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Abstract 

Over recent years, droplet-based microfluidic systems have become powerful tools with which to perform 
a wide range of biological and chemical experiments. The studies described in this thesis, aim to develop 
novel droplet-based platforms and associated techniques and materials, with a view to enhance both the 
analytical performance of droplet-based microfluidics technologies, but also their application to 
contemporary biological of interest. Specifically, the work described herein includes the design, 
manufacture and application of a novel robotic system for studying enzyme kinetics, the creation of new 
biocompatible surfactants use in droplet-based experiments and an innovative temperature gradient 
platform for the rapid characterization enzymatic activity. This thesis compromises five main chapters:  

Chapter 1 provides a general introduction to the field of droplet microfluidics and discusses the ideas 

behind compartments-on-demand, fluorosurfactants and methods for the characterization of enzyme 

function. The final section of this chapter details the specific aims of the thesaural work. Chapter 2 is 

dedicated to the design, fabrication and testing of a robotic platform for the rapid and accurate assessment 
of enzyme kinetics. The approach provides for a novel and improved method of generating precisely 
controlled compartments in a bespoke fashion. The chapter describes technical aspects of the robotic 
platform, characterization of the droplet generation process and presents experiments on enzyme kinetics 

and inhibition of sweet almond β-glucosidase. Chapter 3 describes the synthesis of biocompatible fluorous 

surfactants for use in droplet-based microfluidic systems. Studies report novel methods for the synthesis, 
functionalization and purification of fluorosurfactants, and also the synthesis of three novel and 

functionalized fluorosurfactants. Chapter 4 describes the development of microfluidic platform integrating 

a controllable temperature gradient for the efficient characterization of both enzymatic activity and 
stability. The proof-of-principle studies present the design and fabrication of glass device design for such 
experiments, the development of temperature gradient platform and initial calibration experiments. Finally, 

Chapter 5 provides a brief assessment of the work performed and suggestions for the future refinement 

of the robotic and temperature gradient platforms for use in enzymatic research.  
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Sommario 

Negli ultimi anni, le tecnologie microfluidiche a gocce sono diventate strumenti potenti per eseguire 
un'ampia gamma di esperimenti biologici e chimici. Gli studi descritti in questa tesi hanno lo scopo di 
sviluppare nuove piattaforme in questo settore con relative tecniche e materiali, al fine di migliorare le 
prestazioni analitiche delle tecnologie microfluidiche a gocce e la loro applicazione nei sistemi biologici di 
interesse. In particolare, il lavoro qui descritto comprende la progettazione, la fabbricazione e l'applicazione 
di un nuovo sistema robotico per lo studio della cinetica enzimatica, la creazione di nuovi tensioattivi 
biocompatibili utilizzati in esperimenti di microfluidica a gocce e un'innovativa piattaforma basata sul 
gradiente di temperatura per una rapida caratterizzazione dell'attività enzimatica. Questa tesi include 
cinque capitoli principali: 

Il capitolo 1 fornisce un'introduzione generale nel campo della microfluidica a goccia e discute le idee 

alla base dei compartimenti su richiesta, i fluorosurfactanti ed i metodi per la caratterizzazione della 
funzione enzimatica. La sezione finale di questo capitolo descrive gli obiettivi specifici del lavoro tesi. 

Il capitolo 2 è dedicato alla progettazione, alla realizzazione e alla sperimentazione di una piattaforma 

robotica per una rapida e accurata determinazione della cinetica enzimatica. L'approccio prevede un nuovo 
metodo di generazione precisa di compartimenti (gocce) in maniera controllata. Il capitolo descrive gli 
aspetti tecnici della piattaforma robotica, la caratterizzazione del processo di generazione delle gocce e 
presenta esperimenti di cinetica enzimatica e di inibizione della β-glucosidasi di mandorle dolci. 

Il capitolo 3 descrive la sintesi di tensioattivi fluorurati biocompatibili per l'impiego in sistemi microfluidici 

a gocce. Gli studi descrivono nuovi metodi per la sintesi, la funzionalizzazione e la purificazione di 

fluorosurfactanti, nonché la sintesi di tre nuovi fluorurosurfactanti funzionalizzati. Il capitolo 4 descrive 

lo sviluppo della piattaforma microfluidica che integra un gradiente di temperatura controllabile per la 
caratterizzazione efficiente sia dell'attività enzimatica sia della stabilità. Inoltre il lavoro include la 
progettazione e la fabbricazione di un chip di vetro per gli esperimenti sopra menzionati, lo sviluppo della 

piattaforma di gradiente di temperatura ed i primi esperimenti di calibrazione. Infine, il capitolo 5 fornisce 

una breve valutazione del lavoro svolto e alcuni suggerimenti per il future miglioramento sia delle 
piattaforme robotiche sia di quelle a gradiente di temperatura utilizzabili nella ricerca enzimatica. 



vi 



vii 

Table of Contents 
1 Introduction................................................................................................................................. 1 

1.1 Microfluidics ............................................................................................................................... 2 

1.1.1 Droplet Based Microfluidics ................................................................................................... 3 

1.2 Fluorous continuous phase ........................................................................................................... 4 

1.3 Fluorosurfactants ........................................................................................................................ 5 

1.3.1 Compartments-on-Demand .................................................................................................... 8 

1.4 Characterization of novel enzymes from genetic databases ............................................................ 9 

1.5 Specific aims ............................................................................................................................. 11 

1.6 References ................................................................................................................................ 13 

2 A Robotic Droplet Generator for High-Throughput Biological Experimentation .................... 17 

2.1 Introduction .............................................................................................................................. 18 

2.1.1. Compartments-on-Demand ................................................................................................. 18 

2.2 Carousel Robotic Platform for Compartment on Demand ............................................................ 20 

2.2.1 COD System Overview ........................................................................................................ 20 

2.2.2 Carousel Construction ......................................................................................................... 21 

2.2.3 LabVIEW Interface for Controlling the COD Platform .......................................................... 22 

2.2.4 Microtubes ......................................................................................................................... 22 

2.2.5 Continuous Phase Oil .......................................................................................................... 23 

2.2.6 Optical Setup ..................................................................................................................... 24 

2.2.7 Data Acquisition and Analysis ............................................................................................. 25 

2.2.8 Electromagnet Operation and Droplet Generation ................................................................. 26 

2.2.9 Calibration Experiment ........................................................................................................ 30 

2.3 Kinetics of β-Glucosidase ........................................................................................................... 31 

2.3.1 Introduction ....................................................................................................................... 31 

2.3.2 Experimental Concept ......................................................................................................... 33 

2.3.3. Absorbance setup .............................................................................................................. 34 

2.4  Platform for Precise Nanoliter Assay of Time-Dependent Steady-State Kinetics and Inhibition . 35 

2.4.1 Introduction .................................................................................................................. 35 



viii 

2.4.2 Experimental Setup ....................................................................................................... 36 

2.4.3 Enzyme kinetics ............................................................................................................ 37 

2.4.4 Inhibition Studies .......................................................................................................... 41 

2.4.5 Conclusions ................................................................................................................... 42 

2.5 References ................................................................................................................................ 44 

2.6 Appendix .................................................................................................................................. 46 

2.6.1 LabVIEW Program for COD Platform ................................................................................. 46 

2.6.2 Microcontroller Code........................................................................................................... 47 

3 Novel Fluorosurfactants for Application in Droplet-Based  Microfluidics ............................. 49 

3.1. Introduction ............................................................................................................................. 50 

3.2 Experimental............................................................................................................................. 56 

3.2.1 Materials ............................................................................................................................ 56 

3.2.2 Synthesis of PFPE-Jeffamine-PFPE Surfactant .................................................................... 56 

3.2.3 Synthesis of PFPE-Jeffamine-PFPE Modified Surfactants…………………………………………………58 

3.2.3.1 Synthesis of PFPE-Jeffamine-FITC Surfactant…………………………………………………….……………………. 58 

3.2.3.2 Synthesis of PFPE-Jeffamine-Rhodamine Surfactant………………………………………………………………. 59 

3.2.3.3 Synthesis of PFPE-Jeffamine-Biotin Surfactant…………………………………………………..…………………… 61 

3.2.4 Analytical Techniques for Surfactant characterization. .......................................................... 63 

3.2.4.1 Infrared absorbance spectroscopy…………………………………………………………………….……….............. 63 

3.2.4.2 Dynamic light scattering………………………………………………………………………………………….……………… 63 

3.2.4.3 Thin Layer Chromatography Method for Synthesis of Fluorosurfactant…………………..……………… 64 

3.2.4.4 Fluorescence measurements………………………………………………………………………………………………….. 64 

3.3 Results ..................................................................................................................................... 65 

3.3.1 Evidence of Krytox-Jeffamine binding .................................................................................. 65 

3.3.2 Measurement of the critical micelle concentration ................................................................ 66 

3.3.3 TLC Monitoring system. ..................................................................................................... 68 

3.3.4 Smart Fluorosurfactants for Droplet Microfluidics ................................................................. 73 

3.3.4.1 Design of FITC-, Sulforhodamine 101- and Biotin-Functionalized Surfactants…………………………. 73 

3.3.4.2 pH sensitivity of PFPE-Jeffamine-FITC Surfactant……………………….…………………………………………… 75 

3.3.4.3 Temperature sensitivity of PFPE-Jeffamine-Rhodamine…………………………………………………………. 77 

3.3.4.4 pH Binding of Streptavidin-FITC to PFPF-Jeffamine-Biotin Surfactant……………………………………… 78 

3.4 Conclusions and Future Work .................................................................................................... 80 



ix 

3.5 References ................................................................................................................................ 82 

3.6 Appendix .................................................................................................................................. 84 

3.6.1 MALDI Measurements of Krytox FSH ................................................................................. 84 

3.6.2 SIMS Measurements of Krytox FSH and Fluorous Surfactants .............................................. 86 

3.6.3 Functionalized Surfactants .................................................................................................. 89 

3.6.4 PFPE-Jeffamine-FITC – pH Dependent Fluorescence ........................................................... 90 

4 A Microfluidic Platform for High-throughput Enzyme Kinetics with Temperature Gradient . 91 

4.1 Introduction .............................................................................................................................. 92 

4.2 Experimental Section ................................................................................................................. 94 

4.2.1 Microfluidic device design and fabrication ............................................................................ 94 

4.2.2 Platform structure .............................................................................................................. 95 

4.2.3 Detection setup .................................................................................................................. 96 

4.3 Temperature Gradient Platform - Results and discussion ............................................................. 97 

4.3.1 Experimental Concept ......................................................................................................... 97 

4.3.2 Generation of temperature gradients .................................................................................... 98 

4.3.3 Droplet Fluorescence Tests ................................................................................................ 100 

4.4 Conclusions ............................................................................................................................. 102 

4.5 References ............................................................................................................................... 103 

5 Conclusions and Future Outlook ..................................................................................... 104 

5.1 Robotic Droplet Generator for High-Throughput Experimentation .............................................. 105 

5.2 Characterization of Novel Fluorous Surfactants.......................................................................... 105 

5.3 Microfluidic Platform for Studying Haloalkane Dehalogenases .................................................... 106 



1 

Chapter 1 

Introduction 



Chapter 1 

2 

1.1 Microfluidics 

Microfluidics is the study of small amounts of fluids, in the range of 10 9 to 10 18 L flown in channels of 

small dimensions (tens to hundreds of micrometer). In recent years, the technology of microfluidics has 

progressed rapidly and become an integral part in many engineering and biomedical applications  At these 

length scales, the Reynolds number is low and the flow is usually laminar. The huge advantage of the 

small dimensions in microfluidics is the laminar flow which gives a new quality on the control of localisation 

and time inside the microfluidic channel. The flow can be characterized using suitable dimensionless 

numbers such as the the Reynolds number and the Péclet number [1-3].  Reynolds number (𝑅𝑒) represents 

the ratio of inertial to viscous forces and describes the amount of turbulence for given flow parameters:  

𝑅𝑒 =
𝜌𝑑𝑣

𝜇

(1.1) 

𝑑 =
4𝐴

𝑝𝑤

(1.2) 

Where:  𝜌 density of fluid (kg/m3), v fluid velocity (m/s), d hydraulic diameter (m),  𝜇 dynamic viscosity 

of the fluid (Ns/m2), A cross-sectional area (m2) and pw wetted parameter. 

For the small length scales typical in microfluidics, the Reynolds number is generally smaller than 1, being 

characteristic for laminar flow [4]. Thus, mixing, which is required for many applications, occurs only 

through diffusion without the help of vortices which are present in turbulent flow.  Specific channel 

geometries, e. g. a zigzag configuration, induce mixing through chaotic advection [5]. An additional 

difficulty in single-phase microfluidics, is the occurrence of dispersion induced by a parabolic velocity 

profile over the cross-section of the channel with the velocity being zero at the channel walls and maximum 

at the centre [6]. This leads to a non-uniform residence-time of the reagents across the cross-section of 

the chip and a non-uniform reaction progress at a specific distance from the start of the reaction. In 

continuous microfluidics reagents flow in micro-channels with the liquid medium in full contact with the 

channel walls (Figure 1.1).  This means that surface chemistry and transport phenomena dominate the 

environment [7-11] 
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Figure 1.1  Laminar flow in microchannel  continuous flow microfluidics. Adapted with permission from [12]. 

1.1.1 Droplet Based Microfluidics 

With the difficulties of mixing and dispersion of materials in single-phase microfluidics due to the above 

named phenomena, multi-phase microfluidics was developed. Here, droplets of one phase inside another 

phase are used to localise and encapsulate material [13]. The first droplet-based microfluidic experiments 

were performed in 2001 [14]. 

Figure 1.2 Characteristic images of the two types of microfluidic devices: for droplet formation (a) T-junction 

and (b) flow-focusing. White arrows and scale bars indicate the oil phase flows and 100 μm  

respectively. Adapted with permission from [13]. 

Nowadays, monodisperse droplets are produced using two immiscible phases which are injected into 

microfluidic channels with different geometries such as a T-junction [14-17] and Flow Focusing Devices 

[18-20], as in Figure 1.2 a and b. In such an arrangement the continuous phase (immiscible fluid) carries 

aqueous microdroplets (also known as plugs [21]). Droplet formation is caused by homogeneous shearing 

of the two phases and a competition between the stresses which act locally on the fluid to deform the 

(a) 

 (b) 
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interface and the capillary pressure which acts against this deformation [95]. Generally, the droplet size is 

controlled by the channel geometries and the flow rate ratios of the two phases.  

Since the first experiments on the production of monodisperse droplets inside microfluidics [14], the 

demand for the manipulation of droplets on chip has continually increased.  A microdroplet can be 

considered as being an independent reaction vessel separated from other droplets by the carrier-phase 

fluid [22-30]. High-throughput droplet production now refers to 1000 to 10 000 droplets, thus, many 

research groups are still working towards large-scale droplet production with the achievement of already 

a couple of hundred millilitres per hour [31]. For the above reasons, droplet based microfluidic systems 

have been applied as powerful tools in: DNA sequencing [32], single-cell analisys [33-42], drug screening 

[34, 43-45], biological and chemical assays[46],  diagnostics [47-49] and directed evolution experiments 

[50-52]. 

For the use of droplets as microreactors, the droplet should be homogeneously mixed. This is achieved 

analogous to the mixing in single-phase microfluidics using channel geometries which lead to chaotic 

advection, e. g. winding channels[53]. The dimensionless Péclet number (Pe), compares the convective 

with the diffusive transport using the flow velocity, V, the characteristic length scale of the system, L, (in 

droplet microfluidics, the size of the droplet) and the diffusion coeffcient, D. 

For mass transfer the Péclet number at characteristic length (L), it is defined as: 

𝑃𝑒𝐿 =  
𝐿𝑉

𝐷

(1.3) 

Where: L characteristic length (m), V fluid velocity (m/s), D mass diffusion coefficient (m2/s) 

1.2 Fluorous continuous phase 

The most common continuous (carrier) phase in droplet-based systems are fluorocarbon oils, such as FC 

and Novec Engineered Fluids from 3M. These oils are lipophobic and hydrophobic thus experiencing very 

low solubility within aquoues chemical and biological reagents [54, 55]. Moreover, they hinder molecular 

diffusion between microdroplets[56].  

used to define the substitution of all hydrogen atoms of a molecule by fluorine.  The different properties 

between fluorocarbons and hydrocarbons are mainly due to the size and electronegativity of the fluorine 

atoms which show the strongest bonds (C-F) in organic chemistry. The high electronegativity of the 

fluorine atom leads to extremely low polarisability of C-F bonds. Thus, the C-F groups interact only weakly 

with other molecules or functional groups by electrostotatic or dipole interactions. The low solubility of 
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organic molecules in fluorocarbon fluids results in less partitioning and cross-talk between emulsion 

droplets. Another advantage for applications in microfluidics is directly related to polydimethylsiloxane 

(PDMS), the most commonly used material due to its easy fabrication. As opposed to hydrocarbons, 

fluorocarbons do not cause swelling[57] of microfluidic devices made from PDMS. 

Figure 1.3 (a) Microdroplet generation in T-junction structure of a microfluidic chip. Reprinted figure with 

[14]. (b) Example of a Flow Focusing Device, with 3 aqueous input channels. 

Adapted with permission from [18].  

1.3 Fluorosurfactants 

Stabilisation of an emulsion with given droplet sizes can be achieved thermodynamically by lowering the 

free energy through a decrease of interfacial tension or kinetically by introducing an activation barrier for 

the emulsion ageing process [58]. The properties of surfactants play a crucial role on both mechanisms. 

s a composite of the words surface-active agent, meaning that the molecules act 

on the surface or interface of a system [59]. Typical surfactants possess hydrophilic headgroups and 

hydrophobic tails. They adsorb to interfaces through their amphiphilic character and lower the interfacial 

tension [60]. Additionally, they delay coalescence of emulsion droplets through steric repulsion as well as 

through the coupling with hydrodynamic flows [61]. 

Surfactants in general can be found in a variety of products from detergents to cosmetics as well as 

plastics, and they can be used to prepare emulsions and suspensions. The hydrophilic part of the 

surfactants achieves its solubility via ionic interactions or hydrogen bonding and according to the type of 

the hydrophilic group, surfactants can be split into four different classes:  

 anionics

 cationics (that dissociate in water into two oppositely charged species - the surfactant ion and its

counter ion)

 non-ionics (contain highly polar groups, such as polyethylene-oxides or polyol groups)

 zwitteronics (contain both negative and positive moieties)

(a) (b) 
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The behaviour of surfactants in solutions can be described by the Hydrophobic Lipophilic Balance (HLB) 

factor, introduced by William Griffin [62].  

𝐻𝐿𝐵 = 20 ∙
𝑀ℎ

𝑀
(1.3) 

where : 𝑀ℎ (g/mol) - molecular mass of the hydrophilic part of the molecule 𝑀  total mass of the 

molecule (g/mol) 

Surfactants with HLB < 10 are mostly hydrophobic and allow formation of water-in-oil droplets. On the 

other hand, surfactants with HLB > 10 are mainly hydrophilic, promoting the formation of emulsions 

consisting of oil-in-water droplets. 

For droplet microfluidic systems, employing fluorocarbons oils as carrier phase, a compatible set of 

surfactants is required to inhibit coalescence of droplets. Consequently, a class of amphiphilic molecules, 

called fluorosurfactants, with a hydrophilic head group and a fluorophilic tail group, (with HLB < 10), are 

employed for this purpose. The properties of fluorous surfactants, arise from their fluorinated tail chain

which contains repeated CF2 groups. Being larger than hydrogen atoms, fluorine atoms have higher 

electronegativity, but smaller polarizability and high ionization potential [63]. This makes fluorocarbon 

chains more bulky than those comprised of hydrocarbons, with cross sectional sizes of 27 30 A2, and 18

21 A2 respectively [64]. The carbon-fluorine bond is one of the strongest in organic chemistry with its 

bond-dissociation energy (BDE) being 130.5 kcal/mol [65] resulting in high thermal and chemical stability 

of fluorocarbons. As comparison the carbon-hydrogen bond has BDE of 104.99 kcal/mol [66].   

