescence measurement, fluorescein
was excited with an HBO 100 mercury vapor lamp (Zeiss)
through an FITC filter (490 nm).

Formulation

Emulsions were formed using an aqueous phase and fluori-
nated oil (Novec HFE 7500) containing a non-ionic tri-block
copolymer surfactant63 with two perfluoropolyether (PFPE)
tails (MW ~ 6000 g mol−1) and a polyethylene glycol (PEG)
head group (MW ~ 600 g mol−1) at a concentration of 2%
Ĳw/w) as the carrier fluid. The interfacial tension between the
Novec HFE 7500 oil containing 2% surfactant and DI water
with 1% F68 pluronic was 5 mN m−1, measured by the pen-
dant drop method using a DSA 30 (Krüss GmbH). Experi-
ments involving fluorescence were carried out with fluores-
cein sodium salt, whose dianionic form is highly fluorescent
(quantum yield of 0.93) and whose bi-protonated form is non-
fluorescent (pKa1 = 6.4, quantum yield of 0.37, pKa2 = 4.3,
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non fluorescent). Conductimetry measurements were carried
out with a CDM 210 (Radiometer Analytical S.A.).

Polymerase chain reaction (PCR)

PCR was performed on a 2660 bp pUC18 plasmid, out of
which a 129 bp PCR product was amplified with M13 For-
ward and Reverse primers. The PCR mix consisted of
DreamTaq Green Buffer (Thermoscientific, 5 μL/50 μL), M13
Forward and Reverse primers (Thermoscientific, 0.4 μM),
dNTPs (Thermoscientific, 200 μM), DreamTaq polymerase
(Thermoscientific, 1 μL/50 μL), F68 pluronic (0.02%) and dro-
sophila total RNA (340 pg μL−1). DNA concentration was var-
ied from 10 pg μL−1 to 200 pg μL−1. 25 to 65 fL droplets
containing the above mix were produced by step emulsifica-
tion.50 The droplets were collected in a 200 μL Eppendorf
tube and covered with heavy mineral oil to avoid evaporation.
PCR was performed in a thermocycler (MJ Research PTC-200)
off-chip. The amplification program comprised the following
steps; initial denaturation at 94 °C for 2 minutes, 35 cycles
consisting of DNA denaturation at 94 °C for 15 s, primer
annealing at 62 °C for 30 s, extension at 72 °C for 30 s, and
final elongation at 72 °C for 5 min. After thermocycling, the
emulsion was broken by adding 30 to 60 μL of perfluorooctanol
(approximately three to six times the emulsion volume), and
analyzed by electrophoresis on 2% agarose gels in 0.5× TBE
buffer containing 0.05 μL mL−1 of ethidium bromide.

Image analysis

Image analyses were performed using Image J (NIH). To esti-
mate droplet sizes, images were thresholded, skeletonized
and the analyze particle function used to provide quantitative
information on the droplet area and position. Size distribu-
tions were also determined in the same way.

To estimate the fraction of coalescence events in a packed
emulsion, we identified coalesced droplets by their size and
measured the total area of coalesced droplets ac, the total
area occupied by uncoalesced droplets au and the total num-
ber of uncoalesced droplets nu. The fraction of coalesced
droplets is C = Ĳac/aunu)/Ĳnu + ac/aunu).

For fluorescence experiments, the IntDen function was
used. It allows the product of the mean gray value times the
droplet area to be computed. In some cases, image averaging
was carried out to enhance the signal to noise ratio.

Results and discussion
Mixing inside droplets

Droplets function as individual reactors of small volume in
which dispersion of the reagents is suppressed by the pres-
ence of the droplet interface. Thanks to a number of favor-
able mechanisms (internal recirculations, chaotic regimes),
mixing times down to 2 ms have been achieved in μL to pL
droplets.9,17 Here we asked whether, by reducing droplet
sizes to femtolitre volumes, faster internal mixing can be
obtained.

To investigate this question, we used the diffusion-limited
acid base reaction between fluorescein (50 mM) at pH 4 and
a basic buffer at pH 9 (30 mM Tris-base), which is much
faster than the mixing times considered hereafter. Protonated
fluorescein has a very low fluorescence, while its dianionic
form is highly fluorescent. An intercalating stream of acid
buffer (10 mM Tris-HCl pH 4) separated the two reagents to
prevent prior contact. The three laminar streams flowed side
by side (Fig. 1a) and were pinched between two streams of
fluorinated oil containing fluorosurfactant.

Owing to the shallow geometry (1.7 μm height, 25 μm
width), no droplets were formed at this stage. On reaching
the step, where the channel increased to 40 μm in height and
broadened to 100 μm in width, droplet precursors began to
form at the step and grew until droplets were generated.64

Droplets of 75 fL (5.2 μm diameter) were produced at a fre-
quency of 10.7 kHz in the step-emulsification regime. The
increase of fluorescence intensity If was monitored during
droplet production and time-position equivalence was used
to replace the position coordinate by time.

Low fluorescence emission and high speeds did not
allow femtolitre droplets to be tracked individually in real
time. We thus exploited image averaging to enhance the
signal to noise ratio to obtain profiles like the one depicted
in Fig. 1b, in which space has been converted to time by
using the relation t = y/U (with U the aqueous phase
speed). Additional experiments carried out with 1.1 picolitre
droplets (13 μm diameter) produced at a lower frequency
(2.8 kHz) using a step emulsification regime (Fig. 1c)
enlightened the hydrodynamics of mixing. In this case, indi-
vidual droplets could be imaged and tracked after their pro-
duction and the increase in fluorescence measured by
image analysis.

Before the step, the contact time τcontact between the fluids
was short enough to exclude the possibility of diffusive
mixing as the fluids flow side by side. The contact time was
3 to 500 times smaller than the characteristic diffusion time
τdiff for H+ and OH− ions in water, calculated over the width
w of the water stream (Fig. 1a). At infinite dilution, DH+ =
9.31 × 10−5 cm2 s−1, DOH− = 5.30 × 10−5 cm2 s−1.65 For the 75 fL
droplets: w = 3 μm, τdiff = 480 μs, τcontact = 160 μs. For the
1.1 pL droplets: w = 18 μm, τdiff = 17 ms, τcontact = 60 μs.
Calculated diffusion times are overestimated as diffusion
coefficients are smaller at finite dilution.

Fig. 1d depicts the renormalized fluorescence measure-
ments in the femtolitre case (●) and in the picolitre case (□).
Owing to the different time scales, the femtolitre fluores-
cence intensity measurement is replotted in Fig. 1e. Experi-
mental data was fitted to an exponential evolution with
Matlab (lines in Fig. 1d and e). Corresponding mixing times
are 330 μs in 1.1 pL droplets and 45 μs in 75 fL droplets. The
latter result is the shortest time reported to date for a droplet
microreactor, 35-fold smaller than fastest time previously
reported (2 ms).18 We thus demonstrate that miniaturizing
droplets to the femtolitre scale allows unprecedented fast
mixing times (45 μs).
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Dielectrophoretic (DEP) droplet sorting

When driven towards a junction containing two paths of
unequal hydrodynamic resistance, droplets (or cells, or particles)
choose the hydrodynamic path of least resistance (Fig. 2a). How-
ever, when subjected to a non-uniform electric field, droplets
become electrically polarized and a dielectrophoretic (DEP)
force can drive the droplets into the channel of highest resis-
tance.30 This is how active sorting of droplets is classically
achieved. However, DEP forces are expected to decrease with
the volume of the droplet,54 and we may wonder whether min-
iaturization will jeopardize DEP sorting.

In our experiments, droplets are sent towards a Y junction
(Fig. 2a), and completely obstruct the channel prior to the bifur-
cation. In such conditions, the pressure drop across a plug is
given by:66

P R lu
wh

lu h ~ 
(1)

where Rh is the fluidic resistivity, u the droplet speed (close to
the flow speed Uc at low capillary numbers66), η the droplet
viscosity, w the width of the channel, h its height, and l the
plug length. The resulting force Fh that drives the plug down-
stream is thus given by:

Fh = ΔP*S ~ ηlu (2)

in which S ~ wh is the droplet area (projected normally to the
mean flow) on which the pressure field applies. When the
obstructing droplet arrives at the junction, if the difference
between the hydrodynamic resistances of the two paths is
large, the droplet will be driven into the least resistive branch
with, in terms of order of magnitude, the same force Fh. In
the presence of a non-uniform electric field, the droplet will
be attracted towards the more resistive channel by DEP forces.
In order to achieve sorting, these forces must overcome Fh.
The DEP force is proportional to the volume of the droplet
whl and to the product the electric field times its gradient:54

FDEP ~ ε0εcwhlE·∇E (3)

where ε0 is the vacuum permittivity, εc is the permittivity of
the carrier fluid. The critical electric field E that must be
applied to overcome the hydrodynamic drag is thus given by
the expression:

ηlu ~ ε0εcwhlE·∇E (4)

Eqn (4) implies the existence of a threshold speed, uthresh
(E), above which sorting cannot be achieved:

u E whE Ethresh c   

 

1
0  (5)

Fig. 1 (a) Droplet production and mixing in the step emulsification
regime. The increase in fluorescence resulting from fluorescein
deprotonation was used to determine the mixing time. Dimensions
are indicated for the fL experiments. (b) Surface profile of 75 fL droplet
production, with an exposure time of 500 ms. At the step, the
fluorescence emission was low then increased along the streamwise
direction (y axis). A movie of droplet production can be found in the
ESI† (Movie S1). (c) Example of 1 pL droplet production. The location of
a selected droplet in successive images is indicated by a red circle. A
movie of droplet production can be found in the ESI† (Movie S2). (d) pL
droplet fluorescence was measured using Image J, integrating the
fluorescence over the entire drop. The fluorescence intensity IfĲt) (□)
was renormalized and averaged over 8 droplets, then fitted to an
exponential evolution to obtain the characteristic time, τpico = 330 μs.
The fluorescence intensity extracted from surface profiles of 75 fL
droplets production is plotted on the same graph (●). (e) Average
fluorescence intensity If of 75 fL droplets was determined as a function
of the distance to the step and the time-position equivalence was used
to determine the time. The fluorescence intensity was renormalized
and fitted to an exponential evolution IfĲt) = I∞ + (I0 − I∞) expĲ−t/τ) with
Matlab to obtain the characteristic time, τfemto = 45 μs.
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where α is a numerical prefactor determined empirically. In
practice, the maximum electric field Emax that can be applied
is limited by electrosplitting:67

E
wmax

c

~ 
 0

(6)

where γ is the surface tension. As ∇E ~ E/δ, where δ is the dis-
tance between the electrodes, combining (5) and (6), one obtains
a critical droplet speed u* above which no sorting can be achieved:

u h* ~  


(7)

Assuming further that the minimal distance dmin between
consecutive droplets is in the order of a few droplet lengths l,
one obtains the maximum droplet sorting frequency fmax,
from the following relation:

f u
d

h
lmax

min


* ~  


(8)

This formula shows that miniaturization should favor
higher sorting frequencies, since h, l and δ scale down with

the same factor, implying that fmax is inversely proportional
to the device characteristic dimension.

In our experiments, embedded electrodes were added next
to the Y junction during the lithographic process; this
guaranteed that the electrodes were aligned with the micro-
fluidic channel with micrometric precision, and they were
close enough to generate large electric field gradients (Fig. 2a).
The applied AC electric fields were generated by applying
between 400 and 1000 V through Pt electrodes plunged in the
conductive buffer, at a frequency of 1.5 kHz. Modeling of the
electric field distribution was obtained through a finite ele-
ment analysis with COMSOL multi-physics, considering the
3D system and the electrical parameters of the PDMS and the
fluids involved (Fig. 2c). Local fields at the junction were
found to vary from 1.1 × 106 to 3 × 106 V m−1 and are close to
the theoretical limit Emax for femtolitre droplet splitting
(3.1 × 106 V m−1 for 40 fL droplets).67 Such fields would not be
admissible for picolitre droplets, because that they are above
the critical field producing droplet breakup at rest (Emax =
1.2 × 106 V m−1 for 15 pL (30 μm diameter) droplets).

Droplets of 20 to 50 fL volume containing deionized
water with 1% pluronic were produced on-chip with a step-
emulsification process and driven towards a Y-shaped

Fig. 2 DEP sorting. (a) Droplets are driven towards a y-shaped junction comprising two channels of unequal hydrodynamic resistance. (b) In the
absence of an electric field all the droplets pass into the wider channel. Application of an electric field gradient steers droplets by DEP into the
narrower channel. A movie of droplet sorting can be found in the ESI† (Movie S3). (c) Perspective representation of the sorting area. COMSOL cal-
culated electric potentials are indicated. (d) Speed of isolated droplets vs. the applied electric field. Green dots: droplets directed towards the
narrow channel. Purple dots: droplets directed towards the wide channel. The dotted line represents the theoretical maximum speed that enables
DEP actuation calculated using eqn (5), with α = 0.1, 0.4 and 1. The corresponding number of droplets per second are calculated assuming a dis-
tance of 5l between 20 fL consecutive droplets. (e) Phase diagram of the femtolitre DEP sorter. Green: sorted, purple: unsorted, red: undesired
coalescence events. The DEP force becomes strong enough to direct droplets at applied fields larger than 1.5 × 106 V m−1. Droplets speed were
limited to 0, 6–9 mm s−1. Under a critical distance d/l = 5, droplets coalesce in this device.
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junction, with a hydrodynamic resistance ratio κ = 1.6
between the two paths. With κ = 1.6, the wide channel can
contain up to 14 circulating droplets without substantially
perturbing the main channel resistance.68 The sorter was
tested with trains of droplets travelling at velocities, u, rang-
ing from 0.6 to 90 mm s−1, varying the applied voltage V and
the spacing d between the droplets. This corresponds to 8 to
9000 droplets s−1, depending on u and d. Image processing
was used to determine the droplet length l parallel with the
flow, the distance d to the preceding droplet and the droplet
trajectory.

In the absence of an electric field, all droplets passed into
the low resistance channel, but by applying a voltage to the
electrodes, it was possible to direct the stream of droplets
into the high resistance channel (Fig. 2b). As predicted by the
above theory, DEP sorting was possible only below a thresh-
old velocity. Fig. 2d shows that well spaced droplets Ĳd/l ≥ 15)
were correctly driven towards the narrow channel at low
speeds (green dots), but they flow into the large channel in
the presence of an electric field above a critical speed uthresh
(E) (purple dots). Experimentally, below E = 1.5 × 106 V m−1,
no speeds were found to enable DEP actuation, implying the
threshold speed is lower than 0.6 mm s−1 in such conditions.
The dotted lines represent the theoretical threshold speed,
calculated using eqn (5) and electric field gradients com-
puted with COMSOL, for α = 0.1, 0.4 and 1. One sees that
α = 0.1 describes correctly the experimental trend at low elec-
tric fields, but α = 0.4 better matches the experimental data
at high fields. The discrepancy between theory and experiment
most likely comes from the simplicity of our model; at high
electric fields, droplets tend to deform, a parameter discarded
from the discussion. A more accurate assessment would need
to take into account the detailed shape of the droplet, its
dynamical evolution during the sorting process, but also the
presence of surfactants and the precise flow geometry at the
junction, which is beyond the scope of this paper.

Fig. 2e shows an overview of the regimes of sorting
found for various applied electric fields and distances
between consecutive droplets, d (expressed as the ratio d/l)
with u = 0.6–9 mm s−1. Three regimes were observed, which
are color-coded in Fig. 2d: droplets passing into the wide
channel (purple), droplets passing into the narrow channel
(green), and droplets electrocoalescing (red). In the absence
of an electric field (0 V), with d/l > 5, all 716 analyzed drop-
lets passed into the wide channel. In the presence of a low
electric field, in agreement with the study of well spaced
droplets (Fig. 2d), no droplets were correctly sorted. Above
E = 1.5 × 106 V m−1, sorting was possible. In such conditions,
droplets were correctly sorted as long as they were not
perturbed by the preceding droplet. Fig. 2e indicates that
the distance between consecutive droplets has to be above
d/l ≈ 5–6 to enable efficient sorting, without sorting errors or
coalescence events caused by the proximity of the preceding
droplet. The maximum sorting frequency obtained experi-
mentally was 3 kHz for 20 fL droplets, which is an improve-
ment compared to maximum sorting rates observed for

picolitre droplets (2 kHz).31,41 To assess the theoretical maxi-
mum frequency at the electrosplitting limit, we assumed α

was close to 0.4, and assessed the term E·∇E in COMSOL at
the theoretical limit Emax = 3.5 × 106 V m−1 for 20 fL droplet
splitting. Eqn (5) then gives uthresh (Emax) = 203 mm s−1, and
fmax = 8 kHz. It may be possible, therefore, to further improve
the sorting speed by increasing the applied electric field.

To summarize, we have shown that sorting of streams of
femtolitre droplets under high throughput conditions is fea-
sible. This operation is achieved by increasing the electric
field, which is possible owing to the fact that electrosplitting
of droplets is inhibited by miniaturization.

Pairwise electrocoalescence

When subjected to a uniform electric field, water droplets in
a dielectric phase get polarized and an attractive force
operates between each dipole droplet;69 as droplets approach,
the film that separates them thins out and eventually breaks
up, leading to coalescence. Furthermore, each droplet dipole
locally increases the electric field as they get closer,69 thus
deforming the interfaces and enhancing the coalescence pro-
cess. The physics that underlies this process can be described
by two dimensionless parameters:55,70,71 i) the Bond electrical
number, Be = ε0εc E2R/γ, represents the ratio of the electrical
force that tends to deform the droplets over the restoring
capillary force. Here E is the field quadratic mean and R is
the droplet radius; ii) the ratio of the initial distance between
droplets over their radius d/R, which is related to the inten-
sity of the interaction between droplet dipoles.