Fluorine has also low polarizability, making the van der Waals interactions between fluorinated chains 

weak  a feature responsible for their low cohesive energy, which in turn results in low dielectric constant, 

high vapour pressure, high compressibility, high gas solubility, low surface tension, high surface activity 

in aqueous solutions and low critical micelle concentration (CMC) [63, 64, 67, 68]. Moreover fluorocarbon 

chains are extremely hydrophobic and lipophobic, making them a perfect building block for surface active 

agents for aqueous/fluorus systems[68]. In droplet microfluidics, the stability of droplet within an emulsion 

is of crucial importance. That requires a surfactant that can lower the surface tension of the 

aqueous/fluorous interface to prevent droplets from coalescence. The advantage of fluorocarbon based 

surfactants is, that they can lower the surface tension to below 20 mN/m, while most hydrocarbon 

surfactants can only reach 25-27 mN/m [69].  

Surfactants with fluorus tail groups at the length of C6 to C10, do not provide enough long-term emulsion 

stability in order to be universally applied in microfluidic systems. Molecules synthesized with longer 

fluorocarbon chains, such as perfluoropolyehters (PFPE) provide stability even for large dropelts [70]. 

A molecule used in this context is poly(perfluoropropylene glycol)-carboxylate, known under brand name 

Krytox (Figure 1.).  



Chapter 1 

7 

Figure 1.4 Molecular structure of poly(perfluoropropylene glycol)-carboxylate, Krytox 157 FSH, a candidate 

molecule for fluorous tail groups of surfactants for droplet microfluidics. 

Krytox has a terminal COOH group that in water dissociates into -COO- and H+ ions. Consequently it 

must be conjugated with a non-ionic hydrophilic head group, to prevent undesired interaction with charged 

molecules such as DNA, RNA and proteins, which can results in loss of their activity (Figure 1.5). Based 

on this requirement two commercially available triblock surfactants were proposed to address this issue:  

Raindance and Picosurf. These surfactants contain two fluorous Krytox chains and a hydrophilic group - 

polyethyleglycol (PEG) in Raindance, and Jeffamine in case of Picosurf. These modifications of the 

hydrophilic group ensure biocompatibility of the proposed fluorous surfactants, making them suitable for 

the screening experiments of different types of cells (mammalian, yeast), bacteria and viruses [71-74]. 

Figure 1.5 Drops of a water-in-oil emulsion are used for encapsulation of biological molecules (DNA, RNA, 

proteins), and/or cells. Left: Drops are generated using a flow focusing geometry. Right: Surfactants 

adsorb to the interface (arrow 1), forming an interfacial surfactant layer. The surfactant layer 

stabilizes the emulsion and prevents the adsorption of biomolecules and cells to the interface (arrows 

2 and 3). Tuning the molecular structure and composition of the surfactant is critical for droplet-

based biological assays. This schematic representation is not to scale. Reproduced from [70] with 

permission from the Royal Society of Chemistry. 

Fluorous tail groups can be used to create surfactants that express a specific catalytic or affinity function. 

The high surface-to-volume ratio in droplet interfaces accelerate and improve yield of  for various 

reactions[75]. In this arrangement the content of aqueous droplets can be monitored by compounds or 
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moieties bound to fluorous surfactants, delivered from the fluorous oil phase. This concept has already 

been used to perform Suzuki Miyaura coupling reactions aided by a catalyst that was covalently bound 

to a fluorous surfactant molecule[76]. The funtionalized surfactants have also been applied to study affinity 

of His-tagged proteins[60], or T-cells[77] towards droplet interfaces. In light of the aforementioned 

examples of modified [78] surfactants that can be conjugated with various chemical groups or catalysts, 

is of great importance as it can pave the way for innovative 

microfluidic experiments. 

1.3.1 Compartments-on-Demand 

As previously mentioned, a significant adavantage of microfluidic systems is the capability of precisely 

controlling microdroplet composition. This has been achieved by upgrading a simple T-junction geometry 

with two inlet channels (oil phase and aqueous phase), to a multi-junction structure incorporating 

additional aqueous phase inlets [79]. Despite its simplicity, precise control of droplet content and droplet 

size reproducibility are extremely difficult [80]. 

A different solution for compartment-on-demand (COD) setups involves off-chip droplet generation based 

on an aspiration technique [81], with low frequency generations ranging between 1 and 10 Hz. This allows 

the user to directly control the droplet payload. Essentially, in this approach the droplets are generated 

through vertical motion of the liquid aspiring needle, which alternates between aqueous sample and oil 

(Figure 1.6).  

Figure 1.6 The injection process from a microtiter plate containing three liquid layers, using a dual diameter 

aspirating tip. As a result microdroplets of aqueous sample separated by oil phase are created within 

the tip. Adapted with permission from [81].  

Another droplet on demand generation technique was proposed by the team of Wen-Bin Du [82]. 

It introduces an additional capability which is reagent-mixing on generation. In this arrangement a picolitre 

precision pump sources liquids from a well plate via a tempered capillary (Figure 1.7). The samples are 

placed in the well plate covered by a layer of oil. The capillary, which is mounted on an automated arm, 

can switch between reagents during every aspiration event and thus any droplet can be composed of 
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distinct samples (Figure 1.7 a). The team demonstrated the use of their device (called DropLab) in protein 

crystallisation experiments and enzyme inhibition assays. 

Figure 1.7 (a) Schematic diagram of principle for assembling a 3-component droplet using DropLab. 

(b)  DropLab with multiwell plate.  (c) 2D-droplet array formed by depositing the generated droplets 

in the capillary into an oil-immersed nanowell plate. The arrows represent the flow directions of 

liquids in the capillary channels. Adapted with permission from [82] 

1.4 Characterization of novel enzymes from genetic databases 

In general, protein stability varies with many external factors such as temperature, presence of denaturing 

chemicals, pH, and even the buffer composition. Thermodynamics is an important tool in protein chemistry 

to comment on these empirical relationships between structural changes and energetics of folding. 

Conventionally, calorimetric experiments such isothermal titration calorimetry (ITC), differential scanning 

calorimetry (DSC) combined with circular dichroism (CD) are performed to study protein thermodynamics 

(Figure 1.8). These techniques require bulky and sophisticated instrumentation, with considerable volumes 

of samples used (e.g. ~1.5 mL), over extended measurement times (1.5 hours) [83]. Droplet-based 

microfluidic technologies have been shown to hold enormous potential for high-throughput screening [84]. 

Such approaches are exceptionally well suited for performing large numbers of discrete experiments on 

small sample volumes [84].   

Figure 1.8 Current conventional methods of studying protein activity: thermal denaturation, Tm (A), structural 

solvent stability, half-effective concentration C1/2 for structural stability in presence of solvents (B) 

evaluated by circular dichroism or differential scanning calorimetry, indicating percent of protein 

unfolding. 

(b) (c) (a) 
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Haloalkane dehalogenases (HLDs) are a large and important family of hydrolytic enzymes that have been 

-hydrolase 

superfamily[85], and have a common mechanism of action involving the hydrolytic cleavage of carbon

halogen bonds in halogenated aliphatic compounds to produce the corresponding alcohol, a halide ion and 

a proton as the reaction products. They catalyse the hydrolysis of a diverse range of substrates including 

halogenated alkanes, alkenes, cycloalkanes, alcohols, epoxides, carboxylic acids, esters, ethers, amides and 

nitriles [86] and have application in biocatalysis, bioremediation, biosensing [87]. HLDs catalyse the 

hydrolysis reaction, cleaving of carbon-halogen bonds in halo alkanes to produce primary alcohol and 

halide.  It proceeds by SN2 mechanism, in which one bond is broken, and one is formed synchronously, 

followed by the addition of hydroxyl group from water molecule, the only co-factor required for catalysis. 

Figure 1.9 Catalytic reaction triggered by haloalkane dehalogenases. In presence of water a halogen atom from 

the substrate is removed and substituted with a hydroxyl group. The reaction turns haloalkanes into 

primary alcohol and halides. 

Although the physiological function of HLDs is not fully understood, some bacterial strains (such as 

Xanthobacter autotrophicus GJ10, Sphinghomonas paucimobilis UT26, Pseudomonas paucimobilis and 

Rhodococcus rhodochrous) are known to use organic halides as their sole carbon and energy source. 

Moreover, two decades of research into HLDs make them a benchmark for studying the function of many 

hydrolase enzymes [88]. With the ability of dehalogenases in catalysing a broad spectrum of substrate 

specificity in their hydrolysis reaction, they provide a unique enzymatic system that can be used in 

biocatalysis, bioremediation, decontamination, and biosensing (Figure 1.10). That said, there is a need 

for developing a microfluidic device that can be applied for systematic characterisation of newly identified 

enzymes mined from genetic databases. In short, a platform that will allow for the extraction and the 

comprehensive study of a wide range of parameters (including pH and temperature) that affect both 

kinetics and thermodynamics on short timescales and for a large number of protein samples. 
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Figure 1.10 Applications of haloalkane dehalogenases in biotechnology and industry. Adapted with permission 

from [87]. 

1.5 Specific aims 

 Development of novel robotic droplet generator for high-throughput biological

experimentation

Micro droplet generation schemes are dominated by on-chip Flow Focusing devices that operate

at frequencies up to tens of kilohertz. They are adapted to dealing with big droplet populations,

which is nevertheless excessive for small sample libraries. Compartment On Demand platforms

with their lower generation rates between 1-10 Hz, offer precise control of chemical payload in

individual droplets. The aim of this task is to deliver a novel robotic platform for biological

experimentation, such as a high-throughput, quantitative enzyme kinetic analysis in microdroplets.

The platform is capable of off-chip droplet generation with a precise control of droplet payload,

achieved through electronic selection of multiple aqueous samples.

 Development of assessment technique for fluorous surfactants and synthesis of novel

functionalized fluorous surfactants for droplet microfluidics

Current synthetic schemes of biocompatible fluorous surfactants, contain steps that contribute to

the creation of unwanted impurities. Current purification techniques result in surfactant batches

of different interface and long-term stability properties. The aim of this project is to employ thin

layer chromatography as a quick and simple method for checking post-synthesis impurities without

the need of using costly equipment such as mass spectrometry, nuclear magnetic resonance or

infrared measurements,

The second part of this task was to develop novel functionalized surfactants that can be used for

affinity assays as well as reporting molecules, for such factors as intra-droplet pH value or
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temperature. Interfaces between aqueous microdroplets and fluorous oils, with their high surface-

to-volume rations, offer a great opportunity for catalytic and affinity based reactions.  

 Development of novel microfluidic platform for study of activity of haloalkane

dehalogenases

Genetic databases provide an ever-increasing number of new identified sequences. This requires

creation of new efficient systems of mining new enzymes and assessment of their stability and

activity. The current methods, such as circular dichroism (CD), isothermal titration calorimetry

(ITC), differential scanning calorimetry (DSC), mass-spectrometry (MS), are time-consuming,

bulky and require significant volumes of precious samples. The aim of this project is to deliver a

novel high-throughput microfluidic platform for kinetic screening of haloalkane dehalogenases

mutants under a precise temperature gradient as well as the creation of gradients in the substrate

concentrations, pH values and solvents.
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A Robotic Droplet Generator for High-Throughput 
Biological Experimentation 
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deMello AJ, Hollfelder F., Anal. Chem., 2013, 85, 4761-4769. This chapter describes patent-protected 
and proprietary technology of Drop-Tech Ltd of the United Kingdom, co-founded and co-invented by the 
author (PCT/GB2013/051668). 
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2.1 Introduction 
High-throughput screening techniques aim to study and assay large numbers of discrete chemical and 
biological experiments in short periods of time [1]. The ability to rapidly and precisely vary reaction 
parameters, such as reagent concentrations, temperature and reaction time, is particularly helpful in such 
methods, and has significant implications in the fields of protein engineering, drug discovery [2] and 
enzyme kinetics [3]. Significantly, recent developments in the miniaturisation and automation of fluid 
handling instrumentation have provided the experimentalist with powerful and novel tools for 
combinatorial experimentation. Of particular interest are microfluidic or lab-on-a-chip technologies, which 
have been successfully applied to a range of problems in the fields of cell biology, biochemistry, drug 
discovery, genetic analysis, small molecule synthesis and pharmacology [2, 4-6]. As described in Chapter 
1, droplet-based microfluidic systems are exceptionally adept in handling and processing fluids on the fL 
to nL scale [7-17], and thus potentially define a powerful and novel platform for high-throughput screening. 

2.1.1. Compartments-on-Demand 

In simple terms, droplet-based microfluidic systems generate and process discrete droplets contained within 
an immiscible carrier fluid. They leverage immiscibility to create isolated volumes that reside and move 
within a continuous flow. Significantly, these platforms allow for the production of monodisperse droplets 
at rates in excess of tens of kilohertz and provide for independent control over each droplet in terms of 
its size, location, and chemical makeup [18]. Since even the simplest droplet-based microfluidic system 
can produce in excess of a million (chemically distinct) droplets on a minute-to-hour timescale, such 
systems have proved exceptionally useful in the directed evolution of novel enzymes, where in excess of 
108 individual enzyme reactions can be screened in less than 10 hours, whilst consuming sample volumes 
of less than 150 μl [7, 19].  

Despite offering many advantages, the large droplet populations produced at high rates are often simply 
too large when investigating small sample libraries [20]. In such applications, compartment-on-demand 
(COD) setups, where droplets are generated in a bespoke fashion off-chip and at much lower production 
rates, are a more attractive solution. Using such systems, droplets can be created at frequencies between 
1 and 10 Hz, with the user being able to directly control the droplet payload and its position at will. 
Accordingly, the ability to reproducibly generate droplets and precisely control their contents make CODs 
platforms practical for a wide range of chemical and biological experiments.  

Unsurprisingly, a range of COD platforms have been used for high-throughput and combinatorial 
experimentation. These include droplet generating architectures based on precision-pumps [19], 
electromagnetic valves [21] and integrated micro-valves [22]. For example, Chabert and co-workers 
presented a fully automated system that allowed the generation of microdroplets from a standard 96-well 
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plate and injection into a capillary wound around a heated cylinder (for subsequent PCR analysis) [23]. 
In addition, Clausell-Tormos and co-workers reported the use of a commercial auto-sampler and injection 
valve, to generate arrays of droplets from microtiter plates for kinetic studies using the β-galactosidase 
enzyme. Specifically, 5 μl droplets of enzyme, inhibitor and reaction marker, could be generated, split and 
fused to yield a final compartment volume of 800 nL [24]. Although, successful in their implementation, 
it should be noted that both of the above systems involve the manipulation of relatively large droplet 
volumes (between 800 nL and 5 μl). This greatly increases sample consumption and also poses sample 
contamination issues, due to the transit of sample through the valving structures used in droplet generation. 

To address the aforementioned issues, the use of negative pressure allows for the efficient generation and 
processing of sample volumes down to a few nanolitres. In such platforms, samples can be aspirated from 
a multiwell plate or slotted vials using the pressure created by a syringe pump. Droplets can then be 
formed by alternately “sucking” aqueous samples and oil into a capillary or microfluidic channel [25-27]. 
For example, in the Droplab platform described by Feng and co-workers, individual droplets 
(approximately 20 pL in volume) are formed from a number of sources prior to injection [25, 26]. Although, 
the DropLab platform allows for the flexible generation and complex manipulation of pL-volume droplets, 
cross-contamination between source reagents is problematic and thus its application to screen assays or 
single cell analyses is compromised. Finally, Wu et al. combined an improved cartridge sampling technique 
with a microfluidic chip to perform droplet screens. This solution relies on forming droplets from single 
and unique sources (without double-dipping) and subsequent merging on-chip. While this approach is 
highly successful in delivering droplets with volumes as low as 1 nL in a contamination-free manner, 
its operational range (in terms of droplet volume) is limited by the size of the on-chip pillar structures 
used to merge microdroplets [27].  

These limitations can be addressed by adoption of a compartment-on-demand system that uses external 
actuators to produce and then transfer microdroplets to a microfluidic device for downstream processing. 
Accordingly, this chapter describes the design, construction and application of an off-chip, robotic platform 
able to generate nL-volume compartments (droplets) in a robust and on-demand fashion. Specifically, 
studies detail the design and construction of both hardware and software components. Significantly, the 
applicability of the platform as a core tool in reaction screening is assessed through investigation of the 
enzymatic reactions of beta-glucosidase. 
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2.2 Carousel Robotic Platform for Compartment on Demand 

2.2.1 COD System Overview 

The COD platform aims to generate microdroplets from aqueous samples and delivers them to a 
microfluidic channel.  Up to fifteen discrete reagents can be loaded into reservoirs on the platform and 
then transformed into smaller droplets or plugs in an automated (computer-controlled) manner. 
Microdroplets can be automatically produced in user-defined sequences and sizes. The platform consists 
of the following components: an electromagnet with a hook-shaped holder for a micro-tube, an aluminium 
sample ring containing fifteen slots for PCR vials, a cylinder containing fluorinated oil which can be 
rotated using a stepper motor, a stepper motor driving circuit, a circuit board controlling the 
electromagnet and a PC running the LabView programming environment. The principle of operation takes 
inspiration from sample aspiration technique reported by Chabert and co-workers [23]. Briefly, when a 
negative pressure is established by the precision syringe pump, the tip of the polytetrafluoroethylene 
(PTFE) tubing in COD platform aspirates either the fluorinated oil or an aqueous sample. The fluid that 
is aspirated is defined by the position of the hook, which is moved by the electromagnet. Sample switching 
is controlled by a stepper motor, which can accurately address any of the fifteen vials by rotating the 
sample cylinder. After sampling, the droplets are motivated into a microfluidic device where screening and 
kinetic experiments can be carried out (Figure 2.1). 

Figure 2.1.  Schematic illustrating the arrangement of components within the compartment on demand system. 
Aqueous samples are contained in recesses within the sample cylinder. An electromagnet is mounted 
above cylinder containing Eppendorf PCR tubes. The sample ring is on top of a cylinder rotated by 
a stepper motor. Microdroplets from up to fifteen sample vials can be generated using negative 
pressure created by a precision syringe pump. Once formed, droplets travel via PTFE tubing for 
downstream processing. 

Robotic COD Platform

Detection

Precision Syringe Pump
Stepper

Motor

PTFE tubing
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2.2.2 Carousel Construction 

The entire structure supporting all elements within the carousel is made from aluminium. It consists of 
three parts: a table with a stepper motor, the carousel cylinder and an arm that holds a movable case for 
the electromagnet. This setup allows for precise positioning of the electromagnet above the cylinder 
(Figure 2.2), and also ensures that the arm can be raised to gain access to the cylinder and the aluminium 
ring incorporating the sample vials.  

The carousel compartment-on-demand platform consists of a cylinder that holds the fluorinated oil for 
continuous phase and a thin aluminium ring accommodating up to fifteen 200 μl PCR tubes with the 
bottom 2 mm cut off (to allow fluidic access). The cylinder, which is made from polyether ether ketone 
(PEEK), is rotated by a bipolar stepper motor (RS – 535-0401, RS Components, Corby, UK). By 
controlling the motor with a Phidget 1063 stepper motor driver (Active Robots, Radstock, UK) the 
cylinder can be rotated, positioning the appropriate PCR vial directly in front of the sample-sourcing 
tubing. The stepper motor has a step increment of 1.8 degrees, ensuring that it can precisely control the 
position of the cylinder.  

Figure 2.2.  Image of the entire computer-controlled COD platform for the generation of microdroplets from up 
to fifteen distinct aqueous samples loaded into Eppendorf PCR vials. 
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2.2.3 LabVIEW Interface for Controlling the COD Platform 

LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench) is a visual block programming 
environment developed by National Instruments Incorporated. LabVIEW was chosen since it is able to 
efficiently handle communication between the carousel and the electromagnet driving circuit board. 
Furthermore, LabVIEW offers a comprehensive library of graphical elements for designing an intuitive user 
interface. The program uses the Phidget plug-in to communicate with the stepper motor driver. Through 
the LabVIEW VISA serial driver, the program receives information and send instructions to the circuit 
board with a PIC microcontroller. 