In the literature, it is well established that coalescence
occurs at Bond numbers below unity (typically Be = 0.2–0.5).
This implies that, as droplet radius, R, decreases by a factor
of ten, electric fields needed to induce coalescence are

increased by a factor of ~3 10  . The question is whether this

is feasible.
In the experiments, electrodes were added close to the

coalescence zone during the soft lithography process in order
to obtain high electric fields. Two sets of 20 to 30 fL aqueous
droplets were generated at 3 kHz using an on-chip step emul-
sification process, and brought together just upstream of
the coalescence zone (Fig. 3a). The coalescence zone was
designed to favor the pairing of droplets and to assist the
electrocoalescence process through decompression of the
droplet-pairs at the restriction at the exit of the coalescence
chamber.56 Electrodes were positioned slightly asymmetri-
cally around the channel to ensure that the highest electric
field was located at the restriction. To assess the electric field
effectively applied in the channel, 3D COMSOL Multiphysics
simulations were performed, taking into account the mate-
rial's electrical characteristics (Fig. 3b).

Droplets entered the coalescence chamber at speeds rang-
ing from 2 to 22 mm s−1 and the coalescence process was
tracked by analysing images taken with a high-speed camera.
An example of coalescence of two droplets, containing
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brilliant black (2%) and fluorescein (1%) is shown in Fig. 3c.
Phase diagrams were drawn for two solutions of different
conductivity: deionised water with F68 pluronic (1%) and
deionised water with fluorescein (300 μM) (Fig. 3d). Their
conductivities were, respectively, 10−3 S m−1 and 10−1 S m−1.
When subjected to the electric field, droplet free charges
move with a time constant τ = ε0εd/σ, where εd is the permit-
tivity of the dispersed phase, ε0 the vacuum permittivity,
and σ the dispersed phase conductivity. This time constant
is much smaller than the excitation period in both cases
(τ = 10−7 s and 10−9 s ≪ τex = 0.7 ms) which guarantees that
droplets get polarized instantly and act as charged conductors.

We measured the radius R and the distance between
paired droplets, d, at the entrance of the coalescence area.
The distance between consecutive droplet pairs was maintained
above 4R to avoid droplet–droplet interactions.55 Under this
condition, the maximum coalescence throughput of the device
was 1.1 kHz.

Similarly to picolitre droplets,55 three regimes were observed
depending on the field strength and on the initial separation

d between successive droplets: droplet coalescence (Fig. 3c
blue area), stable droplet pairs (Fig. 3c grey area), and repul-
sion between droplets (Fig. 3c green area).72,73 No difference
in behavior was observed between the two solutions of differ-
ent conductivities. The phase diagram (Fig. 3d) has a struc-
ture similar to that established for picolitre droplets,55 with
a triple point separating the three regimes. However, on
analysing in more detail the phase diagram, one sees that
droplets coalesce up to an initial separation distance of 2R,
compared to 0.7R usually found for picolitre droplets. This is
presumably due to the geometry: droplets need to deform to
enter the restriction which causes their average speed to be
slowed down by 50% just before the restriction. This eases
the synchronization of droplets in the coalescence area. The
position of coalescence events was highly dependent on the
electric field (Fig. 3e). Above 800 V, all coalescence events
happened before the constriction (position B), whereas drop-
lets coalesced at the restriction at lower fields (position A).
This can be explained by the fact that the mechanism of coa-
lescence depends on the voltage: at high fields, only electric

Fig. 3 Electrocoalescence. (a) Electrocoalescence device. Droplets of 25 fL volume, generated by two drop makers, were brought together and
enter a coalescence zone designed to favor droplet pairing and coalescence. Electrodes were added around this zone to ensure efficient
electrocoalescence of the droplet pairs. (b) Perspective representation of the coalescence region, with the electric potential calculated by
COMSOL. The inset represent in more details the coalescence area. Electrodes are positioned slightly asymmetrically to ensure that the highest
electric field (position B) is located near the restriction (position A). (c) Example of a coalescence event for 25 fL droplets colored with brilliant
black (2%) and fluorescein (1%), respectively. The applied voltage was 450 V. Droplets reorient along the field (t = 12 ms) and then coalesce at the
restriction (t = 21 ms). The channel height is 1 μm. A movie of droplet coalescence can be found in the ESI† (Movie S4). (d) Phase diagram of the
system. Blue area: coalescence. Gray: stable pair. Green: repulsion. Experiments were carried out using droplets containing (o) 300 μM fluorescein
and (●) 1% pluronic F68, without observable differences between the two solutions. (e) Percentage of droplets coalescing in position A (black) or
position B (gray), as a function of the voltage applied.
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stresses are at play, whereas at lower voltages, droplet coales-
cence results from both electric stress and hydrodynamic
decompression at the restriction.

To summarize, we demonstrate here that controlled
electrocoalescence of femtolitre droplets can be achieved in a
microfluidic environment, at the expense of applying
larger electric fields than for picolitre droplets. The coales-
cence chamber design favors droplet pairing at larger initial
distance and helps destabilization of the pair at the
restriction.

Splitting

When droplets are driven towards a T-junction at high
speeds, they may either breakup or flow along one of the
arms of the T. Mechanical splitting is controlled by the geom-
etry, the viscosity ratio of the continuous and dispersed
phase λ = μc/μd and the Capillary number, defined by Ca =
μcu/γ. It has been shown that two regimes of splitting are pos-
sible, one in which droplets occupy only a fraction of the
channel width (non obstructed regime), and the other in
which droplets completely obstruct the channel (break up
with complete obstruction of the channel).21,22 The former
necessitates moderately low Ca, while the latter, being mostly
controlled by the geometry, occurs almost independently of
Ca.20,74 Since the capillary numbers for fL droplets are typi-
cally small (below 10−2), it is difficult in practice to achieve
break up in the non obstructed regime: the underlying rea-
son is that the geometries needed to handle fL droplets result
in channels with high hydrodynamic resistance, which limits
droplet speeds and typically results in small Capillary numbers.

In our case, 25 to 135 fL droplets were generated by on-
chip step emulsification and driven toward a 1 μm high,
5 μm width T-junction (Fig. 4a). The viscosity ratio between
the oil and the water phase is λ = 1.43. Droplets were driven
towards the junction and experiments were recorded by a
high-speed camera (Fig. 5b). Droplet speeds and droplet
lengths l, were measured by image analysis. The channel
width w was also measured in situ, so as to take into account
the PDMS deformation.

Throughout the experiments, we spanned a range of inlet
pressures from 1.5 to 6 bars. Because of the geometry (long
thin channels), the corresponding speeds were low – between
5 and 50 mm s−1. Attempts to achieve higher flow rates were
made with a neMESYS syringe pumps, but the glass slides
could not withstand the corresponding applied pressures. To
avoid unwanted interactions, the distance between successive
droplets was kept above 4l, limiting the frequency to 850 Hz
at the maximum speed of 50 mm s−1.

As expected from the low Capillary number of the system,
breakup was only observed in the complete obstruction
regime. Fig. 4c shows that the critical ratio l/w upon which
breakup is obtained does not depend on the Capillary num-
ber, consistent with theory, but is mostly controlled by the
geometry. According to the model described in ref. 74, the
breakup with tunnels regime could only be achieved at

capillary numbers of 10−2, a range that is difficult to achieve
in our device.

To summarize, we demonstrate here that femtolitre drop-
lets splitting is achievable in T junctions in obstructed
regimes, with a minimal volume of 75 fL (daughter droplets
of 32 fL each) and a maximum frequency of 850 Hz. To split
smaller droplets would require either smaller features, beyond
the scope of standard soft-lithography techniques, or higher
Capillary numbers, thereby higher pressures, which were out
of reach with our device.

Droplet stability

The question we address here concerns the thermodynamic
stability of femtolitre droplets, stability being a pre-requisite
if such droplets are to be used as microreactors for chemical
or biological reactions. According to the Epstein–Plesset dis-
solution model, established for gas bubbles in a liquid solu-
tion75 and later extended to liquid microdroplets dissolution,76

the miniaturization increases the shrinking rate of droplets,
by driving faster mass exchanges between them and the

Fig. 4 Droplet splitting. (a) Splitting device. Droplets flow towards a
T junction. The height of the channel was 1 μm to favor obstruction
and enhance the splitting process. (b) Time series of micrographs
showing a 75 fL droplet splitting. A movie of droplet splitting can be
found in the ESI† (Movie S5). (c) Phase diagram of the splitting of 25 to
135 fL droplets. Only two regimes were observed: (o) non breakup, and
(x) breakup with obstruction (at l/w ≥ 3). This corresponds to a droplet
volume of 75 to 130 fL in our geometry, depending on the PDMS
pressure related deformation.
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continuous phase. On the other hand, the process is known
to be inhibited by the addition of solutes.77–79 In these
papers, the solutes are assumed to be insoluble in the contin-
uous phase. Let us denote the subscripts α for the droplet
and β for the surrounding phase, 1 for water, 2 for oil and 3
for the solutes. The oil reservoir is assumed to be infinite. At
equilibrium, water chemical potentials in the droplet and in
the surrounding phase are equal:

μ1,α(T,Pα) = μ1,β(T,Pβ) (9)

The equilibrium is stable under the condition:77

      

















 1 1 0, ,, ,   T P T P

R
eq

(10)

On the other hand, there is a relation between the fraction
of water in the dispersed phase x1,α, the continuous phase
x1,β, and the Laplacian pressure term across the droplet
interface:72

v
R

RT x RT xm1
eq

,
2

1 1

     ln ln ,  (11)

where vm1 is the molar volume of water and Req is the
radius of the droplet at equilibrium.