The user is able to control all carousel parameters via one Labview graphical interface panel. 
The experiment is defined using a column of 16 dropdown menus on the left side of the panel, which are 
addressed one by one. For each of the menus, one sample position (between 1 and 15) can be chosen. 
This means that over the course of one iteration the stepper motor positions desired samples in front of 
the electromagnet in a defined sequence. The frequency, number of droplets and duty cycle are all variables 
that can be varied by the user within appropriate limits to control the electromagnet and stepper motor 
of the carousel.  

The principle of operation is as follows: first the microcontroller COM port is chosen, then using the 
MOTOR ON/OFF button the stepper motor’s solenoids are switched on. The program then reads all of 
the data defined by the user and the first step commences. The position of the sample (defined in this 
step) is transmitted to the stepper motor driver, which initiates the motor. Feedback information regarding 
the stepper motor position is transferred back to the LabVIEW program in real time. It is only when the 
stepper motor arrives at the defined position that communication with the PIC microcontroller starts. 
Appropriate values of frequency, number of droplets and duty cycle are transmitted, and the 
microcontroller generates voltage pulses that energise the electromagnet. Once all the droplets have been 
generated, the microcontroller sends a prompt to indicate that the generation sequence is complete. The 
LabVIEW program uses this prompt to move the stepper motor to the next position. The process is 
repeated until all steps of the program are completed. It also noted that steps can be performed in a loop, 
by defining the number of iterations in the graphical user interface. Additionally, the interface has a 
numeric control knob indicating the current position of the electromagnet, as well as a RESET button 
that stops any operation.  

2.2.4 Microtubes 

During the course of the project, transparent Ultramicrobore PTFE tubings (Cole-Parmer, USA) of 
variable inner diameter (100 μm, 200 μm and 250 μm) were used. All Ultramicrobore PTFE Tubing (Cole 
Palmer, Vernon Hills, IL, USA) had an outer diameter of 406.4 μm, which allows a tight fit with the hook 
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of the carousel. Due its transparency PTFE tubing does not interfere with droplet fluorescence or 
absorbance measurements, and allows for easy visualisation of droplet contents (Figure 2.3). 

 

Figure 2.3  Microdroplets formed using seven different aqueous dye solutions travelling through 250 μl diameter 
PTFE tubing with a fluorinated oil as continuous phase. The COD platform is capable of sourcing 
microdroplets from up to fifteen independent samples vials. 

2.2.5 Continuous Phase Oil  

Fluorinert® FC-40 (perfluorotributylamine) (3M, Maplewood, MN, USA) was used as the continuous 
phase for all experiments described in this chapter (Figure 2.4). Fluorinert® FC-40 belongs to the family 
of perfluorocarbons (PFCs). Related PFCs, such as FC3283, FC70 and Novec Engineered Fluids, have 
found wide application in the semiconductor and electronics industry, where they are used to test failures 
in complex circuits. Due to the strong bonds between the constituent fluorine and carbon atoms, PFCs 
are chemically and biologically inert [28]. Consequently, they have minimal interaction with the aqueous 
droplets [29-31]. 

 
Figure 2.4.  Molecular structure of perfluorotributylamine (Fluorinert® FC-40). The presence of fluorine atoms 

within the molecular structure makes the molecule chemically and biologically inert and thus ideally 
suited as a carrier fluid. 
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2.2.6 Optical Setup 

Fluorescence measurements were performed using a custom built optical setup [32] that comprised a laser 
light source, a confocal microscope and avalanche photodiode detectors (APDs). Analysis of droplets and 
their contents was achieved by placing the microfluidic device or a PTFE tubing above the 20x objective 
of Olympus IX71 microscope.  

Light Path – To the Sample 

A 488 nm continuous-wave solid state laser (Sapphire 488LP, Coherent, Santa Clara, CA, USA) was used 
to excite fluorescence in all experiments. The incident beam is passed through a quarter-wave plate 

polarizer (λ/4@488 nm WPQ05M, Thorlabs, Newton, NJ, USA) and is subsequently reflected towards a 

set of carousel-mounted FW1A optical density filters (Thorlabs, Newton, NJ, USA) to attenuate the beam 
intensity. The beam is then directed through a programmable shutter (Thorlabs, Newton, NJ, USA), and 
into the microscope. Once inside, the beam is reflected at a dichroic mirror (z488rdc, Chroma Technology 
Corporation, Bellows Falls, VT, USA), directed towards the objective (Olympus, Plan N  20x, 0.4 NA), 
and subsequently focussed into the microfluidic channel. 

 

Figure 2.5.  Schematic of the optical setup used for fluorescence measurements. The image shows laser source, 
beam path, avalanche photodiodes (APDs), shutter, dichroic mirrors, lenses and filters. 
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Light Path – From the Sample 

Emission from the microfluidic channel is collected by the objective and passed through the dichroic mirror. 
Subsequently, it passes through a 488 nm optical filter (Chroma Technology Corporation, Bellows Falls, 
VT, USA) to remove residual excitation light. A two-stacked lens tube (SM1L30, 3 inch length, 1 inch 
diameter, Thorlabs Ltd, UK) focuses the emission through a 75 μm pinhole (P75S, Thorlabs Ltd, UK) 
and onto a dichroic mirror (630dcxr, Chroma Technology Corporation, Bellows Falls, VT, USA). This 
splits the emission into two components: wavelengths below 630 nm are reflected, and those above 630 nm 
are transmitted. One wavelength emission travels through an hq540/80 bandpass filter 
(Chroma Technology Corporation, Bellows Falls, VT, USA) and the other wavelength emission through 
a hq640Lp filter (Chroma Technology Corporation, Bellows Falls, VT, USA). The two components are 
then focused onto two separate avalanche photodiode detectors (SPCM AQR-141, Perkin Elmer, 
Wiesbaden, Germany). 

2.2.7 Data Acquisition and Analysis 

APDs powered by an external power supply were used to detect single photon events, producing a square 
wave output signal. These signals are fed into a PCI 6602 data acquisition card (National Instruments, 
Austin, TX, USA), and a custom written LabVIEW acquisition program (National Instruments, Austin, 
TX, USA) used to process the data. The interface (Figure 2.6) allows the user to control the acquisition 
time and sampling time (also defined as a resolution or a bin time), as well as storing the collected data 
for further analysis.  

 

Figure 2.6.  LabVIEW acquisition program for fluorescence measurements from APDs (red and green channels).  
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Files are subsequently imported into MATLAB 2009b (MathWorks, Natick, MA, USA), resampled and 
graphs replotted in Origin 9.1 (OriginLab Corporation, Northampton, MA, USA). 

2.2.8 Electromagnet Operation and Droplet Generation 

A key element of the COD robotic platform is an electromagnet mounted above the vial filled with the 
fluorinated oil carrier fluid. When current flows through the electromagnet, its solenoid is energised, pulling 
the metal core and hook upwards (Figure 2.7). When negative pressure is established, the PTFE tubing 
fitted inside the hook aspirates the surrounding fluid. When the electromagnet is not energised, the hook 
is in in the idle position, immersed in the oil, with the tip of the tubing sucking in the fluorinated oil. 
Upon energisation pulse, the electromagnet lifts the hook up, causing the tip of the PTFE tubing to aspire 
from the aqueous sample. This results in production of aqueous droplets, which are entirely surrounded 
by the carrier fluid. The size of the droplets, and the spacing between them is directly linked to the 
residence time of the tubing in the aqueous sample. 

 

Figure 2.7.  The residence time of the hooked end of the tubing in oil or aqueous phase determines the distance 
between droplets and the droplet volume, respectively. During all steps of operation, the tubing is 
aspirating liquid at a constant rate. (i) The tip of the tubing is aligned with a given sample. (ii) The 
tip is lifted so that it sits in the aqueous phase of sample 1 (red). (iii) The tip returns to the oil 
phase. The change from aqueous to oil phase creates a microcompartment containing a controlled 
quantity of sample 1 (red). (iv) The tip is aligned below a second sample. (v) The tip is lifted 
analogously to step (i), but now sample 2 (blue) is taken up. (vi) The tip comes back to the carrier 
fluid. As a result of the process shown in (B), a sequence of microdroplets with defined contents 
(sample 1, red; sample 2, blue) emerges in the tubing in a pre-planned order. Droplets can be 
generated at a rate of 0.1−5 s per droplet. No further labelling is necessary as the sequence of sample 
compartmentalization can be programmed and droplets appear in the tubing as planned. Control 
over compartment volume and the distance between compartments is exerted by variation of the 
residence times of the tip in aqueous and oil phases. Adapted with permission from [20]. 
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The residence time of the tubing, can be controlled in a straightforward fashion, by manipulating the 
electromagnet duty cycle (Figure 2.8). A longer pulse, i.e. higher duty cycle, results in a bigger droplet 
sizes. Likewise, a short pulse, i.e. short duty cycle, generates smaller microdroplets. 

 

Figure 2.8.  Relationship between the droplet size and electromagnet duty cycle, defining the ON (energised), 
and OFF (idle) state. During the ON state the tip of the PTFE tubing aspires the aqueous sample, 
whereas at OFF state it sources from the surrounding fluorous oil. The longer the ON state, i.e. 
higher duty cycle, the bigger the sourced droplet volume. Similarly, lower duty cycles, result is smaller 
droplet volumes. The time of OFF state, defines the spacing between generated droplets. 

The droplet volume, Vd, (nL) is given by: 

 𝑉𝑉𝑑𝑑 = 1
𝑓𝑓
𝐷𝐷𝐷𝐷 (2.1) 

where 𝑓𝑓 (Hz) is the frequency of the electromagnet, 𝐷𝐷 (%) is the duty cycle of the electromagnet and 

Q (µL/min) the volumetric flow rate. For example, the theoretical droplet volume at frequency of 1 Hz, 

a duty cycle of 50% and a flow rate of 6 µL/min is 50 nL. 

In order to assess the accuracy of robotic platform in generating the desired size droplets, high-speed 
images of microdroplets passing in PTFE tubing were studied. Using the collected images, each droplet 
was contoured and measured based on known tubing dimensions. The Autocad software package was 
applied to create a 3D reconstruction of the droplets, with their volumes recorded (Figure 2.9). 
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Figure 2.9.  Calculation of droplet volumes is performed using high-speed recordings of droplet passage through 
tubing using AutoCAD 2017. (a) Bright field high-speed video acquisition of droplet passages in the 
PTFE tubing. (b) By using the internal diameter of the tubing, each droplet is contoured and then 
measured. (c) The identified contour is applied for a 3D reconstruction a droplet (consisting of a 
cylinder capped by two hemispheres) using the REVOLVE function over 360°. The exact volume of 
the 3D model is given by the MASSPROP function. 

By comparing the observed droplet volume, from high speed images, to the theoretically predicted values, 
the consistency of the platform in generating particular droplet sizes can be identified. Consequently, 
microdroplets were generated at frequencies of 0.2 Hz, 1 Hz, 1.5 Hz with the duty cycle being varied 

between 10% and 100%, at a step of 5%, with flow rates of 1 µL/min, 3 µL/min, 5 µL/min, 6 µL/min 

and 7 µL/min (Figure 2.10).  The observed droplet volumes were plotted against the theoretical prediction 

from values of frequency, duty cycle, and flow rate, based on Equation 2.1 (Figure 2.10).  

V = 11.47 nl

250 µm
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Figure 2.10.  Comparison of observed droplet volumes and theoretical droplet volumes (based on frequency, duty 
cycle of the electromagnet and flow rate). Frequency of generation and flow rate: (a) 0.2 Hz, 
1 μL/min, (b) 1Hz, 3 μL/min , (c) 1 Hz, 5 μL/min, (d) 1.5 Hz, 7 μL/min,. The duty cycle range for 
(a-d): 10-100% with a step of 5%. In each graph x-axis indicated the theoretical droplet volume for 
particular frequency, duty cycle and flow rate.  The y-axis, Observed Droplet Volume, determines 
the robotic platform response and is the measure of droplet volume produced with respect to specific 
volume setting.  Adapted with permission from [20]. 

The linear fitting accuracy of the slope of 1, is 98.43%, 96.75%, 99.04% and 99.32% for the flow rates 
of 1 μl/min, 3 μl/min, 5 μl/min and 7 μl/min respectively, Figure 2.10 (a-d). We can confidently speak 
of a good performance of the robotic platform in terms of linearity of droplet sizes. The discrepancy 
between the theoretically predicted droplet volume and the observed one, can be elucidated from the 
graphs’ intercepts. The higher the intercept value, the bigger the error of the generated droplet volume. 
For flow rates 1 μl/min, 3 μl/min the intercept values were -0.76 nL and 1.04 nL. These are considerably 
smaller than those for flow rates of 5 μl/min, 7 μl/min, being 3.41 nL and 5.30 nL respectively. These 
values can be problematic for smaller droplet sizes within the range between 10-20 nL. The difference can 
stem from micro flow-rate pulsation from the syringe pump used.  Consequently, in order not to experience 
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experimental error due to this discrepancy, it is advisable to carry out droplet-size-sensitive experiments 
with a direct feedback of the droplet-volume. This can be calculated, from droplet passage time in front 
of a given detector (at known flow rate). Such an approach will eliminate the source of error. 

2.2.9 Calibration Experiment 

Microdroplets containing different concentrations of red fluorophore resorufin (between 2.5 μM and 
500 μM) in phosphate-buffered saline (PBS) were generated using the COD platform. Red food dye 
(carmine, E120) was used as a visual marker to indicate the repeated droplet sequences within the 200 μm 
PTFE tubing. The fluorescence intensity of each of the droplet was then recorded. As can be seen in 
Figure 2.11, droplets were successfully generated, with their emission quantifying the concentration of 
resorufin over the entire range. Additionally the droplet volumes can be elucidated from the time taken 
for each droplet passing through the laser detector. In this case, at flowrate of 3 uL/min, the droplet 
volumes were calculated to be: 44 ± 2 nL. 

 
Figure 2.11.  (a-b) Droplet transit in PTFE tubing and the resulting recorded fluorescence by an APD. (c) The 

variation of fluorescence intensity as a function of time, reporting the transit of two series of droplets 
in PTFE tubing. Each series consists of twelve droplets of resorufin at different concentrations and 
other solutions in the following order: red food dye, 2.5 μM, 5.0 μM, 7.5 μM, 10 μM, 25 μM, 50 
μM, 75 μM, 100 μM, 250 μM, 500 μM, PBS. 

Consequently, the platform can be applied to studies based on detection techniques such as fluorescence 
or absorbance. In either case, the droplet intensity can be recorded by a detector, and the exact droplet 
volume can be elucidated from time passages recorded by detector - a dimension crucial for kinetic and 
screening studies. 
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2.3 Kinetics of β-Glucosidase 

2.3.1 Introduction 

Enzymes play an important role in a multitude of biological processes necessary for sustaining life [33], 
and are applied in the synthesis of biofuels and in the pharmaceutical industry [34]. Unsurprisingly, the 
elucidation and understanding of enzyme kinetics is crucial for refinement of existing processes, discovery 
of new reactions and the establishment of commercial plants.  

Enzyme kinetics can be modelled using simple theories developed by the German biochemist Leonor 
Michaelis and the Canadian chemist Maud Menten. As shown in figure Figure 2.12, the scheme includes 

an enzyme E, where substrate S binds resulting in the formation of complex ES. Consequently, product P 

is released, leaving enzyme catalytic site free again. The rate of the formation of ES complex is defined 

as k1 and the reverse rate is presented as k-1, while 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 indicates the catalytic rate constant. 

𝐸𝐸 + 𝑆𝑆      𝐸𝐸𝑆𝑆   
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐�⎯�   𝐸𝐸 + 𝑃𝑃

𝑘𝑘−1
�⎯�
𝑘𝑘1   �⎯�  

Figure 2.12  Kinetic scheme of enzyme catalysed reaction. With E being the enzyme, S - substrate, 

ES - enzyme·substrate complex, and P – product. 

Their analysis can be summarised using the following expression: 

 𝑣𝑣0 = 𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚[𝑆𝑆]
(𝐾𝐾𝑚𝑚+[𝑆𝑆])

 (2.2) 

Here, 𝑣𝑣0 (μM/s) is the initial rate of product formation, 𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚 (μM/s) the maximum rate of product 

formation, 𝐾𝐾𝑚𝑚 (μM) the Michaelis-Menten constant and [𝑆𝑆] (μM) the substrate concentration. During 

the course of an enzymatic reaction the value of 𝑣𝑣0 will increases as a function of substrate concentration 

[𝑆𝑆], with  𝐾𝐾𝑚𝑚 defining the substrate concentration when the rate of the reaction reaches half of the 

maximum rate, 𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚
2

. At lower substrate concentration [𝑆𝑆] ≪ 𝐾𝐾𝑚𝑚, and the relation between the reaction 

rate and substrate concentration [𝑆𝑆] is linear, i.e. 

  𝑣𝑣0 = 𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚[𝑆𝑆]
𝐾𝐾𝑚𝑚

= 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝐸𝐸][𝑆𝑆]
𝐾𝐾𝑚𝑚

  (2.3) 

where 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 (1/s) is the turnover number and [𝐸𝐸] (μM) the enzyme concentration. For higher values of 

[𝑆𝑆] ≫ 𝐾𝐾𝑚𝑚, due to saturation of active sites, and the reaction rate will asymptotically tend towards 𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚, 

with the kinetics being described by, 

 𝑣𝑣0 = 𝑉𝑉𝑚𝑚𝑐𝑐𝑚𝑚 = 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐[𝐸𝐸] (2.4) 
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Importantly, the kinetic parameters can be extracted and identified by studying the initial reaction rates 
at different substrate concentrations. 

In the presence of some compounds, called inhibitors, the rate of enzyme-catalysed reactions is reduced. 

As a measure of inhibitor potency, Ki, the inhibitor constant is measured.  Ki is the concentration at which 

half of the maximum inhibition is reached.  

Ki can be elucidated from the following relation[35]: 

 𝐾𝐾𝑖𝑖 = 𝐼𝐼𝐼𝐼50
1+ [𝑆𝑆]

𝐾𝐾𝑚𝑚

  (2.5) 

Where IC50 (μM) corresponds to inhibitor concentration at half maximal inhibitory, [S] (μM) is a fixed 

substrate concentration and Km (μM) is the substrate concentration at half maximal enzyme activity.  

There are two major types of inhibitions: reversible inhibition and irreversible inhibition. In the presence 

of irreversible inhibitor, where the goal is to remove enzyme from the reaction, Vmax is decreased while the 

Km stays unaffected (Figure 2.13). When a reversible complex of inhibitor with the enzyme (EI or ESI) 

forms then it reacts to produce the inactive EI complex (Figure 2.14). An example of irreversible inhibitor 

of β-glucosidase is conduritol B epoxide. 

 

𝐸𝐸 + 𝑆𝑆     𝐸𝐸𝑆𝑆         𝐸𝐸 + 𝑃𝑃 
         
�⎯�
         
�⎯�   

         
�⎯�
         
�⎯�

+  

 𝐼𝐼 

 ↓ 𝐾𝐾𝑖𝑖 

 𝐸𝐸𝐼𝐼 "inactive"  

Figure 2.13 Kinetic scheme representing irreversible inhibition.  

𝐸𝐸 + 𝑆𝑆     𝐸𝐸𝑆𝑆         𝐸𝐸 + 𝑃𝑃 
         
�⎯�
         
�⎯�   

         
�⎯�
         
�⎯�

+  

 𝐼𝐼 

 ↕ 𝐾𝐾𝑖𝑖 

 𝐸𝐸𝐼𝐼   

Figure 2.14 Kinetic scheme indicating reversible inhibition. 