Inside the droplet, x1,α = 1 − x3,α, where x3,α is the fraction
of solutes in the droplet at equilibrium; ln(1 − x3,α) can be
developed at first order in the vicinity x3,α ≪ 1. The fraction
of solutes in the droplet at equilibrium x3,α is increased by a
factor ĲR0/Req)

3 as droplets shrink:
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where R0 is the initial droplet radius and x3,α,0 is the initial
fraction of solutes in the droplet. The application of condi-
tion (10) to eqn (12) gives the minimal fraction of solutes
x3,α,0*, and hence the minimal concentration of solutes
c3,α,0*, under which droplets are stable:
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(14)

where ρ1 is the volumic mass of water and Msolute is the
molar mass of the solute. With droplet miniaturization,
higher solute concentrations are needed to obtain stable
droplets. For a typical Msolute = 300 g mol−1, the minimum
solute concentration as a function of droplet volume is
presented in Table 1. Despite the increase in c3,α,0* on minia-
turization, the values remain accessible experimentally, and
femtolitre emulsions can easily be stabilized with proper for-
mulation. We recall that the theory corresponds to an infinite
reservoir of the continuous phase. However, in reality, the
emulsion reservoir is finite, and shrinkage is expected to stop
once the continuous phase is saturated with water and the
chemical potentials in the droplet and in the surrounding
phase are equal. In this case, the minimum initial solute con-
centrations required for stability, will be lower than those in
Table 1.

In our experiments, droplets of 65 fL volume were produced
using a parallelized step-emulsification device (Fig. 5a–b).
The aqueous phase flows through an array of 37 narrow
channels (1 μm high, 5 μm wide), and falls into a deep

Fig. 5 Off-chip droplet incubation and reinjection. (a) Diagram of the
parallelized femtolitre droplet maker. (b) Micrograph of a parallelized
femtolitre droplet maker. A movie of the production of 65 fL droplets
can be found in ESI† (Movie S6). (c) Evolution of the average radius of
65 fL droplets containing DI water (○) or PCR reagents (■) after
droplet production and during storage at room temperature under
mineral oil. (d) Evolution of the probability density function (PDF).
Black: day 0, dark blue: day 1, green: day 2, orange: day 4, red: day 12.
The monodispersity remained high during the first two days
(coefficient of variation (CV) 0.02) and started to decrease after 4 days
of incubation at room temperature (CV 0.16 at day 12). (e) Reinjection
of a femtolitre emulsion. The channel was 1 μm high, increasing the
apparent radius of droplets and enabling one-to-one injection without
leaving standard soft lithography processes. A movie of emulsion
reinjection can be found in ESI† (Movie S7).

Table 1 Minimum initial solute concentration c3,α,0* to obtain stable
droplets, for several values of droplet volume, and Msolute = 300 g mol−1

Droplet volume 4 fL 60 fL 500 fL 5 pL

Minimum solute concentration c3,α,0* 80 μM 28 μM 14 μM 6 μM
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reservoir of oil (35 μm deep), giving a total droplet production
frequency of ~10 kHz. When composed of DI water (c3,α,0 = 0),
droplets disappeared in a few seconds (Fig. 5c, ○) in agree-
ment with the theory. Droplets containing high solute con-
centration (for instance, PCR reagents, with c3,α,0 over ~2 mM)
demonstrated a better stability. To go deeper, we measured
the droplet size distribution by injecting an emulsion com-
prising 65 fL droplets containing PCR reagents between two
glass slides and carried out image analysis (Fig. 5c–d).
Just after their production, droplets shrunk slightly towards
their radius of equilibrium (0.1 days). Then, the mean radius
remained constant over 5 days, before increasing towards
higher radii (12 days after the production). The variance in
radius (Fig. 5d) remained small at short times (up to 2 days)
and slightly increased at longer times (12 days).

The slight initial shrinking is most likely caused by the
low but non-zero solubility of solutes in oil. In this case, size
distribution depends on the diffusion rates of the solutes
and is expected to decrease slightly in the case c3,α,0 ≫
c3,α,0*, c3,β,0 = 0.79 The increase in size distribution observed
at long time scales most likely results from coalescence
events rather than Ostwald ripening because the average
droplet volume increases.

When performing chemical or biological reactions in
droplets, many studies focus on performing incubation steps
on-chip, but this is associated with a variety of technological
issues, notably related to evaporation due to the porosity of
PDMS. A way to avoid these issues is to recover the emulsion
off-chip, incubate off-chip, and reinject the emulsion into
another chip for analysis.

After overnight incubation at room temperature, the 65 fL
droplets containing PCR reagents were reinjected and spaced
with fluorinated oil with 2% fluorosurfactant. Regular spac-
ing of droplets demands a nozzle as narrow as the droplet
diameter, to allow just one droplet to be separated by spacer
oil at a time. To obtain such characteristics with 65 fL drop-
lets, the channel height was lowered to 1 μm. The squeezed
micrometric droplets have an increased effective radius and
could be reinjected in a controlled way in 5 μm width chan-
nels accessible by standard soft lithography process with a
chrome mask. (Fig. 5e).

To summarize, aqueous femtolitre droplets are thermody-
namically stable, provided the aqueous phase contains a low
concentration of solute. Under these conditions femtolitre
droplets can be incubated for a few days off chip and
reinjected on-chip for further analysis. This stability ensures
that incubation of biochemical reactions can be performed
inside femtolitre droplets, as presented below.

Polymerase chain reaction (PCR) in femtolitre droplets

The Polymerase chain reaction (PCR) is one of the most
important biochemical reactions, allowing exponential ampli-
fication of target DNA via cycles of enzymatic polymerisation
with temperature cycling. However, one can question the
impact of droplet miniaturization on the amplification yield,

since the surface to volume ratio varies inversely to the drop-
let radius, and surface effects are expected to become increas-
ingly important.

Fig. 6 PCR in droplets. (a). Picture of a PCR emulsion after
thermocycling. (b) Example of analysis by agarose gel electrophoresis
of PCR in 20 fL droplets, mean number of template DNA molecules
per droplet λ = 1.85. (c) Final yield of DNA after PCR versus the mean
number of template DNA molecules, λ, per 65 fL reaction volume in
bulk (stars), and in 65 fL droplets (dots). Dotted lines represent the
mean amplification in bulk, and the expected Poisson distribution in
emulsion.
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Abstract We investigate the dynamics of a small number

of droplets (N = 1, 2, 3) in microfluidic Hele–Shaw cells.

We study the cases N = 1, 2, and 3 droplets and analyze

the influence of the side walls. In the course of the study,

we observe spontaneous alignment of droplet pairs, pair

exchanges, droplet escape, multiple reflections between

walls, i.e., a number of phenomena that have not been

reported yet. As a whole, using pairwise far-field dipolar

interactions between droplets, along with treating the walls

as mirrors, allows to reproduce the observations, even

though limitations in the predictability of the model are

pointed out in a few cases. From a more practical pro-

spective, the work shows that the behavior of elementary

droplet assemblies can be put under acceptable experi-

mental control in a wide variety of situations, a feature

potentially interesting for self-assembly, mixing, or trans-

port of particles in microfluidic environments.

1 Introduction

Recent studies have revealed the rich dynamics of systems

of droplets and particles (cylindrical and spherical)

confined in shallow microfluidic systems, i.e., in micro

Hele–Shaw cells. Small amplitude longitudinal and trans-

verse waves (Beatus et al. 2006), along with shock waves

induced by localized jams (Champagne et al. 2011), have

been observed in droplet lines. Shocks, pattern formation,

and dislocations have been observed in 2D populations of

droplets (Beatus et al. 2007, 2012; Baron et al. 2008). In

the presence of side walls, oscillatory and chaotic regimes

have been calculated and observed (Uspal and Doyle

2012a). Studies of small clusters have revealed the exis-

tence of stable and metastable configurations (Uspal and

Doyle 2012b).

The underlying physics of these systems is the follow-

ing: Flattened droplets or particles, confined in Hele–Shaw

cells, and subjected to a steady flow, are advected down-

stream. These droplets, being slowed down by the walls,

move at speeds smaller than the upstream velocity. In such

circumstances, each droplet generates, in its own frame of

reference, multipolar interactions with its neighbors. These

interactions give rise to the dynamics revealed in the above

references (Happel and Brenner 1965; Evans and Sack-

mann 1988; Guyon et al. 2001; Cui et al. 2004; Bhat-

tacharya et al. 2006; Diamant 2009).

Owing to the complexity of the problem, simplifications

are currently made in the literature. Most often, the prob-

lem is viewed as two-dimensional, and the interactions are

treated as dipolar and pairwise (Beatus et al. 2012). The

extent to which these approximations are acceptable for

describing experimental situations can be questioned.