Chapter 2 

33 
 
 

The four types of reversible inhibitor are competitive, uncompetitive, non-competitive and mixed-type 
inhibitions. A competitive inhibitor has an affinity for the enzyme active site, competing with the substrate, 

causing Km to increase. However, an uncompetitive inhibitor binds to the substrate-enzyme complex, and 

causing Vmax and Km to decrease. Non-competitive inhibitors will bind to the enzyme and cause reduction 

in its activity, but do not affect the binding of the substrate. Consequently, only Vmax will decrease while 

maintaining Km. Finally, in a mixed type of inhibition, the inhibitor binds to both E and ES with different 

affinities, resulting in increased Km and decreased Vmax. An example of reversible inhibitor of 

beta-glucosidase is deoxynojirimycin (DNM). 

By comparing the initial rate of the enzymatic reactions in absence and presence of inhibitor, we can 

determine the IC50 of DNM using the Chang-Prussof equation[35]:   

 𝑉𝑉0
𝑉𝑉0
𝑚𝑚𝑐𝑐𝑚𝑚 = 1

1+ [𝐼𝐼]
𝐼𝐼𝐼𝐼50

  (2.6) 

Where V0 (μM/s) is the initial reaction rate in presence of inhibitor, V0max (μM/s) is the initial reaction 

rate in absence of inhibitor, [I] (μM) is the inhibitor concentration, and IC50 (μM) corresponds to inhibitor 
concentration at half maximal inhibitory. 

 

2.3.2 Experimental Concept 

To test the applicability of the developed COD platform in kinetics studies, the reaction between enzyme 

β-glucosidase and 4-nitrophenyl β-D-glucopyranoside was investigated. Inhibition of the reaction was 

studied in presence of two known inhibitors: deoxynojirimycin and conduritol B epoxide.  Glucosidases are 
an important class of enzymes playing a key role in a number of biological processes such as the breakdown 
of carbohydrates or processing of eukaryotic glycoproteins [36]. Moreover, the presence of glucosidases 
have also been linked to a number of conditions and metabolic disorders like cancer metastasis, bacterial 
infection, diabetes and viral attachment [36].  

For the reaction in question, β-glucosidase hydrolyses 4-nitrophenyl β-D-glucopyranoside yielding glucose 

and 4-nitrophenol as products.  In PBS, at pH value of 7.4, 4-nitrophenol, exists in its 4-nitrophenolate 
form, with a maximum absorbance at 405 nm. Consequently, the presence of the product of the kinetic 
reaction can be detected through absorbance measurements at the above wavelength [37]. 
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Figure 2.15.  Left: Molecular structure of 4-nitrophenyl β-D-glucopyranoside, the substrate used in the enzymatic 

reaction with β-glucosidase. Right: Structure of 4-nitrophenol, the product of the enzymatic reaction, 

with maximum absorbance at 405 nm for pH values of 7.4 and above. 

2.3.3. Absorbance setup 

Absorbance measurements (Figure 2.16) were carried out on droplets passing in a 200 µm PTFE tubing, 
aligned with respect to optical fibres (SMA Fiber Patch Cable, 50 and 100 µm, 0.22 NA; Thorlabs, 
Newton, NY, USA) by a custom-made holder of black polyoxymethylene (POM). The light source applied 
was fibre-coupled LED (M405F1, Thorlabs, Newton, NY, USA), with PDA36A photo-detector (Thorlabs, 
Newton, NY, USA). The photodetector’s voltages were collected at a rate of 200 Hz by an analogue-
digital-converter (NI PXI ADC, National Instruments, Austin, TX, USA) and recorded in a custom-written 
LabView program (National Instruments, Austin, TX, USA). A low-pass filter (with a high frequency cut-
off at 30 Hz) was applied to all readings. Molar extinction coefficient for 4-nitrophenol in PBS, for a 1 cm 
path length in quartz cuvette, was found to be ε405 nm = 13 200 M-1cm-1. Consequently, the effective 
average path length, from droplet measurements, was found to be 151 μm, which confirms correct 
alignment of 200 μm PTFE tubing with optical fibres. 
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Figure 2.16  Schematic representation of the absorbance measurement technique with an example of readout from 
the photodetector, showing variation in absorbance for droplets containing 4-nitrophenol and PBS 
with the flat signal corresponding to the oil phase signature.   

The following section describes the β-glucosidase kinetics experiments in detail using COD platform and 

absorbance measurements for elucidation of kinetic and inhibition constants, published in: Anal. Chem. 
2013, 85, 4761−4769. 

2.4  Platform for Precise Nanoliter Assay of Time-Dependent Steady-State 

Kinetics and Inhibition 

2.4.1 Introduction 

Microfluidic systems offer the ability to greatly scale down reaction volumes, as well as enabling high 
throughput experimentation and automated screening of biological and chemical reactions in a direct 
manner [20]. The following section describes the coupling of the aforementioned robotic platform with an 
absorbance detector for performing precision nL-scale assays. This fully automated setup was used to 
establish Michaelis-Menten parameters for 4-nitrophenyl glucopyranoside hydrolysis by sweet almond 
β-glucosidase. Additionally, the inhibition of the enzymatic reaction by conduritol B epoxide and 
1-deoxynojirimycin was studied, with Ki values were determined. 
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2.4.2 Experimental Setup 

As previously described, the heart of the COD platform is a robotic carousel. The fully automated device 
is controlled by a custom-written LabVIEW program and is capable of delivering predefined sequences of 
droplets into a microfluidic device, with the generation frequency and droplet size being user-defined. 
After droplets are formed, they travel in PTFE tubing due to the negative pressure created by the syringe 
pump. By introducing enzyme and substrate in droplets of different size, reactions could be initiated by 
passive merging of droplets by acceleration of the flow of droplet pairs placed in close proximity to each 
other. Put simply, a large droplet loaded with enzyme will catch up with a smaller compartment loaded 
with substrate placed immediately in front of it. Merging of the droplets triggers the hydrolytic reaction 
and formation of the product. In addition, absorbance measurements can be performed by passing droplets 
between a white LED diode and a photodetector (Figure 2.17).  

 

 

Figure 2.17.  (a) Compartment on demand platform (COD).  (b) Tubing and sample sourcing from different PCR 
vials resulting in droplets separated by an oil phase aspired between addressing each tube. The sizes, 
as well as distances between droplets, are defined by residence time of tubing in the PCR tubes or 
the oil phase. Adapted with permission from [20]. 

. 
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2.4.3 Enzyme kinetics 

The enzyme kinetics of β-glucosidase were studied with 4-nitrophenyl glucopyranoside. Upon hydrolysis, 
the substrate turns into p-nitrophenol whose presence can be detected by absorption measurements at 
405 nm. Firstly, absorbance measurements on droplets containing known concentrations of p-nitrophenol 
were performed to assess the sensitivity and detection limit of the system (Figure 2.18). With the flow 
rate as a known variable, the droplet volume could be directly calculated from its residence time within 
the detection volume. Specifically, five readings were taken for each condition and averaged. The 
absorbance read-out (Figure 2.21b) shows excellent linearity (R2 = 0.99) as a function of dye 
concentration, with a concentration detection limit approximately 3 μM for 4-nitrophenol (corresponding 
to three standard deviations of the background noise).  

 

 

Figure 2.18.  (a) Quantifying absorbance in droplets. A typical trace of an absorbance read-out (at 405 nm) for 
two droplets (representing sample-loaded and empty compartments) flowing through a PTFE tube 
(200 μm diameter). The first signal refers to a droplet containing 4-nitrophenol (2 mM) in PBS 
buffer, and the second containing buffer only. Each droplet was interrogated with an LED source 
with a peak emission at 405 nm. L defines the residence time of the droplet in the detection zone 
and corresponds to the length of the droplet. AA is the average absorbance of the droplet contents. 
The recovered signal for buffer droplets corresponded to the highest voltage and was defined as zero 
absorbance (Z). In this example, the continuous oil phase had an absorbance at 405 nm of 
approximately 0.02. The signal spikes (at the droplet extremities) are a result of edge effects due to 
refractive index changes between the aqueous and oil phases. (b) Calibration of the absorbance 
detection with 4-nitrophenol. Premade dilutions were introduced into the loading tubes of the carousel, 
and the droplet absorbance was read for each condition (n = 5). The data correlate linearly 
(R2 of 0.99), and the detection limit (three standard deviations above the background noise) suggests 
that measurements down to 3 μM 4-nitrophenol are possible. Adapted with permission from [20]. 
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In all experiments, the final concentration of the substrate is governed by the merging of enzyme and 
substrate droplets of different size. Substrate concentrations between 2 and 40 mM were created with an 
enzyme stock at 78 nM. With the above solutions loaded into three wells within the robotic carousel, 
droplet pairs were created according to the sequence shown in Figure 2.19 (a). Once the PTFE tubing 
was filled with all required droplet pairs, merging was initiated by flowing droplets at 300 nL/s and 
leveraging the size dependence of corner flows. With enzyme and substrate droplets fused, hydrolysis 
commences. A representative time trace reporting the variation in emission as a function of time is shown 
in Figure 2.19bi for a number of droplets with the signal associated with a single droplet pair shown in 
Figure 2.19bii. 

 

Figure 2.19.  (a) Merging scheme for a pair of microdroplets inside tubing. A large compartment loaded with 
enzyme (E) will catch up with a smaller compartment loaded with substrate (S) placed immediately 
in front of it. Merging triggers the hydrolytic reaction leading to the formation of product P 
(monitored at 405 nm). (b) Confirmation and sizing of the droplet sequence. (i) Four sets of six 
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droplet pairs of enzyme (E) and substrate (10 and 50 mM, referred to as S10 and S50, respectively) 
of varying sizes were produced. (ii) The enzyme/substrate droplets were analysed shortly after 
generation, and prior to merging, to determine the precise size of each droplet. Sizes were measured 
by determining the distances Ls (length of the substrate droplet) and Le (length of the enzyme droplet) 
as described previously. The illumination source was a cold white LED, and the fibre core sizes for 
illumination and detection were 100 and 50 μm, respectively. (c) Automated concentration gradient. 
The substrate concentration range after mixing of all droplet pairs was 1.3–38.2 mM. The colour 
code relates the data points in (c) to the primary data in (b)(i). Adapted with permission from [20]. 

For time course data, two marker droplets (each containing 1mM p-nitrophenol) were loaded at the front 
and rear of a sequence and used to trigger the automated reversal of the flow direction. This allows 
droplets to be passed back and forth in front of the detector to probe absorbance as a function of time. 
The first reading after merging the droplet pairs (of enzyme and substrate) was taken approximately 30 s 
and is indicated in Figure 2.20a. The absorbance data can then be reconstructed for each droplet to create 
a time course (Figure 2.20b). Using this method, the initial rates for each droplet were extracted and then 
used to create a Michaelis-Menten plot, as shown in Figure 2.20c. It was found that in the droplets a 
background reaction of spontaneous substrate hydrolysis (at the oil/water interface) gave rise to a linear 
increase in product concentration. Accordingly, the initial slopes were corrected for spontaneous hydrolysis 
before conversion to turnover numbers. The total volume of enzyme used was 720 nL, with 360 nL of 
10 mM substrate stock and 360 nL of 50 mM substrate stock. Fitting to the Michaelis-Menten equation 
gave the following values based on the obtained data: KM = 11.4 ± 2 mM and kcat = 0.9 ± 0.2 s-1. 
Significantly, these values are in close correspondence with those obtained from a microtiter plate: 
KM = 12.8 ± 4 mM and kcat = 1.3 ± 0.3 s-1. 
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Figure 2.20.  Derivation of Michaelis−Menten plots from primary data. (a) Confirmation of fusion of droplet pairs 
and initial assay reading. The first data point was measured 30 s after initiating the acceleration to 
cause merging. The LED used for these absorbance measurements emitted at 405 nm. The colour 
code corresponds to the same data points as in Figure 2.19 (b) Time-resolved measurements of 
average absorbance value for each assay point, with corresponding linear fits superimposed. Initial 
readings were set to zero volts to highlight the diversity of slopes. (c) Michaelis−Menten plot based 
on 24 substrate concentrations extracted from the data in (a) and (b). The values for Vo are obtained 
by converting the voltage change per time into a concentration change per time and then dividing 
these values by the enzyme concentration. Adapted with permission from [20]. 
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2.4.4 Inhibition Studies 

The experimental platform was then used to study inhibition of the model hydrolysis reaction (sweet 
almond β-glucosidase with 4-nitrophenyl glucopyranoside) by conduritol B epoxide and 1-deoxynojirimycin. 
Different concentrations of inhibitor (spanning three orders of magnitude) were loaded into the robotic 
carousel and droplets were subsequently generated and merged according to the scheme shown in Figure 
2.21a. A Michaelis-Menten plot for 1-deoxynojirimycin is shown in Figure 2.21b and a plot of the 
normalised initial rate change against inhibitor concentration is presented in Figure 2.21c. The calculated 
IC50 for 1-deoxynojirimycin  is 108 ± 40 μM, corresponding to a Ki of 36 μM (assuming competitive 
inhibition, described by the Cheng-Prusoff equation[35]).  This value compares well with the value for 
sweet almond β-glucosidase (Ki =  47 μM) previously reported [38]. As conduritol B epoxide is an 
irreversible inhibitor, the collected data cannot be used for curve fitting. Its inhibition is, however, 
consistent with microtiter plate data. 

 

Figure 2.21.  Determination of inhibition kinetics. (a) Schematic representation for triplet droplet merging. 
(b) Michaelis−Menten plot in the presence of selected concentrations of 1-deoxynojirimycin 
hydrochloride (DNM). The final concentrations of inhibitors were 200 μM (dark grey), 20 nM (cyan), 
200 pM (brown), and 0 nM (purple). Here, enzyme concentration was fixed at 16.5 nM. (c) 
Normalised rate change V0/ V0

max versus inhibitor concentration for DNM (blue dots) and CBE (green 
dots). The data points for DNM were fitted to generate an IC50. For CBE a line was drawn merely 
to guide the eye. Conditions: [E] = 19 nM; [S] = 23 mM; [PBS] = 100 mM (pH 7.4). Adapted with 
permission from [20]. 
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2.4.5 Conclusions 

The developed COD platform has been successfully used to perform automated enzyme kinetic 
experiments without supervision and generates data comparable in quality to microtiter plate readings. 
Significantly, however, experiments are performed on much shorter timescales and require much smaller 

quantities of reagents (720 nL of enzyme vs 240 µL in a 96-well plate for 24 data points). The presented 

COD platform also compares favourably with previously described COD platforms that have been used 
for similar experiments. For example, the aforementioned DropLab system has been claimed to operate 
with 2 nL per reaction (although it is noted that much larger droplets are typically displayed in published 
studies), the current COD platform uses an average of 30 nL of enzyme per data point.  

Our COD system aims to maximize the information extracted per unit volume, so that a relatively small 
number of data points are needed. Precise control over droplet size and derivation of time-courses (rather 
than single point assays) mean that data quality is equivalent to that obtained via cuvette or microplate 
experiments. However, when single species, such as cells (of limited availability) are to be interrogated, 
the number of droplets will determine their consumption. This dictates that time-dependent data should 
be obtained, and in this respect, the current COD platform becomes extremely powerful. In broad terms, 
our COD platform presents multiple advantages over established microtiter plate methods. First, more 
data points can be obtained with significantly less reagent. Second, fewer pipetting steps are needed since 
many are replaced by automated volume calculations and liquid handling. Finally, “single species” 
experiments may be carried out, generating data that is of a quality similar to that of normal large-scale 
experiments. 

It is likely that future development of our platform will focus on the integration with downstream 
processing, to access biological experiments that cannot be performed in bulk. Interfacing with separation 
techniques such as capillary electrophoresis[39] or analysis by mass spectroscopy[40] will allow extremely 
large numbers of experiments to be performed in a sequential fashion and with minimum supervision. Cell 
culturing can also be performed on chip and integrated with droplet formation[41]. Sequential robotic 
delivery of reagents is important, for example, in many types of immunoassay and could easily be 
programmed into the work flow of the COD platform. For example, when concentration gradients are set 
up for droplets containing single cells (or small numbers of thereof) supplied in defined concentrations, 
quantitative and time-dependent experiments can be performed on small populations. Such an approach 
would allow for the validation of data from microplate cell-based assays that are only possible with 
potentially heterogeneous cell populations. 

To finish, it should be recognized that COD platforms have a great potential utility in various applications. 
With this in mind a patent (PCT/GB2013/051668) based on the described work was obtained and 
a spin-off company (Drop-Tech Ltd) founded to commercialise automated robotic devices for droplet 
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generation. Subsequent developments have led to the establishment of licensing agreement with Dolomite 
Microfluidics (one of the world’s leading suppliers of microfluidic technologies). Dolomite Microfluidics 
now sells the Mitos Dropix® system (Figure 2.25), which is based on the technology presented in this 
chapter. The systems allows for the generation of microdroplets from 24 independent samples, and storage 
of up to 1000 droplets with sizes as small as 25 nl. 

Figure 2.22.  Mitos Dropix® is a compact and portable droplet-on-demand microfluidic system offered by 
Dolomite Microfluidics and based on the COD platform described in the current chapter. Source: 
http://www.dolomite-microfluidics.com, last accessed June 2017. 

http://www.dolomite-microfluidics.com/
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2.6 Appendix 

2.6.1 LabVIEW Program for COD Platform 

Figure 2.6.1A.  LabVIEW graphical user interface to control the robotic carousel. 

Figure 2.6.1B. Block diagram of LabVIEW control program of COD platform. 
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2.6.2 Microcontroller Code 

#include <16F877.h> 
#device ADC=8 
#fuses HS,NOWDT,NOPROTECT,NOLVP 
#use delay(clock=20000000)                     // Setup for OLIMEX 
#use rs232(baud=4800, xmit=PIN_C7, rcv=PIN_C6) // Setup for OLIMEX 

int index; 
float freq; 
char freq_buffer[10]; 
float n; 
char n_buffer[10]; 

float spacing1; 
char spacing_buffer1[10]; 

int16 z; // random interations var 
int16 i;   // iterations count for a while loop 
float T;             // period in miliseconds  (1/freq)*1000 

float high_time1;        // high time EM1 
float low_time1; // low1 time EM1 
int16 high1; 
int16 low1;  

int isNumber(char c) { 
    if (c < 48 || c > 57) { 
        return 0; 
    } else { 
        return 1; 
    } 
} 
int doSpacing1(int i) { 

    while ( i < 10 && isNumber(spacing_buffer1[i])) { 
        spacing1 *= 10; 
        spacing1 += spacing_buffer1[i]; 
        spacing1 -= 48; 
        i += 1; 
    } 

} 

int doFreq(int i) { 

    while ( i < 10 && isNumber(freq_buffer[i])) { 
        freq *= 10; 
        freq += freq_buffer[i]; 
        freq -= 48; 
        i += 1; 
    } 

} 
int doN(int i) { 

    while ( i < 10 && isNumber(n_buffer[i])) { 
        n *= 10; 
        n += n_buffer[i]; 
        n -= 48; 
        i +=  1; 
    } 

} 

void clear_variables(void) { 

for (z = 0; z < 10; z++) { 
        freq_buffer[i] = '\0'; 
        n_buffer[i] = '\0'; 
        spacing_buffer1[i] = '\0'; 
        }  
freq = 0; 
n = 0; 
spacing1 = 0; 

} 

void generate_signal_auto(float f, float em1) 
{ 
        T = 1000*100/f;   //period in miliseconds 
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        high_time1 = T*em1/100; // duty cycle for EM1 
        high1 = (long) high_time1;           // high time for EM1 
        low1 = (long) (T - high_time1);       // low time for EM1 

        ENABLE_INTERRUPTS(GLOBAL); 

        ENABLE_INTERRUPTS(INT_RDA); 

        output_high (PIN_B1); 
        delay_ms (high1); 
        output_low (PIN_B1); 

      delay_ms (low1);        
        if (kbhit()) {reset_cpu();}z 

        } 

void collect_data(void) { 

        i = 0;   

        index = 0; 

        printf("  \r \n"); 
        printf("Give number of frequency units (one unit is: 0.01 Herz) = "); 

        do { 
freq_buffer[index++] = getchar(); 

        } while ( isNumber(freq_buffer[index - 1]) ); 
        doFreq(0); 

        printf("  \r \n"); 
        printf ("Number of droplets = "); 

        index = 0; 
        do { 

n_buffer[index++] = getchar(); 
        } while ( isNumber(n_buffer[index - 1]) ); 
        doN(0); 

        printf("  \r \n"); 
        printf ("EM1 duty cycle = "); 

        index = 0; 
        do { 

spacing_buffer1[index++] = getchar(); 
        } while ( isNumber(spacing_buffer1[index - 1]) ); 
        doSpacing1(0); 

} 

void main(void) { 
        clear_variables(); 
        printf("  \r \n"); 

  printf ("1READY"); 

        collect_data(); 

for (z = 0; z < n; z++) 
{ 
generate_signal_auto(freq, spacing1); 

if (kbhit()) {reset_cpu();} 
} 

clear_variables(); 
reset_cpu(); 

}      
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Chapter 3 

Novel Fluorosurfactants for Application in Droplet-Based 

Microfluidics 
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3.1. Introduction 

The growing interest in performing biological and chemical experiments within microfluidic reactors has 

led to significant developments in the creation of water-in-oil emulsions within such formats [1].  

The ability to controllably compartmentalise reactions into thousands of fL- to pL-volume droplets, has 

the potential to revolutionise high-throughput screening [2].  

Water-in-oil emulsions within microfluidic environments can be generated using commercially available 

silicone and hydrocarbon oils as the continuous phase, and indeed have been successfully used in a range 

of experiments, including PCR [3] and directed evolution [4]. However, silicone oils are incompatible with 

PDMS [5], and thus are typically only used within glass-based substrates, which are both time-consuming 

and expensive to fabricate. Similarly, although a number of hydrocarbon oils are compatible with PDMS, 

they are often poorly suited to encapsulating molecular species within host droplets, with reagent diffusion 

into the oil and subsequent transfer between adjacent droplets being appreciable [6]. Accordingly, and 

despite the fact that a range of oils and organic solvents can be used as carrier fluids, biocompatibility 

requirements and the need to exclude biological impurities have meant that perfluorinated oils are the 

most popular choice as carrier fluids. They possess exceptional biocompatibilities [7], high gas 

permeabilities [8] and do not cause PDMS to swell [9]. 

As described previously, droplets can be generated within microfluidic systems by bringing two immiscible 

fluid streams  together using external pressure (typically using syringe or pressure pumps), with droplets 

being formed at the point of confluence. Although a variety of droplet generation mechanisms exist, all 

involve the establishment of an interface between co-flowing, immiscible fluids, followed by self-

segregation of one of the fluids into droplets that are surrounded by the other fluid. In most 

situations, it is important that droplets maintain their size and composition over extended periods of time 

(from minutes to weeks in some cases). Long-term stability of droplets is almost exclusively facilitated by 

the use of appropriate surfactants, which act to inhibit droplet coalescence by stabilising the interface 

between the immiscible phases. Surfactant molecules are normally mixed into the continuous phase, and 

upon contact with the discrete phase self-organise at the interface. 

In water-in-fluorous oil emulsions, surfactant molecules act to both decrease the interfacial tension 

(to allow for creation of pL-volume droplets) and prevent subsequent coalescence of formed droplets. In 

this way, a fluorinated surfactant must be able to control both surface tension and ensure droplet stability. 

Significantly, the decrease in surface tension affected by fluorosurfactants is much greater than that 

achievable using hydrocarbon based surfactants [10]. Indeed, in general, the degree of surfactant 

adsorption at the interface, which is inversely proportional to the surface tension, is controlled by the 

molecular structure of the surfactant and the types of the two phases (such as oil and water) at the 

interface boundary [6]. Fluorocarbon surfactants have been shown to be effective in lowering the surface 

tension, of aqueous and oil interfaces, to below 20 mN/m, while most hydrocarbon surfactants are only 
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able to reach values of 25-27 mN/m. Put simply, the ability to lower the surface tension between two 

liquids is the most important property of a surfactant during droplet formation [11]. 

Generally, fluorosurfactants possess 

appreciable solubility in fluorocarbon solvents. To ensure biocompatibility, the hydrophilic head group 

must be nonpolar and should not interfere with the biological/chemical processes taking place inside the 

droplet. For example, on the basis of cellular compartmentalization, the utilization of water-in-oil emulsion 

droplets with volumes in the fL nL range, provides the possibility of performing in excess of 1010 reactions 

simultaneously and using only 1 mL of sample. This capability dramatically reduce assay costs and 

screening time, and opens the door for more sophisticated high-throughput experiments. Clausell-Tormos 

and co-workers reported the first comprehensive study of head groups attached to perfluoropolyether 

(PFPE) tails [12], assessing effects on encapsulation efficiencies and ability to perform mammalian cell 

screens. Biocompatible moieties that also provided for good droplet stability included 

dimopholinophosphate (DMP) and polyethyleneglycol (PEG). Other groups such as poly-L-lysine (PLL) 

and the ammonium salt of carbonyl PFPE caused cell lysis (Figure 3.1). 

Figure 3.1 Fluorosurfactant head groups used to stabilise water-in-oil emulsions. Only the DMP-PFPE diblock 

and PFPE-PEG-PFPE provide for good droplet stability and biocompatibility. Adapted with 

permission from [11]. 
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The most successful and popular fluorosurfactant used in droplet-based microfluidic applications was 

reported by Holtze and co-workers [13], and consists of a triblock PFPE-PEG-PFPE structure, shown in 

Figure 3.2. This fluorosurfactant is commercially available from RainDance Technologies (Billerica, 

Massachusetts, USA). 

Figure 3.2. Structure of PEG-PFPE2 biocompatible surfactant. This is most commonly known as RainDance or 

EA surfactant. Adapted with permission from [13]. 

A structurally related derivative of this surfactant, that uses Jeffamine ED-600 as the head group and two 

PFPE units as tail groups was reported by Zinchenko et al. [14]. Jeffamine ED-600 is a polyether diamine 

containing a PEG backbone with a molecular weight of 600 g/mol. The resulting surfactant 

PFPE-Jeffamine-PFPE is commercially available as Pico-Surf (Dolomite Microfluidics, Royston, UK).  

Figure 3.3. Structure of Jeffamine-PFPE2 biocompatible fluorosurfactant [14]. It is commercially available from 

Dolomite Microfluidics, and sold as Pico-

As previously described, surfactant molecules assemble at the oil-water interface and act to lower surface 

tension, prevent adsorption of charged molecules to the surface of the interface, and counteract 

coalescence of droplets by creating an energy barrier. The primary goal of the work presented in this 

chapter is this creation of a functionalized surfactant oil combination that provides for both efficient 

droplet stability and excellent biocompatibility. The functionalization of a surfactant can be chosen to 

carry out a specific function: such as a catalyst, receptor/ligand or fluorophore. In this report, it is 

important to note that neither Pico- surfactants can be functionalized for such 

purposes. 
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In regard to functionalized surfactants, Theberge and co-workers reported a fluorous surfactant that 

catalyses Suzuki-Miyaura coupling reactions within aqueous microdroplets [15]. Specifically, its head group 

contains a palladium catalyst, with its tail consisting of a PFPE, namely 1H,1H,2H,2H-perfluorodecyl 

acrylate (Figure 3.4a). This study demonstrated the use of controlled catalytic interfaces for organic 

synthesis within microfluidic flow for the first time.  

 

Figure 3.4.  (a) Schematic illustrating the structure of a fluorosurfactant with a hydrophilic head group containing 

a palladium catalyst and a fluorinated tail group. The catalyst-bearing fluorosurfactant dissolved in 

FC-77 is pumped to a T-junction with aqueous reagents (b) forming monodisperse droplets. (c) A 

cartoon representing the arrangement of surfactant molecules on the droplet interface. As the droplets 

travel in the tubing, the reaction product (d) is formed, with reaction time being linearly proportional 

to the distance along the tubing and flow rate used. Reproduced from [15] with permission of 

The Royal Society of Chemistry. 

In addition, Kreutz et al. reported the synthesis of modified fluorous surfactants based on 

perfluorotetradecanoic acid [16]. One surfactant is a biocompatible diblock of perfluorotetradecanoic acid 

and oligoethylene glycol (RfOEG) [17] with the other being formed from a complex of RfOEG and 

nitrilotriacetate (NTA) (Figure 3.5a). The researchers used His-tagged green fluorescent protein (hGFP) 

to demonstrate that interactions occur between the His-

group. This results in the accumulation of hGFP on the droplet interface (Figure 3.5 c,f). The main 

application of the generated surfactant was to facilitate crystallization of His-tagged membrane proteins 

using droplet-based microfluidic workflows. 
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Figure 3.5. (a) Structure of RfOEG and RfNTA:Ni surfactants and the RfNTA:Ni:hProtein complex.  (b) Cartoon 

illustrating the assembly of proteins in droplets without surfactant, (c) with RfNTA:Ni, attracting His-tagged proteins 

to the interface and (d) with RfNTA:Ni and RfOEG, also indicating successful protein aggregation. (e) Bright-field 

images, fluorescence line intensity scans and fluorescence images compare aqueous droplets containing hGDP, with 

no additive (e), with RfNTA:Ni (f), and with RfNTA:Ni and RfOEG. Adapted with permission from [16]. 

In 2013 Platzman and co-workers reported a novel fluorous surfactant based on PFPEs functionalized 

with 5 nm gold nanoparticles [18]. These surfactants were used in conjunction with a pure PFPE-PEG-

PFPE triblock for droplet stability. The researchers synthesized and tested the surfactants with either 

gold, Rhodamine B (RhB) or cyclic arginine-glycine-aspartic acid peptide (RGD) modifications on the 

functional group.  PFPE-PEG-Gold was used as a probe to report the aggregation of His6-GFP on a gold 

nanoparticle (Figure 3.6A) by means of the Ni-NTA-thiol linker, whilst the PFPE-PEG-Gold-PEG-RhB 

was used to create a red florescence droplet interface (Figure 3.6B). The PFPE-PEG-Gold-RGD surfactant 

was used in experiments on Jurkat T cells, with the RGD peptide being specific against integrins expressed 

by T cells. Importantly, the study was successful in confirming the mechanism of cell adhesion to the 

PFPE-PEG-Gold-RGD surfactant at the droplet interface (Figure 3.6C). 

Figure 3.6. (A) GFP linked gold-nanostructured droplets. (B) RhB-linked gold-nanostructured droplets. (C) 

Brightfield image of Jurkat E6.1 cells on the droplet interface with a cRDG-functionalized surfactant. 

[18]. 
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In related studies, Wanger et al. [19] reported the synthesis of two surfactants with hydrophilic head 

groups consisting of linear polyglycerol derivatives (Figure 3.7). These surfactants exhibited good 

biocompatibility as well as excellent droplet stabilisation. They contained either methoxy or hydroxyl 

groups attached to the structure of polyglycerol. Apart from these, the researchers did not report any 

further functionalizations. 

Figure 3.7. Structure of polyglycerol-based triblock surfactants consisting of two perfluoropolyether (PFPE2) 

blocks and a central linear polyglycerol LPG(OH) or poly(methyl glycerol) LPG(OMe). With R- 

indicating locations for functionalizations. Reproduced from [19] with permission of The Royal Society 

of Chemistry. 

The synthetic schemes used to produce the aforementioned PFPE-PEG-PFPE, and PFPE-Jeffamine-PEG 

fluorosurfactants involve multiple steps where products are used and processed without purification. This 

necessitates the centrifugation or filtration of the final mixture to retrieve the desired product of the 

reaction. Regrettably, this almost always results in reduced process reproducibility and a variability in the 

properties of custom synthesized fluorosurfactants. This, in turn, lead to non-optimal solubilities in 

fluorous oils and reduced biocompatibility. To address this problem, we herein describe a simple and cost-

effective methodology that allows the direct monitoring of the synthesis of a commonly-used 

fluorosurfactant: made from Krytox FSH 157 (MW = 6000 g/mol) and Jeffamine ED-600 

(MW = 600 g/mol) using thin layer chromatography (TLC). The described method serves as a simple 

and powerful alternative to more complex analyses based on infrared spectroscopy (IR), matrix-assisted 

laser desorption/ionization (MALDI) and nuclear magnetic resonance (NMR) measurements in the 

evaluation of the products of the synthesis. On a pragmatic level, the method is likely to be of great utility 

in droplet-based microfluidics, since it allows the user to quickly and efficiently test reaction products and 

indicates the effectiveness of the surfactant in stabilising droplet interfaces using fluorous oils. 

In light of prior literature regarding modified biocompatible surfactants [19], we also present three novel 

synthetic approaches for forming functionalised fluorosurfactants smart-surfactants

the recognised need for functionalized (as well as biocompatible) fluorous surfactants that act in a bespoke 

manner. Due to their inherent molecular duality, surfactant synthesis occurs in two phases. For smart-

surfactants to effectively operate in environments containing both aqueous solutions and fluorinated oils, 

their structure must reflect the appropriate phase compatibility. In this respect, a surfactant having a 

fluorinated tail group and a hydrophilic head group is ideal. In the current study, smart-surfactants are 

designed to work with fluorinated oils such as FC-40, FC-3282, FC-72, FC-75, as well as NOVEC 

Engineered Fluids, such as HFE-7100, HFE-7200, HFE-7500 (all produced by 3M). The fluorophilic section 
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of the surfactant is composed of Krytox FSH 157 and the hydrophilic section is made of Jeffamine ED-

600 with a functional group attached to it. 

3.2 Experimental 

3.2.1 Materials 

Krytox FSH 157 (Figure 3.8) (Chemours, Wilmington, DE, USA) was purchased from Costenoble 

(Eschborn, Germany). The Novec Engineered Fluids: HFE-7100 and FC-3283 were donated by Mr Beat 

Kaiser (3M, Rüschlikon, Switzerland). Jeffamine ED-600 (Figure 3.9), tetrahydrofuran (THF), methanol, 

trimethylamine (Et3N), oxalyl chloride and thin cellulose chromatography paper strips were all purchased 

from Sigma Aldrich (Buchs, Switzerland). 

Figure 3.8 Krytox FSH 157, a perfluoropolyether containing a terminal carboxylic group. This molecule is a 

useful building block in the synthesis of fluorosurfactants [13, 14]. 

Figure 3.9 The molecular structure of Jeffamine ED-600, containing two terminal amine groups. 

3.2.2 Synthesis of PFPE-Jeffamine-PFPE Surfactant 

Step 1: Conversion of Krytox FSH 157 to acyl chloride 

Krytox cannot be efficiently used as a surfactant, due to the presence of a charged carboxylic group, 

which will lead to biomolecule interactions and trigger aggregation at the droplet interface [15]. 

Accordingly, to synthesise the PFPE-Jeffamine-PFPE surfactant, Krytox FSH 157 is first converted to 

Krytox chloride via oxalyl chloride or thionyl chloride (Figure 3.10). 
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Figure 3.10 Conversion of the carboxyl group on Krytox FSH 157 into acyl chloride via oxalyl chloride. 

1.95 g of oxalyl chloride (15.4 mmol, 10 equivalent) was added dropwise into a solution of 10 g of 

Krytox FSH 157 (1.54 mmol, 1 equivalent) in 50 ml of HFE-7100 under argon atmosphere. After stirring 

at room temperature for 10 minutes, the reaction was warmed to a gentle reflux and left to stir overnight. 

Subsequently, the mixture was cooled to room temperature and then placed on a rotary evaporator to 

remove HFE-7100 and excess oxalyl chloride. The residue was then dissolved in 40 ml of fresh HFE-7100 

and filtered to remove remaining solids. The mixture was concentrated on a rotary evaporator and then 

dried under vacuum for 1 hour, yielding approximately 10.14 g of a cloudy white oil. This oil was used 

directly in the next step without further purification. 

Step 2: Synthetic procedure used to prepare PFPE-Jeffamine-PFPE 

Jeffamine ED-600 was placed on a rotary evaporator under vacuum and in a water bath for 4 hours. 

Next the 10.14 g (1.55 mmol, 2 equivalent) of Krytox acyl chloride and 40 ml of FC-3283 were mixed 

and added to 0.441 g (0.77 mmol, 1 equivalent) of Jeffamine ED-600 and 0.325 ml (2.33 mmol, 3 

equivalent) of triethylamine in 20 ml of anhydrous THF at room temperature and under argon. During 

reaction, formation of white precipitate (triethylamine hydrochloride; Et3N·HCl) was observed on the flask 

walls. The suspension was left to stir overnight in room temperature. Subsequently, the suspension was 

placed on a rotary evaporator to remove both the THF and FC-3283. The resulting oily residue was then 

diluted in 50 ml of FC-3283, and filtered by passing through Celite® S kieselgur (Sigma Aldrich, Buchs, 

Switzerland) and washing with an additional 60 ml of FC-3283. The resulting filtrate was a cloudy white 

liquid.  FC-3283 was removed using a rotary evaporator at 60 C over a period of 1.5 hours. The final 

product was a slightly opaque oil. The molecular structure of PFPE-Jeffamine-PFPE is shown in Figure 

3.11. 

Figure 3.11 Molecular structure of the PFPE-Jeffamine-PFPE surfactant. 
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3.2.3 Synthesis of PFPE-Jeffamine-PFPE Modified Surfactants 

3.2.3.1 Synthesis of PFPE-Jeffamine-FITC Surfactant 

Step 1  Functionalization of Jeffamine ED-600 with FITC 

0.924 g of dry Jeffamine ED-600 (1.54 mmol, 1 equivalent) was added to 0.6 g of fluorescein 

isothiocyanate (FITC) (1.54 mmol, 1 equivalent) in 5 ml of dry dimethylformamide (DMF), and left to 

stir at room temperature overnight (Figure 3. 12). The mixture was used without further purification in 

the proceeding steps of the synthesis. Unwanted impurities are removed during the final purification stage 

and once the surfactant synthesis is complete.  

Figure 3. 12  Functionalization of Jeffamine ED-600 with fluorescein isothiocyanate (FITC). 

Step 2: Krytox acyl chloride attachment to Jeffamine-FITC conjugate. 

4.67 g of Et3N (4.62 mmol, 3 equivalent) in 5 ml anhydrous DMF was added to a solution containing 

Jeffamine-FITC conjugate from (Step 1) in 5 ml DMF under argon at room temperature. Next, 10.14 g 

(1.54 mmol, 1 equivalent) of Krytox chloride (from step 1) in 40 ml FC-3283 was added (Figure 3.13). 

The reaction was left to stir at room temperature and under argon overnight. The DMF and FC-3283 

were then removed using a rotary evaporator. Impurities from Step 2 include, unreacted Jeffamine ED-600, 

FITC, as well as FITC-Jeffamine-FITC molecule. Krytox chloride reacts with Jeffamine ED-600 to form 

diblock PFPE-Jeffamine and triblock PFPE-Jeffamine-PFPE. Both of these molecules are surfactants and 
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do not interfere with the properties of the final product. Additionally, the reaction mix contains water-

soluble Et3N·HCl. Adding fresh FC-3283 and performing filtration through Celite removes this residue.  

Figure 3.13 Linkage of Krytox acyl chloride with Jeffamine-FITC diblock to form a covalently bound surfactant 

molecule of PFPE-Jeffamine-FITC. 

Step 3: Continuous extraction to remove hydrophilic impurities. 

A two-phase continuous extraction was performed to remove possible hydrophilic impurities accumulated 

during the synthesis reaction, including unreacted Jeffamine ED600, FITC and FITC-Jeffamine-FITC. The 

reaction mixture was dissolved in FC-3283, and sparged with methanol to wash out impurities, and collect 

them in the separate flask (Appendix C1). Collected methanol was removed and replaced with fresh 

methanol until there were no additional impurities detectable by MALDI-TOF analysis in the collection 

flask. Once the continuous extraction was complete, the product was concentrated in the rotary evaporator 

to remove FC-3283 and methanol, followed by drying under vacuum. Alternatively, a manual extraction 

using a series washes with polar solvents, (such as methanol or ethanol) above a layer of fluorous oil with 

surfactant diluted in it, can be used for purification. 