Higher-order interactions may come into play. Lubricating

films, flows driven by gradients of curvature, and boundary

layers close to the walls and in the vicinity of the droplets

boundaries may also play a role by conveying 3D pertur-

bations. The goal of the present experiment is to carry out a

quantitative analysis of the dynamics of populations
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including up to three droplets in micro Hele–Shaw cells

and compare the results to the current approximate theo-

retical modeling. As a whole, the present work shows that

the behavior of elementary droplet assemblies is well

described by assuming 2D pairwise dipolar far-field inter-

actions. Despite this approximation must be taken cau-

tiously, we demonstrate that the behavior of small clusters

is predictable within this model when droplets enclose, or

even touch each other, at the expense of reasonable dis-

crepancies. The present work suggests that developing

strategies of self-assembly, mixing, or transport in micro-

fluidic devices, based on the controlled dynamics of a few

interacting particles or droplets, may be envisageable.

2 Experimental system

Soft lithography technique is used to fabricate the micro-

fluidic devices. In almost all cases (i.e., droplet pairs and

triplets), the systems are composed of two T junctions

connected to a long shallow channel defining our micro

Hele–Shaw cell (Fig. 1). For isolated droplet studies, the

two T junctions are replaced by a single one, injecting

droplets at the center of the micro Hele–Shaw cell. To

avoid couplings between two parallelized T junctions

studied earlier (Barbier et al. 2006) and better monitor the

production, the two T junctions are filled independently.

Oil droplets are independently formed at the T junctions

and are driven into the micro Hele–Shaw cell, at controlled

times. Two additional inputs of water allow to improving

the cross-stream homogeneity of the outer phase flow

conditions. Should these inputs be absent, the droplets

would systematically drift laterally and small initial sepa-

rations between them would be impossible to obtain.

Oil and water are injected at the T junctions under

controlled pressure conditions, using a MFCS Fluigent

controller. By using an integrated flowmeter, we measure

the corresponding water flow rates (Q1 and Q01). The water

entries that homogenize the flow structure in the Hele–

Shaw cell (see Fig. 1) are controlled by two syringe pumps

NEMESYS, providing Q2 and Q02. The total flow rate of

the water in the Hele–Shaw cell is thus QT = Q1 ?

Q01 ? Q2 ? Q02. The corresponding speed at infinity U? is

obtained by dividing the total flow rate QT by the micro

Hele–Shaw cross-sectional area.

In practice, the Hele–Shaw cells heights h vary from 18

to 48 lm, the width of the T junctions is 200 lm, the

widths of Hele–Shaw cells vary from 500 to 3,000 lm, and

their lengths l range between 1 and 3 cm. In the micro

Hele–Shaw cell, the aspect ratio height over width there-

fore ranges from 0.006 to 0.1, a range acceptable for

applying the lubrication approximation.

Concerning the microfabrication, we use PDMS (Dow

Corning SYLGARD 184, 1/9 ratio of curing agent to bulk

material) or NOA (Norland Optical Adhesive 81). The

advantage of using NOA is to suppress any mechanical

deformation in the micro Hele–Shaw cell that would affect

the droplet trajectories. In the case of PDMS, standard soft

lithography is used (Tabeling 2005). Thereafter, we close

the system by binding thermally cured PDMS to a glass

slide, after exposing the surfaces to oxygen plasma and

bringing them into contact. In the case of NOA, we follow

the protocol described by Bartolo et al. (2008).

All the experiments employ fluorinated oil (FC 3283,

viscosity l = 1.4 mPa.s) as the dispersed phase and DI

water with 1 % w/w sodium dodecyl sulfate (SDS) sur-

factant as the continuous phase (interfacial tension

18 mN m-1). The sizes of the droplets and the separation

distances between two successive droplets in each T

junctions are tuned by using externalized pneumatic valves,

monitored by a Labview program, using a technique

described previously (Goulpeau et al. 2005; Galas et al.

2009). These externalized valves operate with a small dead

volume (*10 nL), a small displaced volume (\1 nL), and

a fast response time (*10 ms). These characteristics

guarantee a precise control over the droplet production.

Droplets can thus be produced on demand, in an accurate

manner. Typical droplet radii of the pancake-like droplets

range between 100 and 200 lm.

Throughout the experiments, the water flow rate varies

from 2 to 30 lL mn-1. The capillary number Ca = lU/c
ranges between 2.5 9 10-6 and 3.7 9 10-5, and the

Fig. 1 A Sketch of the microfluidic device. Two independent

externalized valves are connected to the oil inlets to regulate the

droplet production. B Sketch of the experimental device showing how

it operates: Oil droplets (white) are formed at two T junctions and

injected into the micro Hele–Shaw cell. Two entries are added to the

micro Hele–Shaw cell, in order to favor flow uniformity of the

continuous phase (gray)
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Reynolds number Re = qUL/l varies between 2.2 9 10-3

and 3.4 9 10-2.

The droplet motions are recorded with a fast camera

(Photron) through an inverted microscope (59, Zeiss).

Image processing is used to extract the droplets charac-

teristics such as their radius R, the distance between

droplets r, the orientation angle h with respect to the

upstream flow direction, and their longitudinal and trans-

verse velocities Ux and Uy.

3 Theoretical modeling

In the case of a single droplet, the geometry of the system,

along with the axes, is illustrated in Fig. 2.

An isolated droplet immersed in a uniform flow U? in a

Hele–Shaw cell experiences a drag force that conveys it

downstream (see Fig. 2A). The droplet motion UD has an

amplitude smaller than the upstream speed U?, owing to

the friction exerted by the walls onto the droplet. In an

infinite medium, we may assume the following relation:

(Beatus et al. 2012)

UD ¼ bU1 ð1Þ

where b is a parameter depending, in the small Reynolds

number limit, for incompressible Newtonian fluids and in

an infinite medium, on three-dimensionless numbers: the

radius over the channel height and the viscosity ratio

between the two fluids along with the capillary number. To

the best of our knowledge, although work has been done on

related topics (Diamant 2009; Eri and Okumura 2011), no

systematic calculation of b is available in the literature. For

the sake of simplicity, and in good consistency with the

experimental literature (Beatus et al. 2012), we will assume

that b is independent of the flow conditions, an assumption

that will be confirmed empirically in Sect. 4 within the

range of experimental conditions we investigated.

When several droplets move in the Hele–Shaw cell, the

current approach consists in considering that the interactions

are pairwise, dipolar, and far-field. Under these assumptions,

the expression for the speed of droplet i, subjected to the

mean flow and the action of the other droplets, reads (Beatus

et al. 2012; Uspal and Doyle 2012a, b):

Ui ¼ bi U1 þ
X

j 6¼i

vðijÞ

 !
ð2Þ

where v(ij) is defined by

v ijð Þ ¼ 2rij

r4
ij

rij � pj

� �
�

pj

r2
ij

ð3Þ

in which one has

pj ¼ R2
j Uj � Ujext

� �

rij ¼ ri � rj

ð4Þ

in which Ujext = Uj/bj is the local upstream flow droplet

j is subjected to. The differences in the droplet sizes are

expressed through the radius Rj and the factor bj, which

may differ from one droplet to the other.

The system is linear in Ui. It must be solved to deter-

mine the droplet speed at each point. Thereafter, the

droplet position can be calculated. The process must be

iterated to obtain the trajectories of all the droplets.

Nonetheless, in the far-field limit, the ratio of the typical

radius over the typical intradroplet distance is small, and

Ujext can be replaced by U?, so that system (2) can be

simplified into the following:

Ui ¼ bi U1 þ
X

j 6¼i

1� bj

� � R2
j

r2
ij

U1 �
2R2

j rij

r4
ij

rij � U1
� �

 ! !

ð5Þ

Equation (5) can be brought to a more convenient form

by working in a system of coordinates in which U? lies

along x (as shown in Fig. 2) i.e.,:

U1 ¼ U1x̂ ð6Þ

(in which x̂ is the unit vector along x). In such a system,

one obtains the following equations:

U
0ð Þ

ix ¼
dxi

dt
¼ bU1 1þ

X

j 6¼i

ð1� bjÞR2
j r2

ijy � r2
ijx

� �

r4
ij

0

@

1

A

U
0ð Þ

iy ¼
dyi

dt
¼ bU1

X

j 6¼i

�2ð1� bjÞR2
j rijxrijy

r4
ij

ð7Þ

in which

rijx ¼ xi � xj and rijy ¼ yi � yj ð8Þ

defines a dynamical system that can be integrated by using

standard MatLab routines. We used this formulation to

compare theory with experiment.

Fig. 2 A Sketch of the streamlines around an isolated disk-like

droplet confined between the channel ‘‘floor’’ and ‘‘ceiling,’’ in a

Hele–Shaw cell. B Sketch of the general case where the droplets are

different
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4 Results and discussion

4.1 The case N = 1 (isolated droplets)

We first investigate the case of a single droplet moving along

the micro Hele–Shaw cell. In this case, the system contains a

single T junction along with the two diluting inlets; a single

droplet penetrates the micro Hele–Shaw cell. In all cases, for

a fixed channel geometry, we obtain a linear relation between

the droplet speed UD and the upstream flow velocity U?

(Fig. 3). Within the experimental error, the relation we obtain

experimentally can thus be expressed in the form:

UD ¼ bU1 ð9Þ

in which b is the proportionality factor, independent of U?,

in agreement with the theory (1).

Experiments at different R/h are carried out, varying

both the radius R (100–290 lm) and the height

h (18–48 lm). Widths vary from 1,000 to 3,000 lm, and

we make sure that the minimal distance to the wall is 3R to

avoid confinement effects. Figure 3 shows that within

±10 %, the slope b does not depend on the ratio R/h. Its

averaged value is 0.21 ± 0.02. Arguments shown later will

confirm this conclusion, by indicating that the variations of

b with the droplet size are on the order of 10-3.

4.2 The case N = 2 (pairs of droplets)

4.2.1 The case of identical droplets

We start here with the case where droplets have the same

size. Figure 4A shows the evolution of a droplet pair aligned

with the streamwise direction, for different separation dis-

tances. As shown in Fig. 4A, the pair speed increases with

the separation, up to a point when the droplets cease to

interact and consequently move as isolated droplets.

An important observation is that, as shown in Fig. 4A,

the ratio of the pair speed Ux over UD does not vary with

the parameter R/h. In this plot, R/h has been varied between

2.5 and 10, and the data collapse onto a single curve,

function of r/R. From dimensional grounds, within the

small Reynolds numbers limit, one may conclude that the

speed ratio depends on r/R only. The measurements agree

well with the model, which yields to the following

expressions: (see Appendix 1.a of ESM)

Fig. 3 Measurements of the velocity of an isolated droplet UD as a

function of the velocity U?, regrouped by values of R/h. The solid

line is a linear fit of the data, with a slope equal to 0.21. The error

bars are the min and max values obtained, for each R/h, by varying

the droplet radius and the channel height. Error bars are sometimes

not visible, being smaller than the points. Within the error bar, b does

not depend on R/h and its mean value is 0.21 ± 0.02 (solid line)

Fig. 4 Velocity of droplet pairs, normalized by the velocity of an

isolated droplet, as a function of their distances normalized by their

radii. The velocity of isolated droplets was measured in situ. A Pairs of

droplets oriented in the streamwise direction, h = 0�, (inverted

triangle) PDMS system, h = 18 lm, w2 = 3,000 lm, UD = 612

lm s-1, (filled square box) NOA system, h = 37 lm,

w2 = 3,000 lm, UD = 680 lm s-1, (filled circle) PDMS system,

h = 48 lm, w2 = 3,000 lm, UD = 1,485 lm s-1, (filled triangle)

PDMS system, h = 48 lm, w2 = 3,000 lm, UD = 1,700 lm s-1.

B Representation of the recirculations generated by each droplet in

the horizontal position. The dark droplet generates a force on the clear

droplet, represented by a dark dotted arrow. Respectively, the force

generated by the clear arrow on the dark one is represented by a clear

solid arrow. C Pairs of droplets oriented perpendicularly to the direction

of the flow, h = 90�, (filled square box) NOA system, h = 37 lm,

w2 = 3,000 lm, UD = 322 lm s-1, (filled circle) NOA system,

h = 37 lm, w2 = 3,000 lm, UD = 462 lm s-1. Droplet radius varies

between 100 and 200 lm. The solid lines show the theoretical results

based on Eq. (10). D Representation of the recirculations generated by

each droplet in the vertical position. Forces generated by each droplet

are represented by arrows of the droplet color
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Ux ¼ bU1 1� ð1� bÞR
2

r2
cos 2h

� �

Uy ¼ � 1� bð ÞbU1
R2

r2
sin 2h

ð10Þ

in which r is the initial pair separation and h (mod. p) is the

angle between the line joining the droplets centers and the

Ox axis (see Fig. 2B). Equation (10) shows that droplet

pairs displace at an angle equal to 2h with respect to the

x axis. Droplet pairs normal to the x axis move faster than

isolated droplets. On the other hand, isolated droplets move

faster than droplet pairs aligned along x (so-called peloton

effect, Beatus et al. 2006).

The solutions (10) are represented as solid lines in

Fig. 4. It agrees well with the experiment down to r/R = 2,

where deviations do not exceed 20 %. This deviation is

surprisingly low if we take into account that the far-field

approximation is no longer valid in this region.

Theory (10) and experiment agree well also in the case

where the pair is oriented normally to the upstream

velocity (see Fig. 4C). In this case, the doublet moves

faster than an isolated droplet. This can be called an

‘‘antipeloton’’ effect, because here the drag developed by

the upstream flow appears larger than for isolated drop-

lets. This can be explained by noting that the presence of

the droplet pair deviates the incoming streamlines more

importantly than in the isolated case. Thereby, larger local

speeds and larger drags can be expected. More specifi-

cally, each droplet generates dipolar motions (Fig. 4B, D)

that exert drag forces on neighboring droplets. In the

horizontal case, those forces are directed oppositely to the

flow direction as pictured in Fig. 4B, while they are

directed along the flow in the vertical case (Fig. 4D). As a

consequence, dipolar interactions result, respectively, in a

reduction/increase of the drag in the horizontal/vertical

case; horizontal pairs are slowed down and vertical pairs

fastened.

The acceptable agreement between theory and experi-

ment is further confirmed by investigating the behavior of

droplets pairs oriented by angle h with respect to the

upstream velocity. The pair speeds along the x and y

directions, measured for different angles h, are shown in

Fig. 5. Here, the droplets touch each other (r/R = 2). We

obtain, as expected theoretically from formulas (10), that

the pair speeds develop sine-like behaviors with respect to

2h. The theory, represented by full lines, agrees well with

the x speed component of the droplet pair, without any

fitting parameter, despite the long-range hypothesis is not

valid here. This agreement does not appear in the trans-

verse component that is overestimated by the theory by

30 %. The transversal speed variation is only qualitatively

predicted by the model.

4.2.2 The case of droplets of different sizes initially

aligned along the downstream direction

We consider here the case of droplets of different sizes

initially aligned along the downstream direction. We

monitor the distance between the droplet centers

d(t) = x2(t) - x1(t) in three different cases (Fig. 6): a small

droplet moving behind a large one (a), a large droplet

moving behind a small one (c), and for the sake of com-

parison, two identical droplets placed one behind the other

(b). Droplets initially lie parallel to the centerline of the

micro Hele–Shaw cell (‘‘horizontal’’ line). Their disalign-

ement being at most of 10� can be neglected. The con-

clusion is suggested by the inspection of Fig. 5 and

supported by the evidence that there is no pair rotation (see

Sect. 4.2.3). In all these experiments, droplets cover a

distance larger than 30 times their radius. For identical

droplets, we recover the result, shown previously, that their

Fig. 5 Velocity of contacting droplet pairs (r/R = 2) normalized by

the velocity of an isolated droplet, as a function of the angle of

orientation h. The isolated droplet velocity was UD = 1,100 lm s-1.

PDMS system, h = 46 lm, w2 = 3,000 lm. A Measurements along

x. Note that in this set of experiments, when the pair is vertical, the

ratio Ux/UD is smaller than on Fig. 4C. This variability is compatible

with the standard type deviation we obtain experimentally over a set

of experiments conduced in the same conditions. B Measurements of

the speed component along y. The solid lines show the theoretical

results given by Eq. (10)
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separation does not change with time, within a 5 %

experimental uncertainty. As droplets are different, there is

no more steady state: The separation diverges in case (a),

while it contracts in case (c).

The long-time behavior of the ‘‘repelling’’ case (a)

indicates that the factor b, introduced in Eq. (1), must

slightly increase with the droplet size, in a way undetect-

able by measurements made on isolated droplets, owing to

experimental uncertainty, as pictured in Sect. 4.1. We thus

compared the observations with the theory by introducing a

free parameter Db = b2 - b1, which takes the variation of

b with the droplet size into account. With this adjustable

parameter, the theoretical predictions is given by the fol-

lowing equation: (see Appendix 1.b of ESM)

dd
dt
¼ b2 � b1ð ÞU1 þ

1� b2ð Þb1R2
2 � 1� b1ð Þb2R2

1

d2
U1

ð11Þ

The solid lines, representing the above formula, agree well

with the experiment.

From these experiments, we can provide an estimate for

the variations of b with the droplet radius R, for a range of

R/h varying between 2.5 and 5.

Db
DR
� 1:6� 10�4 � 0:5� 10�4 lm�1

The very low value of the Db
DR

explains that those variations

were not detectable for isolated droplets in Sect. 4.1. It is

remarkable that such small variations control the dynamics

of droplet pairs, in the case where droplets are unequal.

This point must be taken seriously in studies attempting to

model the dynamics of populations with droplets of dif-

ferent sizes.

4.2.3 Spontaneous pair alignment along the downstream

direction

We observed an interesting phenomenon with unequal

droplet pairs placed normally to the upstream direction.