3.2.3.2 Synthesis of PFPE-Jeffamine-Rhodamine Surfactant 

Step 1  Functionalization of Jeffamine ED-600 with Sulforhodamine 101 acid chloride 

80.9 mg of distilled triethylamine (7.998E-4 mol, 100 parts eq), 454 mg of dry Jeffamine ED-600 

(7.998E-4 mol, 100 parts eq) and 20 ml of dry DMF were properly mixed. Next 1/100 aliquot was removed 
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and mixed with 5 mg of sulforhodamine 101 acid chloride (7.998E-6 mol, 1 part eq) under argon (Figure 

3.14). The mixture was left stirring overnight at room temperature in the dark. The attachment of 

sulforhodamine 101 to Jeffamine ED-600 was confirmed by MALDI. 

Figure 3.14 Functionalization of Jeffamine ED-600 with sulforhodamine 101 acid chloride. 

Step 2 - Krytox acyl chloride attachment to Jeffamine-Rhodamine conjugate. 

52 mg of Krytox acyl chloride (7.998x10-6 -3283 was mixed with reagents 

from Step 1 l of triethylamine. The reaction mixture was left under argon at room temperature, 

and stirred for 2 days in the dark. 
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Figure 3.15 Binding of Krytox acyl chloride with Jeffamine-Rhodamine diblock to form a covalently bound 

surfactant molecule of PFPE-Jeffamine-Rhodamine. 

Step 3: Continuous extraction to remove hydrophilic impurities. 

Hydrophilic impurities were removed via continuous extraction, following the procedure described in in 

Step 3 of section 3.2.3.1. 

3.2.3.3 Synthesis of PFPE-Jeffamine-Biotin Surfactant 

Step 1  Biotinylation of Jeffamine ED-600 

Jeffamine ED-600 (0.2629 g, 0.00045 mol, 3 parts equivalent) was dried under vacuum for 4 hours. 

Subsequently, (+)-Biotin N-hydroxysuccinimide ester (51.6 mg, 0.00015 mol, 1 part equivalent) was 

dissolved in 5 ml of dry DMSO under an argon atmosphere. Next, the contents were transferred in a 

syringe to a flask containing dry Jeffamine ED-600 (under argon). The reaction mix was left to stir 

overnight under argon at room temperature. The expected product of such a process is the 

Jeffamine-Biotin diblock (Figure 3.16).  
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Figure 3.16 Biotinylation of Jeffamine ED-600 to form a hydrophilic diblock intended for the head group of 

fluorous surfactant. 

Step 2  Krytox chloride attachment to Jeffamine-Biotin conjugate. 

Krytox 157 FSH (4.913g, 0.00075mol, 5 parts equivalent) was placed in a flask with 1ml of HFE7100 to 

decrease viscosity under argon. Consequently thionyl chloride (108 l, 0.0015mol, 10 parts equivalent) was 

added to the flask, and the reaction was left to stir under argon for 1 hour and 30 minutes in order to 

create Krytox acyl chloride. After that the reaction mixture was evaporated to remove solvents as well as 

volatile side-products on a rotary evaporator and cooled down to 4 ˚C. Then 3 ml of HFE7100 was added 

to the flask. After filling the flask with argon, the contents of the previous flask with Biotin-Jeffamine 

conjugate and DMSO were added and left to stir at room temperature overnight. Subsequently, the 

contents were dried under nitrogen for 1 hour, yielding a white, oily mixture. 25 ml of HFE-7100 was 

added and the stirrer bar removed. The reaction product was dried on a rotary evaporator until all solvents 

were removed. The product was then dried under high vacuum for 75 minutes. The oily substance was 

then diluted in 40 ml of FC-3283 and passed through a Borosilicate filter. The obtained white suspension 

from two washings was filtered again with an additional 20 ml of FC-3283. The mixture was then left to 

dry under vacuum to yield a milky product. 
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Figure 3.17.   Linkage of Krytox chloride with Jeffamine-Biotin diblock to form a covalently bound surfactant 

molecule of PFPE-Jeffamine-Biotin. 

Step 3  Extraction to remove hydrophilic impurities. 

A manual two-phase extraction was carried out on a 300 mg sample of dry PFPE-Jeffamine-Biotin made 

in the previous step. The sample was diluted in 5 ml of HFE-7100, and 30 ml of DMSO was added. After 

vigorous vortexing for 10 minutes, the resulting emulsion was centrifuged for 3 minutes at 3200 rpm. This 

allowed breaking of the emulsion into the two component phases. The top DMSO layer with hydrophilic 

impurities was then carefully removed. The process was repeated four additional times, with the last wash 

containing an extra 1 ml of Milli-Q water. At this point no impurities could be detected by high-

performance liquid chromatography (HPLC) or MALDI-Time of Flight (TOF) analysis. 

3.2.4 Analytical Techniques for Surfactant characterization. 

3.2.4.1 Infrared absorbance spectroscopy 

Pure Krytox FSH 157 and the surfactant sample of PFPE-Jeffamine-PFPE were introduced into a 

standard ATR cell. IR spectroscopy measurements were performed on a Nicolet Nexus 870 FT-IR (Thermo 

Fisher Scientific, Waltham, USA) over wavelengths between 4000 and 0 cm-1 (6 scans, 2 cm 1 resolution, 

square triangle apodization).  

3.2.4.2 Dynamic light scattering 

Binding of Krytox to Jeffamine was performed in pure FC-40 oil. Five concentrations of the PFPE-

Jeffamine-PFPE surfactant in FC-40, ranging from 0.0001% up to 0.02% w/w were prepared and then 
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analysed using a Zetasizer Nano S dynamic light scattering instrument (Malvern Instruments, Malvern, 

United Kingdom) using a 1.6 mL disposable cuvette (VWR Scientific, Dietikon, Switzerland). 

3.2.4.3 Thin Layer Chromatography Method for Synthesis of Fluorosurfactant 

5 cm x 5 cm pieces of cellulose chromatography paper were used as square media for monitoring the 

progress of the reaction at various time points in the synthetic scheme. In each case the mixture was 

spotted at one corner of the plate 5 mm from each side. A number of solvents (polar, non-polar, fluorous 

and non-fluorous in nature) were tested in order to identify the most appropriate separation system, for 

the fluorous PFPE-Jeffamine-PFPE surfactant. HPLC grade methanol was found to be the best medium 

for separation of hydrophilic elements of the synthesis reaction, and fluorous oils FC-3283, FC-40, 

HFE-7100 and HFE-7500, performed well in moving fluorous components. Eventually FC-3283 was chosen 

for the separation, since unlike HFE-7100 and HFE-7500 it does not express affinity towards non-fluorous 

substrates and has lower viscosity than FC-40. 

For 2-dimensional TLC measurements, a plate was placed in a 100 ml glass jar with a screw cap containing 

4 ml of methanol. Once developed, the plate was removed and dried. After flipping by 90 degrees, it was 

placed in the second jar containing FC-3283. After drying, this was immersed in a 100 ml jar containing 

a solution of ninhydrin in butanol (1.43 g ninhydrin, 3 ml acetic acid, 100 ml n-butanol). Subsequently, 

the 5 cm x 5 cm piece of cellulose paper was dried and warmed using a heat gun to visualise any spots. 

Ninhydrin stains free amine groups which appear as a dark purple or pink colour. Iodine staining was 

carried out by placing the 5 cm x 5 cm piece of cellulose inside a 100 ml glass jar with iodine chips. The 

sample paper was kept in the jar until all spots of interest were marked. Each substrate was spotted on 

two TLC plates and then imaged using ninhydrin and iodine. 

3.2.4.4 Fluorescence measurements 

A flow focusing microfluidic structure incorporating a winding channel was placed on a custom-made 

heater stage (Figure 3.6.3B) located above the 4x objective of Nikon Ti-E microscope. The device was 

illuminated by a Spectra-X LED light source (Lumencor, Beaverton, USA) at 550 nm and high-speed 

fluorescence movies captured using a Hamamatsu C11440 fluorescence camera (Hamamatsu, Solothurn, 

Switzerland). Temperature measurements were carried out using a FLIR i60 infrared camera (FLIR 

Systems, Billerica, USA) The microfluidic device was connected to two syringes containing a solution of 

1% PFPE-Jeffamine-Rhodamine with 2% PFPE-Jeffamine-PFPE in FC3283 and Milli-Q water 

respectively. Both phases were subsequently delivered using a precision syringe pump at 1 µl/min until 

stable droplet generation was established.  



Chapter 3 

65 

3.3 Results 

3.3.1 Evidence of Krytox-Jeffamine binding 

Several techniques were used to evidence the binding between Krytox and Jeffamine. Since binding most 

likely (and ideally) occurs between the carboxylic acid group of Krytox and the primary amine groups of 

Jeffamine (Figure 3.18), FT-IR spectroscopy was initially used to probe Krytox carbonyl stretches that 

should change markedly upon binding. FTIR spectra of samples containing Krytox FSH 157 and the 

surfactant PFPE-Jeffamine-PFPE were collected, with representative spectra being shown in Figure 3.19.  

Inspection of the component spectra in Figure 3.19 confirm a significant variation in the carbonyl stretch 

upon binding of the carboxylic acid to the primary amine.  Krytox FSH 157 yields an unambiguous 

carbonyl stretch at 1780 cm-1, originating from its intrinsic COOH group. The carbonyl peak shifts to 

1715 cm-1 (and is accompanied by appreciable broadening) for the PFPE-Jeffamine-PFPE, confirming the 

formation of an amide bond. 

Figure 3.18 Molecular structure of PFPE-Jeffamine-PFPE surfactant. 
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Figure 3.19 FTIR spectra of Krytox 157 FSH (red) and PFPE-Jeffamine-PFPE surfactant (blue). The red 

spectrum exhibits a strong absorption peak at 1780 cm-1, originating from a COOH stretch. The blue 

spectrum exhibits a broader absorption peak at 1715cm-1 confirming the presence of a carbonyl group. 

3.3.2 Measurement of the critical micelle concentration 

When using water-in-oil emulsions in both macroscale and microscale environments, surfactants create 

oriented monolayers due to adsorption of surfactant monomers at the interface between different 

phases[6]. At low concentrations, surfactants exist as free monomers whereas at higher concentrations 

excess surfactant molecules aggregate to form micelles (or clusters) containing approximately 

50-200 molecules [13], with their size, shape and orientation being governed by the physical and chemical 

properties of the surfactant molecules themselves. In basic terms, micelles are formed when the surfactant 

concentration reaches the critical micelle concentration (CMC). The CMC is a useful parameter used in 

the identification a particular surfactant in a given water-in-oil emulsion. For water-in-fluorocarbon 

emulsions, fluorosurfactant concentrations above the CMC will result in the formation of reverse micelles 

(Figure 3.20), where hydrophilic head groups locate and point towards the centre of the micelle, with the 

fluorous tail groups locating at the exterior surface. 
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Figure 3.20 Cartoon of a generic inverse micelle formed by fluorosurfactants at concentrations above the CMC. 

The hydrophilic head group localise and point towards the centre of this structure, whereas the 

fluorophilic tail groups locate at the exterior and are exposed to the bulk fluorous oil. 

Dynamic light scattering (DLS) is a widely used method for identifying the size and size distribution of 

objects with dimensions on the micron to nanometer scale. In simple terms, DLS operates by measuring 

time-dependent fluctuations of the scattered light, caused by Brownian motion of particles suspended in 

a fluid, with dynamic information being derived via autocorrelation analysis. Importantly, particle diffusion 

coefficients can be directly extracted and then used to calculate the particle size information via the 

Stoke-Einstein equation. Dynamic Light Scattering is also an ideal method for studying micelles, since it 

is non-invasive technique and can extract size, CMC and aggregation number information in a direct 

manner. In the current context, DLS can also be used to identify the CMC of a surfactant, by monitoring 

the intensity of scattered light as a function of CMC concentration. Simply put, at low surfactant 

concentrations scattering will be weak, but will increase significantly and abruptly upon formation of larger 

micelles. Accordingly an abrupt increase in correlation allows direct identification of the CMC of a given 

surfactant. Figure 3.21 shows a graph of correlation coefficients, for solutions of PFPE-Jeffamine-PFPE 

in FC-40, at concentrations ranging between 0.0001% and 0.02%, weight/ weight. Inspection of the graph 

indicates significant increase in the correlation coefficient between surfactant concentrations of 0.01 and 

0.02%, indicating the critical micelle concentration of 0.02% for the synthesized surfactant. This value 

compares well with that reported in literature [18]. 
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Figure 3.21 Correlation coefficients for samples of PFPE-Jeffamine-PFPE surfactant at different w/w 

concentrations in FC-40. The highest value indicates the appearance of micelles and reaching of the 

CMC in fluorous oil. Consequently the CMC of 0.02% can be elucidated from the 

collected data. 

3.3.3 TLC Monitoring system. 

A separation method based on cellulose chromatography paper was then developed to monitor and assess 

the purity of synthesised PFPE-Jeffamine-PFPE surfactant. Solutions of Jeffamine ED-600 in THF at 

concentrations typical of the synthesis reaction were spotted onto two square chromatography papers. 

After drying, each paper strip was developed according to the aforementioned procedure, i.e. first using 

methanol and then (after rotation) using FC-3283. Subsequently, the paper strips were treated with either 

solutions of ninhydrin and iodine. In both cases, a spot on y-axis of the chromatography paper was 

observed, with the Rfy value of 1 (Figure 3.22). Specifically, ninhydrin labels the free amine groups found 

on Jeffamine ED-600 (pink spot), which travels upwards from the spotting origin to the edge of the 

solvent front. Similarly, iodine staining, revealed a yellow spot on the edge of the solvent, implying the 

presence of Jeffamine ED-600. It is also noted that each consecutive spotting of Jeffamine ED-600 behaved 

in a reproducible fashion.  
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Figure 3.22.  Jeffamine ED-600 TLC spot labelled with either ninhydrin or iodine. Rfy = 1. Plates were developed 

using methanol and FC-3283 as solvents on chromatography paper. 

Subsequently, samples of Krytox 157 FSH in fluorous oil (at concentrations equivalent to those in the 

synthesis reaction) were spotted in the bottom left corner of square chromatography paper strips (Figure 

3.23). The paper strips were then developed according to the developed solvent system. When using the 

ninhydrin stain, the spot, positioned on the x-axis, appeared transparent when viewed against light, 

whereas when using the iodine stain, the spot appeared yellow in hue. In both cases the Rfx was 

0.65 ± 0.15, indicating little affinity of Krytox FSH 157 towards methanol.  

Figure 3.23.  Krytox FSH 157 labelled with either ninhydrin or iodine. With or without ninhydrin labelling, the 

Krytox FSH 157 spot appears translucent when viewed against light. In the case of iodine labelling 

the Krytox FSH 157 spot appears yellow. Rfx = 0.65 ± 0.15. 

Samples were then collected during the synthesis of the PFPE-Jeffamine-PFPE surfactant and analysed 

using via TLC. Using the same solvent system, the two primary components were separated into distinct 

spots (in the same locations as the pure substrates) along the x- and y-axes (Figure 3.24). When using 

the ninhydrin stain, the pink spot on y-axis with (Rfy = 1) can be attributed to unreacted 

Jeffamine ED-600, whereas the transparent spot on the x-axis reports unreacted Krytox FSH 157. 

Additionally the spotting origin appears whitish. When using the iodine stain, three yellowish spots could 
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be observed; one on the x-axis, one on the y-axis and an additional location at the origin of spotting 

(a contribution of the product of the synthesis reaction of the fluorous surfactant). It appears that the 

cellulose paper traps the surfactant molecules and prevents the solvents from moving the surfactant spot 

during the exposure to solvents in the time of development.  

Figure 3.24.  For samples sourced from an ongoing synthesis of the PFPE-Jeffamine-PFPE surfactant, 

Jeffamine ED-600 and Krytox FSH spots appear on y and x-axis respectively, with marked origin. 

The origin spot does not travel, when exposed to solvents, and remains fixed at the spotting location. 

This spot appears whitish when visualised using ninhydrin, and yellow when using iodine. Based on 

the TLC analyses of purified surfactant, the spot can be attributed to the presence of fluorous 

PFPE-Jeffamine-PFPE surfactant. 

After concentration, filtration and extraction of the PFPE-Jeffamine-PFPE surfactant, to remove both 

hydrophilic and fluorophilic impurities, the resulting sample was spotted on chromatography paper strips 

and analysed as before. Development using the methanol/FC-3283 solvent system does not produce any 

additional spots (apart from that at the origin of spotting). The ninhydrin stain yields a whitish spot at 

the origin, whereas the iodine stain yields a yellowish spot. The lack of impurities, such as unreacted 

Jeffamine ED-600 or Krytox 157 FSH indicates the excellent purity of the surfactant sample. 

Figure 3.25.  Purified and extracted PFPE-Jeffamine-PFPE appears whitish at the point of spotting under 

application of the ninhydrin stain, and yellowish when using iodine. No other spots are visible 

indicating lack of impurities from the sample. 
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During the course of the development of a solvent system compatible with a reaction involving fluorous 

and hydrophilic substrates, a number of other polar and non-polar solvents were tested against various 

samples. These results are summarized in Table 3.1. Interestingly, other TLC media, such as silica plates 

on aluminium or glass and fluorinated silica plates, failed to achieve separation and caused substrates to 

stick to the stationary phase. Conventional chemical columns using silica, fluorinated silica and cellulose 

were also unsuccessful (data not shown). 

The methanol/FC-3283 solvent system, is efficient at separating the substrates of the current synthesis 

reaction, namely Jeffamine ED-600 and Krytox FSH 157. TLC plates can be visualised using both 

ninhydrin and iodine. Jeffamine is motivated by methanol, whereas Krytox FSH 157 is motivated by 

FC-3283. Spots attributed to the product of the synthesis reaction and the surfactant 

PFPE-Jeffamine-PFPE, do not travel with either of the solvents. This exceptionally simple method serves 

as a highly attractive alternative to NMR, IR and MALDI measurements for reaction monitoring, and can 

be performed by personnel without expertise in sophisticated analytical techniques to monitor the 

surfactant syntheses. 
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Table 3.1. Average Rf values for reaction substrates of the synthesis of PFPE-Jeffamine-PFPE surfactant using 

different solvent systems. For two or more solvent mixes, the ratio of respective solvent is indicated in brackets 

(x:y:z). If there are more than one spot, both Rf values are indicated. Abbreviations: PJP  (PFPE-Jeffamine-PFPE) 

surfactant, Et3N  triethylamine, CHCl3  chloroform, PE - petroleum ether, EA - ethyl acetate, TFA - trifluoroacetic 

acid. 

RF 
Value 

Jeffamine 
ED-600 

Krytox 
FSH 157 

Krytox FSH 157 
+ 

 PJP Surfactant 

PJP 
Surfactant 
With Et3N 

PJP 
Surfactant 
Filtered and 
Extracted 

MeOH 1 0 1, 0 1, 0 0 

EtOH 1 x x x 0 

Ethyl Acetate 1 0 x 0 x 

CHCl3 1 0 x x x 

HFE-7100 1 0.72 1 1 0 

FC-3283 0 0.65 0.76, 0 0.51, 0 0 

FC-40 0 0.59 0.82, 0 x x 

HFE-7100:MeOH 

(1:1) 

1 x x 0 x 

FC-3283:HFE-7100 

(1:1) 

x 0.68 0.65, 0 x 0 

FC-3283:HFE-7100 

(1:3) 

x 0.76 0.82 x x 

FC-3283:HFE7100 

(3:1) 

x 0.71 0.71, 0 0 x 

HFE-7500 x 0.66 0.84, 0 x x 

HFE-7100:PE:EA 

(3:2:1) 

x 0 0 0 x 

FC-3283+TFA 0 0.83 0.8, 0 x x 
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3.3.4 Smart Fluorosurfactants for Droplet Microfluidics 

3.3.4.1 Design of FITC-, Sulforhodamine 101- and Biotin-Functionalized Surfactants 

As previously noted, the addition of a functional group to the backbone of a surfactant allows the creation 

of novel surfactants with new and unexplored applications. To this end, we chose three functional groups, 

namely fluorescein isothocyanate (FITC), sulforhodamine 101 acid chloride and 

(+) biotin N-hydroxysuccinimide ester to investigate. The backbone of the core surfactant is a PFPE 

(Krytox FSH 157)-Jeffamine complex, which importantly possesses a free amine group at one end of the 

Jeffamine molecule that is available for functionalization (Figure 3.26). Integration of an appropriate 

functional group within the core of the surfactant, could in principle allow the generation of biocompatible 

droplet surfaces capable of sensing variations droplet content at the sub-nanoliter scale. Accordingly, FITC 

and sulforhodamine 101 were chosen based on their ability to sense both pH and temperature respectively. 