Their trajectory is shown in Fig. 7A. The pair rotates up to

a point where it almost aligns with the downstream direc-

tion. In the meantime, the droplets approach each other and

cluster. Eventually, the pair moves steadily downstream

(not shown). The physical origin of the rotation comes

from the fact that the large droplet develops vigorous re-

circulations that advect its small partner around it. The

effect cancels out when the droplets are identical.

Figure 7B shows calculations based on Eq. (7), without

fitting parameter. The approximate theory reproduces well

the internal evolution of the pair (rotation and mutual

approach), prior to the collision. Beyond the collision time,

the calculation indicates that the droplets interpenetrate,

which is nonphysical. We thus stopped the calculation after

the droplets come into contact.

4.3 The case N = 3: pair exchange

For the case N = 3, we analyzed a number of different sit-

uations and figured out typical behaviors. We found a phe-

nomenon that is well known in vortex dynamics, called ‘‘pair

exchange’’ [a similar effect is known in the field of sedi-

mentation (Guazzelli and Morris 2012)]. The phenomenon is

shown in Fig. 8, for two different initial conditions. In

Fig. 8A, the three droplets initially lie along the streamwise

Fig. 6 Evolution of the distance between droplets as a function of

time. Solid lines depict the theoretical model using an adjustment of

the parameter Db = b2 - b1. PDMS system, h = 48 lm,

w2 = 3,000 lm. a R2 = 209 lm, R1 = 155 lm, Db = 0.0055.

b R2 = 206 lm, R1 = 201 lm. c R2 = 131 lm, R1 = 205 lm,

Db = -0.0157. For identical droplets (case b), theory predicts that

their separation remains constant (horizontal solid line)

Fig. 7 A Evolution of a pair of droplets with different size (R = 250

and 167 lm, respectively) oriented normally to the upstream velocity

U? = 6,105 lm s-1. PDMS system, h = 48 lm, w2 = 3,000 lm.

a t = 0 s; b t = 1.6 s; c t = 3.2 s; d t = 4 s. The external phase flows

from left to right. B The same situation calculated by using Eq. (7)

with the parameters of Figure A (U?, radii, initial positions, b = 0.2)

a t = 0 s; b t = 2.97 s; c t = 4.06 s; d t = 5 s. A vertical drift on the

order of 50 lm s-1 is found in the simulation, which is higher than

the experimental drift. The scale bar corresponds to 500 lm
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direction, one pair standing ahead of their third partner. Since

the isolated droplet moves faster than the pair, it will

approach the pair. Eventually, the droplet located at the front

detaches and gradually escapes the new pair formed by two

other droplets. We thus obtain a horizontal ‘‘exchange.’’ This

horizontal exchange is the three-body version of the shock-

wave phenomenon discussed in previous work (Beatus et al.

2006; Champagne et al. 2011).

In another situation (Fig. 8C), a ‘‘vertical’’ pair (i.e.,

normal to the streamwise direction) stands behind an iso-

lated droplet. In this case, the pair moves faster and thus

will come closer to the isolated droplet. We observe that as

the pair approaches their partner, a droplet detaches from

the triplet newly formed; eventually, the droplet is left

behind, while the new vertical pair formed with its former

partner moves downstream at larger speed and conse-

quently escapes away from it.

The two phenomena are correctly reproduced by Eq. (7).

This is especially true for the horizontal exchange

(Fig. 8B), where a semi-quantitative agreement is obtained,

again without fitting parameter. Figure 8D shows a more

complicated situation: The approach of the vertical pair is

well reproduced by Eq. (7), as is the outcome of the

exchange, but there is a discrepancy between the experi-

ment and the theory concerning the duration of the

exchange process. In the experiment, full exchange is

observed at 4.8 s, while in the simulation, we need larger

times (beyond 10 s) to reach a state where the exchange

can be considered as completed. The reason for this dis-

crepancy is due to the fact that as the droplets get close to

each other (See Fig. 8A, d, C, d), Eq. (7) becomes inac-

curate. The inaccuracies propagate at later times, reaching

substantial levels. Calculations nonetheless show that

Eq. (7) still represents qualitatively well the evolution of

the system at late times in this particular case.

4.4 Interactions with the walls

4.4.1 A single droplet moving along a wall

In these series of experiments, we drive a single drop-

let along a wall and measure its speed as a function of its

distance to the wall rw (see Fig. 9). The other wall is

located at a distance at least about 800 lm (around 6R) so

that its influence may be neglected. We observe that the

speed of a droplet increases as its distance to the wall

decreases. This is consistent with the idea that the lateral

wall acts as a mirror and consequently develops an image

that forms a pair with the droplet, oriented normally with

respect to the streamwise direction. The ‘‘vertical’’ pair

(formed by the droplet and its image) moves therefore

faster than the isolated droplet.

At a quantitative level, we compared the droplet speed

with the theory (solid line), again without fitting parameter,

Fig. 8 Image sequences of triplets of droplets moving from left to

right in a Hele–Shaw cell. A An isolated droplet catches up with a

‘‘horizontal’’ pair; then, the droplet ahead is released (R = 99, 94 and

94 lm, respectively). PDMS system, h = 48 lm, w2 = 1,300 lm;

flow velocity is U? = 2,352 lm s-1. a t = 0 s; b t = 1.2 s;

c t = 2.4 s; d t = 3.6 s; e t = 4.8 s. B Numerical simulation with

the parameters of Figure A: U?, initial positions, b = 0.2. Here, the

droplets radii are assumed to be identical and equal to the mean radius

(R = 96 lm). a t = 0 s; b t = 1.56 s; c t = 2.5 s; d t = 3.75 s;

e t = 5.93 s. C A ‘‘vertical’’ pair catches up with an isolated droplet

and then moves downstream, abandoning its former partner (R = 165,

172, and 150 lm, respectively). PDMS system, h = 48 lm,

w2 = 1,300 lm; flow velocity is U? = 3,450 lm s-1. a t = 0 s;

b t = 1.2 s; c t = 2.4 s; d t = 3.6 s; e t = 4.8 s. D Numerical

simulation with the parameters of Figure C: U?, initial positions,

b = 0.2. Here, the droplets radii are assumed to be identical and equal

to the mean radius (R = 162 lm). a t = 0 s; b t = 1.4 s; c t = 2.66 s;

d t = 7.03 s; e t = 10 s. The scale bars correspond to 200 lm

Fig. 9 Speed of a single droplet moving along a wall plotted versus

the distance between the droplet center and the wall rw over the droplet

radius R. The system is made in PDMS (h = 46 lm, w2 = 1,300 lm).

The radius of the droplet is R = 140 lm. The speed of the continuous

phase U? is 10,800 lm s-1. It is measured in situ by seeding the flow

with micrometric particles. The side wall is shown in dark gray. In the

single-image approach, the droplet and its image form a ‘‘vertical’’

pair whose speed can be calculated by using Eq. (10)
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taking the wall as a mirror and the droplet as pointwise.

The distance to the wall is rw, so that the distance to the

droplet image is r = 2 rw. We found good agreement

between the theory and the experiment for rw/R [ 1.8. For

short distances (rw/R \ 1.8), the evolution seems more

complicated: The measured speed is substantially higher

than expected close in a range of rw/R lying between 1.25

and 1.8. Surprisingly, the discrepancy decreases as the

droplet approaches the wall further. The discrepancy

observed between 1.25 and 1.8 is probably due to the fact

that the far-field assumption becomes inaccurate.

Regarding the decrease in the droplet speed as the wall is

approached further, a possible explanation bears on the

idea that the width of the boundary layer located at the wall

is around 50 lm (Bruus 2008). Therefore, for rw/R * 1,

the droplet stands partially in the boundary layer, and

consequently, its speed is slowed down. The fact that the

model reproduces the experiment in this case is thus

fortuitous.

4.4.2 Droplet pair reflecting against a wall

The stream lines in a Hele–Shaw cell move parallel to the

flow. It is thus impossible to study the reflection phenom-

ena with a single droplet, as it moves parallel to the wall.

We used the dipolar interaction discussed earlier to send

droplet pairs toward the wall and study reflection laws.

We observed different situations. The first one is shown

in Fig. 10A. In this situation, the pair moves toward the

wall at a small incident angle (21�, measured with respect

to the wall), deviates, avoids it, and eventually moves away

from the wall. The pair keeps its integrity, and the reflec-

tion angle is equal to the incident angle. We thus have pure

symmetric reflection.

A second case is shown in Fig. 11A. Here, the incidence

angle is larger (61�). The two droplets first come into

(apparent) contact with the wall. Later, the droplet ahead of

the pair moves along the wall, while its partner separates

from the wall. The droplet located ahead moves faster so

that as time grows, the distance between them increases.

Eventually, the droplets are far apart, and the pair is

destroyed.

A third case is shown in Fig. 12A. In this case, the pair

moves in a strongly confined space—the distance between

the walls is twice the droplet diameter. The pair undergoes

a sequence of events, including contact with the wall,

rotation, and drift toward the opposite wall. The process

Fig. 10 A Evolution of a pair of droplets approaching the side wall

(R = 146 and 142 lm, respectively) at an incident angle equal to 21�.

The external phase flows from left to right. PDMS system,

h = 48 lm, w2 = 1,300 lm, flow velocity U? = 4,098 lm s-1.

a t = 0 s; b t = 0.4 s; c t = 0.8 s; d t = 1.2 s; e t = 1.6 s;

f t = 2 s; g t = 2.4 s. The scale bar corresponds to 200 lm.

B Numerical simulation with the parameters of Figure A (U?,

R = 144 lm, initial positions provided by the experiment, b = 0.2).

a t = 0 s; b t = 0.38 s; c t = 0.75 s; d t = 1.13 s; e t = 1.5 s;

f t = 2.25 s; g t = 2.38 s

Fig. 11 A Evolution of a pair of droplets approaching the side wall

(R = 120 and 113 lm, respectively). The flow is from left to right.

The flow velocity U? = 3,465 lm s-1. PDMS system with

h = 48 lm, w2 = 3,000 lm. a t = 0 s; b t = 2 s; c t = 4 s;

d t = 12 s; e t = 14 s; f t = 16 s; g t = 18 s; h t = 20 s;

i t = 22 s. The scale bar corresponds to 200 lm. B Numerical

simulation with parameters close to those of Figure A U? = 3,465 -

lm s-1 and R = 116 lm. The initial angle had to be slightly changed

to reproduce this escape phenomenon. a t = 0 s; b t = 1.28 s;

c t = 2.07 s; d t = 2.25 s; e t = 2.31 s; f t = 2.34 s; g t = 2.41 s;

h t = 2.84 s; i t = 3.55 s
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repeats periodically. We have observed up to five cycles in

a long narrow channel.

Equation (7) quantitatively reproduces the experimental

behavior observed in the case of pair reflection against the

wall (see Fig. 10B). The good agreement may originate

from the fact that at all times, the pair remains substantially

distant from the wall. This is an interesting outcome, which

indicates that in practice, walls can be considered as mir-

rors, and higher-order reflections can be neglected as long

as pairs remain distant from the wall.

The quantitative agreement gets worse as pairs approach

the wall. One example is the escape shown in Fig. 11B.

Here, the behavior observed experimentally is reproduced

only qualitatively, and only after adjusting the initial angle

between the droplet. Numerically, there is sensitivity to the

initial conditions, while experimentally the escape regime

appears robust with respect to slight changes in the

experimental conditions. The existence of various regimes

(reflection, escape) that we found, both experimentally and

numerically, appears consistent with the analysis of Uspal

and Doyle (2012a, b).

The last situation (Fig. 12) is well reproduced by the

single-image theory. The details of the rebound (contact

with the wall, rotation, and drift toward the opposite wall)

are well obtained numerically. However, we observed a

discrepancy regarding the times at which the reflection

events occur (see Fig. 12A, B). This is mainly due to the

fact that in the experiment, we operated at fixed pressure,

and consequently, the upstream velocity U? is not

imposed. In this particular set of experiment, U? must be

taken as a free parameter. When this remark is taken into

account, agreement between the theory and experiment is

found to be good (albeit at the expense of a free parameter).

5 Conclusion

In this paper, we investigated the behavior of droplets

conveyed by a mean flow and confined in micro Hele–

Shaw cells. We analyzed the case N = 1, 2, and 3 in detail.

For N = 3, we observe several phenomena (rebounds, pair

exchange) that have not been reported yet. We moreover

show that the side walls generate a rich dynamics (escape,

simple and multiple reflections).

As a whole, the dipolar interaction model (far field,

limited to nearest neighbors) provides an accurate picture

as long as the droplet boundaries are distant by more than

one radius from its neighbor or from the wall. Below this

critical distance, the far-field approximation is no longer

valid, but theory still describes well most of the observed

phenomena (speed of a pair of droplets, pair exchange, pair

rotation, speed of a droplet close to a wall, rebounds); the

agreement is surprisingly good in purely longitudinal

studies. Whatever the distance between particles and the

number of droplets involved (N = 1, 2, 3), the dipolar

interaction model gives good qualitative predictions, with

easy to compute equations, and without fitting parameters.

The capacity of predicting the movement of small

assemblies of droplets opens the possibility of devising

self-assembly strategies based on hydrodynamic interac-

tions between particles and droplets. It more generally

suggests that controlling small populations of particles in

microchannels, to mix or transport entities, seems feasible.
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Appendix D

Elementary DNA units sequences

Table of elementary DNA sequences

Elementary units Sequence
A0,bot 5′ − /5Phos/CGAAACAGATATCCACAGATATCC − 3′

A0,top 5′ − /5Phos/CAGAGGATATCTGTGGATATCTGT − 3′

A1,bot 5′ − /5Phos/CGAAACAGATATCCACAGATATCC − 3′

A1,top 5′ − /5Phos/CAGAGGCTGCCATAGGCTGCCATA− 3′

B0,bot 5′ − /5Phos/GTCAGCAACCAAGCGCAACCAAGC − 3′

B0,top 5′ − /5Phos/TTCGGCTTGGTTGCGCTTGGTTGC − 3′

B1,bot 5′ − /5Phos/GTCAGAACCACTCCGAACCACTCC − 3′

B1,top 5′ − /5Phos/TTCGGGAGTGGTTCGGAGTGGTTC − 3′

C0,bot 5′ − /5Phos/GGGAAGCGCCAAGTAGCGCGAAGT − 3′

C0,top 5′ − /5Phos/TGACACTTGGCGCTACTTGGCGCT − 3′

C1,bot 5′ − /5Phos/GGGAGGAGCGTTCTGGAGCGTTCT − 3′

C1,top 5′ − /5Phos/TGACAGAACGCTCCAGAACGCTCC − 3′

D0,bot 5′ − /5Phos/GTTGGTCCAATGGCGTCCAATGGC − 3′

D0,top 5′ − /5Phos/TCCCGCCATTGGACGCCATTGGAC − 3′

D1,bot 5′ − /5Phos/GTTGAGGATTCGGCAGGATTCGGC − 3′

D1,top 5′ − /5Phos/TCCCGCCGAATCCTGCCGAATCCT − 3′

P5: 5’ AAT GAT ACG GCG ACC ACC GA 3’

P7: 5’ CAA GCA GAA GAC GGC ATA CGA GAT 3’

SBS3 : 5’ ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT

SBS12: 5’ P- GAT CGG AAG AGC TCG TAT GCC GTC TTC TGC TTG
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Résumé en français du travail de thèse

La microfluidique en gouttes permet l’analyse de systèmes biochimiques à grand débit, en
utilisant de faibles volumes réactionnels, à faible coût. Dans l’état de l’art, le volume des
gouttes varie entre 2 pL et 4 nL, un millier à million de fois inférieur au volume d’un puit de
microplaque. Miniaturiser d’avantage les volumes réactionnels permettrait d’augmenter encore
les débits d’analyse, de d’avantage réduire les coûts et ouvre également l’accès à de nouvelles
études, telles que les études sur molécule unique ou la délivrance de médicaments.

La première partie de ce travail de thèse concerne la miniaturisation des opérations classiques
de la microfluidique en gouttes à l’échelle femtolitrique: production, stabilité, biocompatibilité,
mélange en gouttes, coalescence, tri, division de gouttes, production à la demande ont été
démontrés avec succès sur des gouttelettes femtolitriques. Le tout a été permis en restant dans
les limites de la technologie PDMS et des standards classiques de la lithographie.

La seconde partie s’intéresse à certaines applications biologiques issues du couplage de gout-
telettes picolitriques et femtolitriques. Une plateforme permettant l’encodage in situ de gouttes
à l’aide de codes barres d’ADN lisibles par séquençage a été construite. Deux autres applications
ont été envisagées: un projet concernant l’émergence des chromosomes dans un monde prébio-
tique qui nécessitait des facteurs de dilution de l’ordre de 1:1000 et un projet de cartographie
génotype-phénotype sur une enzyme qui nécessitait deux dilutions par 10 ont bénéficié de la
miniaturisation à l’échelle femtolitrique.

Abstract of this manuscript

Droplet-based microfluidics has demonstrated its multiple advantage over standard mi-
crotitre plates technologies by increasing analysis throughputs, decreasing costs and enabling
the encapsulation of single cells into individual reservoirs. In the state-of-the-art, droplet vol-
umes usually range from 2 pL to 4nL, one thousand to one million times smaller than microtitre
plate wells. This PhD work focuses on the miniaturization of biological reservoirs down to the
femtoliter scale which would enable an increase of throughputs of analysis and open up access
to new studies, such as single-molecule studies or drug delivery.

The first part of this manuscript concentrates on the miniaturization of elementary opera-
tions of droplet-based microfluidics down to the femtoliter scale. Production, mixing, electroco-
alescence, DEP sorting, splitting, drop-on-demand, stability, biocompatibility were successfully
demonstrated on droplets of a few micrometers diameter.

The second part of this manuscript focuses on some biological applications that were de-
velopped with the LBC. A platform for the in situ encoding of droplets with DNA barcodes
readable per sequencing was developped. Two other applications were envisioned: a project
studying the conditions that prevailed the apparition of chromosomes in an early RNA world
and a genotype-phenotype mapping project benefited from downscaling to the femtoliter scale.
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