Figure 3.26 Structure of the backbone of the fluorosurfactant composed of PFPE-Jeffamine, highlighting the free 

amine group available for functionalization. 

FITC has excitation and emission peaks at 495 nm and 519 nm and an excellent fluorescence quantum 

efficiency of 0.9 in aqueous solution and has previously been used to monitor pH variations inside droplets 

[20, 21]. Attachment of FITC to Jeffamine covalently bound to PFPE (Krytox), forms a triblock 

fluorosurfactant PFPE-Jeffamine-FITC as shown in Figure 3.27.  

Figure 3.27.  The molecular structure of the proposed PFPE-Jeffamine-FITC surfactant with a fluorinated Krytox 

tail-group and a head group composed of covalently bound Jeffamine ED-600 and FITC. 

Sulforhodamine 101 acid chloride, also known as Texas Red, is a hydrophilic, red-emitting fluorophore 

used for labelling antibodies and proteins. Texas Red conjugates, despite their chemical modification retain 

their optical properties and biocompatibility, and can be easily visualised by fluorescence microscopy[22]. 
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This fluorophore has been widely applied to the measurement of protein kinetics [23], cell membranes[24] 

and in flow cytometry[25]. When conjugated with the PFPE-Jeffamine backbone, functionalization results 

in a PFPE-Jeffamine-Rhodamine surfactant (Figure 3.28). 

Figure 3.28 Chemical structure of the proposed PFPE-Jeffamine-Rhodamine surfactant with a fluorinated Krytox 

tail group, and a head group comprising covalently bound Jeffamine ED-600 & Sulforhodamine 101. 

Biotin is a water-soluble B-vitamin present in small amounts in all living cells. It is critical for a range of 

biological processes including cell growth and the citric acid cycle. Because biotin is relatively small 

(approximately 244.3 Da), it can be conjugated to proteins and other molecules without significantly 

altering their biological activity. The highly specific interaction of biotin-binding proteins (such as avidin) 

with biotin make it a useful tool in assay systems designed to detect and target biological analytes. Here, 

the principle involves detection of biotinylated molecules such as deoxy  and ribonucleic acids, proteins 

and small molecules, through binding of streptavidin conjugated to a reporter molecule [26]. Given the 

growing interest in establishing separation assays within microfluidic systems[27], a surfactant with biotin 

functionalization is of obvious utility. 

A biotin derivative, (+) biotin N-hydroxysuccinimide ester, was chosen in the current work due to its 

reactivity towards the amine group present on the Jeffamine molecule. The proposed surfactant molecule 

comprises a fluorinated Krytox tail group and a head group made out of biotinylated Jeffamine ED-600.  

Figure 3.29.  Molecular structure of the proposed PFPE-Jeffamine-Biotin surfactant with a fluorinated Krytox tail 

group, and a Jeffamine-biotin hydrophilic head group. 
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3.3.4.2 pH sensitivity of PFPE-Jeffamine-FITC Surfactant 

Fluorescence microscopy provided direct confirmation of functionalization. Specifically, water-in-oil 

emulsions using PFPE-Jeffamine-FITC were created and imaged on a microfluidic device and also off-chip 

(Figure 3.30). To prevent the degradation and breakage of emulsion with time, the droplets were stabilised 

by addition of unlabelled PFPE-Jeffamine-PFPE surfactant. Figure 3.30 shows that a droplet population 

containing only water does yield detectable emission, with the fluorescence emission being confined to the 

oil-phase. This observation confirms our prior findings and demonstrates that the synthesised surfactant 

is capable of binding to the droplet interface. 

Next, a simple pH sensing experiment was conducted, leveraging the fact that the fluorescence emission 

of FITC is known to be highly pH dependent. It is especially important to note that the presented approach 

is highly novel, in that pH sensing  is performed by surfactant located at the interface between the 

continuous and discrete phases and delivered from the continuous phase; rather than by introducing a 

sensing molecule into the droplet itself. 

Figure 3.30.  (a) An emulsion formed from PFPE-Jeffamine-FITC in FC-3283 with Milli-Q water imaged off-chip 

indicating a green fluorescent interface. Droplets were formed by vigorous vortexing of the emulsion. 

(b) Droplets of Milli-Q water, in PFPF-Jeffamine-FITC surfactant in FC-3282 at 1%w/w, with 

PFPE-Jeffamine-PFPE at 2% w/w, generated within a PDMS microfluidic device, and imaged on 

chip, highlighting consistent size distribution of generated droplets. The fluorescence of the emulsion 

is limited to the space, around the aqueous microdroplets, indicating perfect distribution of the 

fluorescent PFPE-Jeffamine-FITC in the fluorous oil. (c) Droplet sizes distribution from (b) indicating 

a good dispersity of droplet population.  

Emulsions containing phosphate buffer droplets (with mean size of 230.6 µm, at standard deviation of 

13.6 µm) with 1% PFPE-Jeffamine-FITC with 2% PFPF-Jeffamine-PFPE surfactant in filtered FC-3283 

were prepared accordingly to standard protocols. The stock phosphate buffer solutions were calibrated 

using a Jenway 3505 pH meter (Jenway, Stone, United Kingdom) between 5.8 to 8.0, and a buffer 

concentration of 0.2 M. The emulsions were initially created by vortexing, and were then transferred to 
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cuvettes for analysis in a FluoroMax-4 single photon counting fluorimeter (Horiba, Darmstadt, Germany). 

The fluorescence spectra for each emulsion (at different pH values) are shown in Figure 3.31, with the 

inset indicating the peak fluorescence value against the pH. The resulting graph indicates the rise in 

fluorescence intensity of surfactant, for higher values of pH, with the intensity increase by a factor of 2.74 

over the range of tested pH values.   

Figure 3.31.  Fluorescence emission spectra of emulsions made from 1% PFPE-Jeffamine-FITC diluted in 2% 

PFPF-Jeffamine-PFPE surfactant (in FC-3283) with 0.2 M phosphate buffer solutions at pH values 

ranging from 5.8 to 8.0. Buffer-in-oil emulsions, at varied pH values, were prepared by vortexing, 

with their fluorescence emission scanned using a spectrofluorometer. The fluorescence emission 

increases for higher values of pH. Excitation wavelength: 488 nm, slit width: 5 nm bandpass; emission 

range: 500 nm  700 nm, slit width: 6 nm bandpass. Inset: plot indicating maximum intensity against 

the value of pH. 
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3.3.4.3 Temperature sensitivity of PFPE-Jeffamine-Rhodamine 

Analysis of the temperature dependent emission from PFPE-Jeffamine-Rhodamine was also performed. 

Temperature measurements of flows within microfluidic systems typically requires the use of 

thermocouples or infrared cameras that only provide averaged and indirect data. Accordingly, such 

methods are incapable of measuring temperature within the pL-nL volumes associated with droplets [28]. 

Fluorescence lifetime imaging  can also be applied to measure temperature in microfluidic channels, with 

very small error [29]. This however requires a complex optical setup, making it difficult to integrate with 

standard fluorescence detection systems. Our approach aims at utilizing fluorescence emission from inside 

of the microfluidic channel, which can be easily quantified by using a fluorescence camera or avalanche 

photodiodes as detectors. Since fluorescence emission of rhodamine compounds is temperature dependent, 

the PFPE-Jeffamine-Rhodamine surfactant should be well-equipped to act as a temperature indicator for 

droplet-based microfluidic experiments. The surfactant dissolves well in the fluorinated oils, such as FC-40, 

FC-3283, HFE-7500 and HFE-7100, and in conjugation with PFPE-Jeffamine-PFPE surfactant is capable 

of creating stable droplet emulsions (Figure 3.32 a, b, c). Temperature sensitivity of the 

PFPE-Jeffamine-Rhodamine was studied in a microfluidic chip with a flow focusing device, positioned on 

a custom-made heated microscope stage. Microdroplets of Milli-Q water were generated with 

1% PFPE-Jeffamine-Rhodamine, with 2% PFPE-Jeffamine-PFPE in FC-3282. The temperature of the 

heated microscope stage, with the microfluidic chip on it, was gradually increased, covering the 

temperature range between 22 oC and 42  oC, while the fluorescence emission of the oil phase was recorded 

using a fluorescence camera. A gradual drop as a function of temperature was observed (Figure 3.32 d). 

A 19% decrease in fluorescence emission of the surfactant over the range of tested temperatures was 

observed. 



Chapter 3 

78 

Figure 3.32 (a,b) Fluorescence images of microfluidic chip positioned on a custom-made heated microscope stage. 

Red fluorescence emission of the 1% PFPE-Jeffamine-Rhodamine with 2% PFPE-Jeffamine-PFPE in 

FC3283 in emulsion, showing stable droplet generation from a flow-focusing device. Milli-Q 

microdroplets are generated on-chip and travel in the winding channels, surrounded by fluorescent 

oil-phase. The fluorescence images were collected, during droplet generation, while temperature of 

the heating microscope stage was being increased. (c) Size distribution of droplet population indicates 

a narrow dispersity. (d) Fluorescence measurements of the droplet emulsion from (a,b). The 

temperature of the microscope heating stage was gradually increased, between 22  oC and 42 oC, 

while fluorescence emission was being recorded by a fluorescence camera. The plot indicates a gradual 

decrease in fluorescence due to rise in temperature. 

3.3.4.4 pH Binding of Streptavidin-FITC to PFPF-Jeffamine-Biotin Surfactant 

This section describes the experimental methodology to study the binding of streptavidin to 

PFPE-Jeffamine-Biotin. 300 mg of PFPE-Jeffamine-Biotin surfactant in 0.5 ml FC-3283 was mixed with 

500 l of 0.1 mg/ml Streptavidin-FITC solution in Milli-Q water (Figure 3.33 I) and the emulsion was 

left overnight. The water phase was replaced several times to remove unbound Streptavidin-FITC with 

total washings volume of 15 ml Milli-Q (Figure 3.33 II  IV). Finally a mix was prepared 200 l of the 

PFPE-Jeffamine-Biotin in FC3283 emulsion and 100 l 4% in-house-made PFPE-Jeffamine-PFPE 

surfactant, with 200 -Q water (Figure 3.33 V). The emulsion was vortexed to create droplets 

(Figure 3.33 VI). Fluorescence images of 2 l of emulsion, spotted on a glass slide, were captured by the 

camera with LED illumination at 440 nm. Indeed, we see that only the droplet interface is fluorescent 

suggesting that a successful linkage of biotin surfactant with Streptavidin-FITC conjugate (Figure 3.34). 
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Figure 3.33  Affinity test of PFPE-Jeffamine-Biotin towards fluorescent Streptavidin-FITC. Step I, an aqueous 

solution containing Streptavidin-FITC was added to FC-3283 with PFPE-Jeffamine-Biotin and left 

overnight. Step II, the top hydrophilic phase was removed. Step III, Milli-Q water was added to 

FC-3283 with PFPE-Jeffamine-Biotin phase, and then replaced until all unbound Streptavidin-FITC 

was removed. Step IV, water phase was carefully removed from above the FC-3283 with 

PFPE-Jeffamine-Biotin layer. Step V, an aliquot of PFPE-Jeffamine-Biotin in FC-3283 was removed 

and mixed with a solution of surfactant PFPE-Jeffamine-PFPE in FC-3283 to stabilize the emulsion; 

Milli-Q water was added to the tube. Step VI, the tube was vortexed to form an emulsion. The 

interface between the water droplets and fluorous oil is fluorescent due to formation of the complex 

of the surfactant with fluorescently labelled streptavidin: PFPE-Jeffamine-Biotin-Streptavidin-FITC. 
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Figure 3.34 Fluorescence image of the water-in-oil emulsion (stabilized by PFPE-Jeffamine-PFPE) made from 

PFPE-Jeffamine-Biotin that was exposed to Streptavidin-FITC. The fluorescence emission is limited 

to the droplet interface with fluorous oil, where PFPF-Jeffamine-Biotin surfactant is present, thus 

proving successful interaction between the biotin and streptavidin moieties. 

3.4 Conclusions and Future Work 

Significant evidence was provided to support a direct binding interaction between a carboxylated 

perfluoropolyether (Krytox) and a polyetherdiamine (Jeffamine) at the interface of oil and aqueous 

solution. Evidence of the binding interaction was supported by FT-IR, mass spectrometry, fluorescence 

microscopy, and DLS analyses. In addition, three novel functionalized fluorous surfactants: 

PFPE-Jeffamine-FITC, PFPE-Jeffamine-Rhodamine and PFPE-Jeffamine-Biotin were synthesized and 

tested according to their envisaged function. Each of these functionalizations was covalently bound to 

hydrophilic Jeffamine ED-600, which itself was attached to a fluorous perfluoropolyether Krytox FSH 157. 

The pH-sensitive fluorescence emission of PFPE-Jeffamine-FITC was demonstrated, thus indicating its 

potential uses a fluorous-phase pH indicator for droplet based microfluidic assays. The 

PFPE-Jeffamine-Rhodamine surfactant proved its usability as an oil-based temperature indicator, with its 

red fluorescence emission gradually falling when exposed to increased temperature.  Streptavidin-FITC 

was successfully bound to PFPE-Jeffamine-Biotin, confirming the surfactant s affinity towards streptavidin 

conjugates and its capability of capturing molecules from the aqueous-phase.  

Finally, the environment within emulsion droplets can be controlled and manipulated through changes in 

temperature, pH and physical properties of reagents in order to perform reactions and assays of various 

kinds, making this approach applicable to a wide array of experiments. By expanding upon these studies 

in the future it is feasible that one could study the effect of the presence of PFPE-Jeffamine-FITC or 

PFPE-Jeffamine-Rhodamine on the chemical or biological reactions taking place inside of aqueous 
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microdroplets. Another focus can be a study 

functional group on biomolecules participating in intra-droplet processes. 
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3.6 Appendix 

3.6.1 MALDI Measurements of Krytox FSH  

MALDI-TOF-MS analyses were performed by Bruker Microflex, (Bruker Daltonics GmbH, Bremen, 

Germany). A number of matrices were tested in order to best visualise the spectrum o ions of Krytox 157 

FSH. Krytox 157 FSH is a perfluoropolyether with a terminal COOH group. As a polymer is has a size 

distribution with a peak around weight 6000 MW. Despite the use of fluorous matrices, such as: 

pentafluoro cinnamic acid (PFCA), pentafluorobenzoic acid (PFBA), the Krytox molecules would undergo 

fragmentation. 

 

Figure 3.6.1A.  MALDI spectrum of Krytox FSH 157 in linear negative mode, matrix: PFCA. 
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Figure 3.6.1B.  MALDI spectrum of Krytox FSH 157 in linear negative mode, matrix: PFBA. 
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3.6.2 SIMS Measurements of Krytox FSH and Fluorous Surfactants 

Krytox FSH 157 is a perfluoropolyether with a weight of approximately 6000 MW. Due to its structure 

and size, any MALDI-TOF, MS spectra yield heavily fragmented spectra. There exists only one reported 

mass spectrum of Krytox FSH 157 using SIMS. Secondary-ion mass spectrometry (SIMS) is an analytical 

method used for studies of thin films and solids. It works by sputtering the sample with ions and then 

analysing the reflected secondary ions. As oppose to matrix-assisted laser desorption/ionization (MALDI), 

this technique does not require a matrix for visualisation of the produced ions. Inspired by a publication 

(Figure 3B1), from the creator of SIMS, analysis of Krytox FSH 157, PFPE-Jeffamine-PFPE, and PFPE-

Jeffamine-FITC, was attempted. 

 

Figure 3.6.2A.  SIMS spectrum of a monolayer of Krytox sample deposited on a silver substrate (reflection mode). 

Adapted from source; Anal.Chem.,Vol. 65, No.15, Aug 1, 1993. 

Despite the application several different sample preparation protocols, all samples yielded fragmented ion 

spectra (Figure 3.6.2C, Figure 3.6.2D). 
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     ig.Fig.dfsdf       d  

Figure 3.6.2B.  SIMS setup with substrate positioned in the ionization chamber.  

 

Figure 3.6.2C.  SIMS spectra indicating fragmentation of Krytox 157 FSH (black), PFPE-FITC (red), PFPE-

Jeffamine-PFPE (blue) in negative polarity mode. 1% w/w in FC-3283 solutions spotted on Si wafer 

coated in Ag. 
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Figure 3.6.2D.  SIMS spectra indicating fragmentation of Krytox 157 FSH (black), PFPE-FITC (red), PFPE-

Jeffamine-PFPE (blue) in negative polarity mode. 1% w/w in FC-3283 solutions spotted on Si wafer 

coated in Ag. 

 

 

 

 

 

 



Chapter 3 

89 
 

3.6.3 Functionalized Surfactants 

 

Figure 3.6.3A.  Left: Continuous extraction setup for PFPE-Jeffamine-FITC using MeOH and FC3283 for purification 

of the surfactant sample. Hydrophilic impurities concentrate in the right hand side flask containing 

MeOH. Right: close-up to the continuous extraction of PFPE-Jeffamine-Rhodamine surfactant, the 

fluorescent surfactant dissolved in FC3283 is visible under UV illumination. 

 

   

Figure 3.6.3B.  Left: Experimental setup for testing the temperature dependent fluorescence emission of PFPE-

Jeffamine-Rhodamine surfactant. The setup consists of: Nemesys Precision Pumps, Nikon Eclipse 

TI-E Microscope, Lumencor LED illumination, custom-made temperature controller, microfluidic chip 

on a heated stage module. Right: Close-up of a PDMS microfluidic chip on a heated stage module. 

Fluorescence images are collected by Hamamatsu C11440 camera. 
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3.6.4 PFPE-Jeffamine-FITC  pH Dependent Fluorescence 

Figure 3.6.4A.  Left: Fluorescence emission of the droplet interface with 1% PFPE-Jeffamine-FITC before and after 

the addition of NH4OH. Right: Fluorescence emission graph indicating the increasing fluorescence of 

the oil-phase with respect to time, after the addition of base (NH4OH) at time 0. 

Figure 3.6.4B.  Fluorescence emission of the droplet interface with 1% PFPE-Jeffamine-FITC before and after the 

addition of NH4OH. Micellar formations surrounding the droplet interface are visible in the fluorous 

oil. 
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4.1 Introduction 

The latest advances in next generation (or high-throughput) sequencing using technologies such as the 

Illumina (Solexa) NGS platform [1], have led to creation of vast amounts of genomic sequence information. 

These databases are now beginning to uncover new sequences with unknown or new functions. For 

example, by data mining the colossal amounts of available information extracted from microbial organisms, 

107 000 prokaryotic genomes have now been sequenced (up until September 2017) [2]. Once a desired 

sequence is identified, it can be recombined in a bacterial host, such as E. coli or Bacillus subtilis [3], and 

new enzyme variants expressed.  Unsurprisingly, due to the growing amount of protein-based material 

available to biologists, there is an ever-increasing demand for the fast and accurate characterisation of 

the activity and stability of enzyme variants. In this respect, one of the most important properties of 

interest is the thermal stability of an enzyme. Thermal stability is critical in allowing an enzyme to 

maintain its tertiary structure [4]. Hence the rapid determination of thermal stability has immediate impact 

in the fields of protein engineering, drug discovery and vaccine production [5, 6].   

The general stability of a given protein is controlled by many external factors, such as temperature, the 

presence of denaturing chemicals, pH and buffer composition [7]. Fortunately, there are a number of 

methods used to study the thermal stability of proteins. These include isothermal titration calorimetry 

(ITC) and differential scanning calorimetry (DSC) combined with circular dichroism (CD). That said, all 

of these techniques require bulky and sophisticated instrumentation, consume considerable volumes of 

sample and reagents, and are characterised by extended measurement times (often in excess of 1.5 

hours) [8]. With a view to significantly decreasing sample consumption, researchers have attempted to 

miniaturize such techniques. For example, recently developed microcalorimetry methods have been proven 

to be useful in probing the thermodynamics of biochemical reactions [9] and are gradually replacing more 

conventional calorimetry. Although, microcalorimetry methods show promise, the problems associated 

with cost, sample consumption and measurement time have yet to be adequately addressed, and the need 

to develop novel assays for elucidating the thermodynamics of biochemical reactions still remains. 

In order to limit the consumption of precious sample, researchers turned to micro-technologies. 

Microfabricated thin-film heaters and temperature sensors have been widely used to control and measure 

temperature within a range of microfluidic platforms [10, 11]. However, such thermal elements have yet 

to be used to reveal the temperature profiles associated with enzymatic activity or study temperature 

dependent properties of proteins. Indeed, existing on-chip heating and temperature control configurations 

are poorly suited for integration into current microfluidic platforms for measuring enzymatic activity or 

kinetics in a high-throughput manner. 

The aim of the studies presented in this chapter is to develop a microfluidic platform able to investigate 

the thermal stability and activity of dehalogenases under a variety of pH buffer conditions and protein 

concentrations. It is important to note that such measurements are simply not possible using traditional, 

macroscale platforms, since they require excessively large sample volumes and long equilibration times 
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between measurements [12]. Consequently, a new technique for fast and high-throughput characterization 

of enzyme characteristics is required. Crucially, the proposed innovations will allow for the extraction of 

substantially more information per experiment, provide for superior measurement accuracy, transform 

analytical throughput and allow automation of the entire experimental workflow. In short, the platform 

will allow the comprehensive study of parameters (including pH and temperature) that affect both kinetics 

and thermodynamics on short timescales for a large number of protein samples. By imposing a temperature 

gradient along a microfluidic channel and monitoring the activity of the dehalogenase using a fluorescence 

indicator along the channel, enzymatic activity profiles will be extracted in a direct fashion. A typical 

workflow from a genetic sequence to biochemical characterisation includes: in silico identification of genes, 

expression analysis, high-throughput screening and finally high-throughput charactersiton (Figure 4.1). 

The microfluidic platform will be implemented at the last stage of the work flow and will enable the 

analysis of thousands of enzyme variants on short timescales.  

Figure 4.1 The work-flow for identification of new enzymes from a gene database including: in silico 

identification of new genes, expression analysis, high-throughput screening and high-throughput 

characterisation. 
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4.2 Experimental Section 

4.2.1 Microfluidic device design and fabrication 

The microfluidic chip was designed using AutoCad 2015, and then manufactured by Micronit Micro 

Technologies (Enschede, Holland) in glass. The 15 mm x 45 mm microfluidic device consist of two layers 

of Borofloat 33 glass (Schott, Jena, Germany), which are thermally bonded. Inlet and outlet ports 

(1.7 mm in diameter), as well as a 3.1 mm diameter cavity for cartridge heater were formed by powder 

blasting. Microfluidic channels were etched using buffered hydrofluoric acid to a depth of 20 each 

layer, yielding a total channel height of 40 (Figure 4.2). To ensure compatibility with fluorous oil 

carrier fluids, all microchannels were coated with a fluorous coating (based on 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane; PFOTS) to make the hydrophilic glass surfaces hydrophobic 

[13]. 

Figure 4.2 Schematic describing the manufacture of the microfluidic device consisting of two layers of glass. 

Microfluidic channels are wet-etched in each layer, yielding a Outlets, 

inlets and the cartridge heater cavity are formed by powder blasting.  

Aqueous samples are delivered via 4 inlets, which culminate in wide channel that 

leads to a flow focusing junction. The oil-  m at 

the flow focusing junction. Droplets generated at this junction travel downstream along a winding channel 

(100 e) to induce mixing (via chaotic advection). The microchannels for enzyme activity studies

are arranged in 60 concentric loops oriented around the cavity for the cartridge heater (Figure 4.3). 

powder blasted holes

for inlets and outles

wet-etched channels

powder blasted hole

for cartridge heater

Glass: Borofloat 33

Thickness: 1100 μm

Glass: Borofloat 33

Thickness: 700 μm
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Figure 4.3 (a) Chip design illustrating 5 inputs on the left, and the outlet port on the right - double circles 

indicate locations of tubing connections. The centre-left inlet port delivers the fluorous oil with 

surfactant. There are 4 aqueous inputs that meet at a union (blue box) leading to a flow focusing 

junction with the oil channel. Droplets generated in the junction continue through a winding channel 

that induces mixing within droplets (red box). The 60 concentric loops (green box), for study of 

enzymatic activity, are arranged around the cavity for cartridge heater. Droplet size and composition 

is controlled by the flow rates of oil phase and aqueous streams.  (b) Macrophotographs of 

microdroplets of blue dye in FC-40 (with 2% PFPE-Jeffamine-PFPE) imaged in the concentric loop 

channels of the glass microfluidic chip. 

4.2.2 Platform structure 

The platform comprises an anodised aluminium base with contained channels for cooling water from a 

recirculating chiller, mounted on a PEEK disk for insulation. A PEEK holder for a Watlow Firerod cartridge 

heater (Watlow, Nottingham, UK) is located in the centre of the cooling base. On top of the base sits a 

chip clamp (Micronit, Enschede, Holland) holder that keeps the microfluidic device in contact with 

cartridge heater, as well as cools down the opposite edge of the device. Such an arrangement ensures that 
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a temperature gradient is created across the length of the glass chip. The chip clamp both holds the chip 

and ensures a seamless interface between the tubing and inlets/outlet. Fluorescence measurements are 

recorded from regions of the chip with spiral winding channel, using a MVX-RFA Mercury Lamp (Olympus, 

Tokyo, Japan) as an excitation source and a fluorescence camera (Hamamatsu C11440, Tokyo, Japan). 

Figure 4.4 Schematic representing key components of the heating/cooling platform for creating a temperature 

gradient across the glass microfluidic chip. The anodised aluminium block, fixed on an insulating 

PEEK plate, contains ports for cooling water provided by a recirculating chiller. This flow cools the 

platform and the Micronit Fluidic Pro holder screwed to the top of the aluminium base. A Watlow 

Firerod steel cartridge heater is located in the centre of the platform, insulated from cooled parts by 

a PEEK element. The glass microfluidic chip is kept in contact with the cartridge heater and the 

cooled section of the Micronit Fluidic PRO holder. Tubing is affixed to the chip by the force exerted 

by the Micronit Fluidic PRO holder. 

4.2.3 Detection setup 

The microfluidic platform is mounted on the base of fluorescence imaging stereoscope MVX10 (Olympus, 

Tokyo, Japan), Figure 4.5. The sample is illuminated using a 100 W Mercury lamp (MVX-RFA Olympus, 

Tokyo, Japan), with fluorescence emission being collected by the objective lens (NA 0.12), passed through 

an optical filter (520nm/30) and focused onto a high-speed fluorescence camera (Hamamatsu C11440, 

Hamamatsu, Japan). 
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Figure 4.5 The experimental setup consists of the microfluidic platform, a recirculating chiller, a temperature 

controller, precision syringe pumps and a fluorescence stereoscope with mercury lamp illumination. 

Fluorescence images are taken using a high-speed fluorescence camera connected to a PC. 

4.3 Temperature Gradient Platform - Results and discussion 

4.3.1 Experimental Concept 

The experimental workflow aims to encapsulate enzymes within aqueous microdroplets surrounded by a 

fluorous oil. Droplets are also loaded with variable concentrations of substrate (at different pHs) and 

contain a fluorescent dye as a reporter molecule (Figure 4.6). Additionally, the four independent inputs 

for aqueous liquids can be used to introduce buffers and solvents as required. The catalytic reaction of 

dehalogenase with substrates such as 1,2 dibromoethane (EDB) or 1,2,3 trichloropropane (TCP), in the 

presence of water release protons as by-products. Use of a pH sensitive fluorescence dye such as 

8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) allows enzyme activity to be quantified 

through a decrease in the time-integrated fluorescence. HPTS is a water-soluble, pH sensitive fluorescent 

dye and it is used widely as a pH probe [14].  
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Figure 4.6 The experimental workflow involves encapsulation of the enzyme (DaAh) with appropriate reagents, 

including the substrate (EDB), a pH sensitive fluorescent dye and buffers into microdroplets 

encapsulated by a fluorous oil. The microfluidic (winding) channel is exposed to a temperature 

gradient between 5 °C and 90 °C, allowing the study of a wide range of enzyme libraries. 

4.3.2 Generation of temperature gradients 

The temperature gradient is an essential feature of the platform for protein activity studies. The 

protein/enzymatic libraries can be divided into three groups based on the their optimal temperature 

conditions: psychrophilic (thriving in temperatures near zero and up to +15 °C), mesophilic (with an 

optimal range between 15 °C and 45 °C) and thermophilic (operating at temperatures between 45 °C and 

80 °C) [15]. Consequently, in the current experiments we aim to demonstrate a wide temperature range 

and associated gradients between 5 °C and 90 °C within loop channel section. 

Initial experiments were performed to assess temperature gradients within a microfluidic device. A PDMS 

device containing the desired channel design was bonded to a laboratory glass slide. It was then positioned 

on the anodized-aluminium base which was cooled using water from a recirculating chiller, with the 

Watlow Firerod cartridge heater embedded in the body of the chip. Thermocouples were integrated into 

the PDMS microdevice along its longitudinal axis, as shown in Figure 4.7 b, and measurements recorded 

on a PC using a custom-written Labview program. Infrared images were taken using a FLIR i60 camera 

(FLIR Systems GmbH, Frankfurt a. M., Germany). The custom-made temperature controller, powering 

the cartridge heater, was set to 150 °C, and the recirculating chiller cooling the aluminium base was set 

to 0 °C, to assure the creation of desired gradient of tempretures along the chip. One end of the 

microdevice was heated by the cartridge heater and the opposite end cooled using the copper holder 

mounted on the aluminium base. Temperature readings extracted through infrared images (analysed in 

FLIR Tools v 5.2.15161.1001, Figure 4.7 a) and temperature values obtained from thermocouple 

measurements show an excellent correspondence (Figure 4.7 c). Consequently the infrared measuements 

can be used as a good respresentaion of the temperature gradient experienced by a microfluidic chip.  
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Figure 4.7. Temperature gradient was created along a PDMS chip mounted on a cooling base, with heating 

provided by a resistive cartridge heater. (a) Infrared image reporting the temperature gradient within 

the PDMS device on a glass slide. Thermocouples are visible in the left part of the image. 

(b) Thermocouples embedded in the PDMS microfluidic chip are mounted on the heat gradient 

platform. (c) Variation of temperature readings from the FLIR i60 infrared camera and thermocouples 

embedded in PDMS chip as a function of position.  

Next, the PDMS device was replaced by a glass microfluidic chip, to ensure superior compatibility with 

psychrophilic, mesophilic and thermophilic enzymes and their reaction substrates. Simulations of heat 

distribution on a glass microfluidic device were performed using COMSOL Multiphysics (COMSOL Inc, 

Stockholm, Sweden). The heat distribution across the chip was simulated under heating (100 C) and 

cooling conditions (0 . As can be seen, the curvature of microfluidic channels closely corresponds to 

the shape of temperature gradient isotherms (Figure 4.8), ensuring 

is experiencing a consistent temperature. 

Figure 4.8.  (a) COMSOL Multiphysics simulation of a temperature gradient experienced by a glass microfluidic 

chip on a custom-made platform. Heating was provided by a cartridge heater in contact with chip, 

and cooling delivered by an aluminium frame and the opposite end of the chip. (b) Detailed analysis 

of the temperature gradient within a glass microfluidic chip. A straight line across the longitudinal 

axis of the chip indicates a decay in the predicted temperature from 90 
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Figure. COMSOL simulation of a glass microfluidic chip integrated into a heating and 
cooling platform demonstrating temperature gradients across the device. Heating  
and cooling conditions: 1000C and 00C respectively. 

Figure. COMSOL simulation demonstrating temperature gradients across the chip 
under heating (1000C) and cooling conditions (00C) with temperature step of 100C for 
visualization purposes. The curvature of microfluidic channels corresponds to the 
shape of temperature gradients. Temperature reading across the chip (magenta line) 
showing a range between 900C and 50C as required for enzymatic reactions.  
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After manufacturing of the glass platform and integration with a Micronit Fluidic PRO holder, 

measurements were taken to investigate the heat distribution along the chip. As predicted by the COMSOL 

simulation, the platform is capable of subjecting the glass microfluidic chip to a wide range of temperatures 

ranging from  shown by the images (Figure 4.9 b, c) recorded by the infrared 

camera. 

Figure 4.9 (a) Glass microfluidic device for enzyme kinetic measurements mounted on the heat gradient 

platform. (b) Temperature profile indicating the range between 90  and 5  from the centrally 

located cartridge heater towards cooling elements on the opposite end of the device. The red line 

illustrates the axis, which was used to plot the observed temperatures in (c). 

4.3.3 Droplet Fluorescence Tests 

When the haloalkane dehalogenase (dhaA) from Rhodococcus rhodochrous catalyses its substrate, 

(1,2-Dibromoethane or 1,2,3-Trichloropropane), protons are released as a by-product of the catalytic 

reaction. Use of a pH sensitive fluorescent dye enables quantification of activity through a decrease in the 

time-integrated fluorescence emission. To simulate such an event, a set of HPTS concentrations, in 1mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH 8, was created ranging between 

20  and 28 during the droplet generation process. This was achieved by manipulating the flow-

rates of aqueous samples via a triangular-waveform flow profile, i.e. a decrease in the dye flow rate was 

coupled with an increase in buffer (HEPES) flow rate and vice versa. Accordingly, the HPTS flow rate 

was gradually lowered from 2.9 l/min to 0.2 l/min, and then increased back to 2.9 l/min. Similarly, 

the flow rate of HEPES buffer was increased from 0.2 l/min to 2.9 l/min and then decreased back to 

0.2 l/min. The time taken for a complete cycle was 120 seconds (Figure 4.10 a-d) or 240 seconds (Figure 

4.10 e-h). By analysing high-speed fluorescence images, the emission of every single droplet can be 

quantified as reported in a histogram (Figure 4.10 f), or averaged per each loop of the microfluidic chip 

(Figure 4.10 b). 

(a) (b) (c) 
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Figure 4.10 (a) Image of fluorescence emission of microdroplets with HPTS concentration gradient varied 

between 20 280  s in a microfluidic chip mounted on the heat 

gradient platform, with corresponding: (b) graph of fluorescence emission values, averaged per each 

loop of the microfluidic chip, (c) the HPTS flow rate plot indicating gradual increase from 0.2 ul/min 

to 2.9 ul/min and then decrease back to 0.2 ul/min over the time of 120 s, and (d) the flowrate 

graph of HEPES buffer with the opposite flow rate values i.e. decrease from 2.9 ul/min to 0.2 ul/min 

and then increase to 2.9 ul/min in the same time frame.  (e) Fluorescence emission of microdroplets 

representing a concentration gradient of   s, 

with corresponding: (f) fluorescence emission of the 969 droplets recorded along the channel from 

left to right, (g) plot of the HEPES buffer flow rate gradually decreased from 2.9 ul/min to 0.2 ul/min 

and then again increased to 2.9 ul/min over 240 seconds, and (h) the flow-rate profile of HEPES 

buffer in the same time. The flow rate of oil phase (FC-40 with 2.5% surfactant Picosurf) was set at 

constant rate of 1.5 ul/min. 
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4.4 Conclusions 

This studies reported herein have successfully delivered a platform for high-throughput enzymatic assays. 

The platform is capable of subjecting a microfluidic chip to a precise temperature gradient. The chip 

channel loops where enzyme activity is studied, can be exposed to temperature gradients between 5 °C 

and 90 °C, a range crucial for the study of dehalogenases. The connection interface, allows for stable and 

high-throughput droplet generation from five independent inputs at the same time, permitting for the 

creation of gradients in the substrate concentrations, pH values and solvents. Leveraging these capabilities, 

the platform can be used for high-throughput activity studies of mutant dehalogenes at user defined 

parameters, facilitating the rapid identification of variants with the highest activity. Changes in the pH of 

buffer solution often induce changes in the protein's thermal stability which manifest as changes in the 

midpoint denaturation temperature, which can be induced and detected by our platform. Such a 

microfluidic approach should also enable more advanced experimental strategies. For example, microfluidic 

mixing can provide enhanced opportunities for studying protein folding in systems involving multiple 

components or using chemical denaturation agents. Furthermore, absorbance-based detection techniques 

can be implemented in a similar system to provide additional information with greater structural 

complexity. 
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The studies described in this thesis, have attempted to develop novel droplet-based platforms, associated 

techniques and materials, with a view to enhance both the analytical performance of droplet-based 

microfluidics technologies, but also their application to contemporary biological and chemical 

experimentation.  

5.1 Robotic Droplet Generator for High-Throughput Experimentation 

The developed robotic platform has been successfully used to perform automated enzyme kinetic 

experiments without supervision and is able to generate biological data comparable in quality to microtiter 

plate readings, but on significantly shorter timescales and requiring substantially smaller quantities of 

reagents. It is important to note that the robotic platform compares favourably with previously described 

compartments-on-demand (COD) systems that have been used for similar experiments (such as DropLab 

system). Precise control over droplet size and derivation of time-courses (rather than single point assays) 

mean that data quality is equivalent or better than that obtained via cuvette or microplate experiments. 

Additionally, when single species (of limited availability) are to be interrogated, the number of droplets 

will determine their consumption. This dictates that time-dependent data must be obtained, and in this 

respect the current COD platform becomes unusually powerful. In broad terms, our COD platform presents 

multiple advantages over established microtiter plate methods and previously reported microfluidic 

techniques. In the future, it is likely that development of the current platform will focus on integration 

with downstream processing, providing access to biological experiments that cannot be performed in bulk. 

Integration with separation techniques such as capillary electrophoresis or analysis by mass spectroscopy 

will allow extremely large numbers of experiments to be performed in a sequential fashion and with 

minimum supervision. 

5.2 Characterization of Novel Fluorous Surfactants 

A method based on thin layer chromatography, as a simple alternative to IR, NMR or MALDI 

measurements, was developed and tested, that can assess purity of PFPE-Jeffamine-PFPE surfactant 

created using reported synthetic scheme. Moreover, we have synthesised three fluorous surfactants 

containing novel functionalizations, i.e. PFPE-Jeffamine-FITC, PFPE-Jeffamine-Rhodamine and 

PFPE-Jeffamine-Biotin. First, the pH-sensitive fluorescence emission of PFPE-Jeffamine-FITC was 

demonstrated, thus indicating its potential use as a fluorous-phase pH indicator for droplet based 

microfluidic assays. Next, the PFPE-Jeffamine-Rhodamine surfactant suggested potential use as an 

oil-based temperature indicator, with its time-integrated emission dropping as temperature is increased 

from 22 oC to 42 oC.  Finally, streptavidin-FITC was successfully bound to PFPE-Jeffamine-Biotin, 

ability to capture molecules 

from the aqueous-phase. Consequently, the developed surfactants open up the opportunity of controlling 

and manipulating the environment within emulsion droplets through changes in temperature, pH and 
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chemistry.  This will increase the suite of accessible reactions and assays that can be probed and assayed 

using droplet-based microfluidic systems. 

5.3 Microfluidic Platform for Studying Haloalkane Dehalogenases 

Finally, we have successfully developed a platform for high-throughput droplet enzyme assays in 

microfluidic devices. The platform is capable of generating bespoke temperature gradients between 5 °C 

and 90 °C within a planar, chip-based format. Importantly, this range allows access to the study of 

dehalogenases. Furthermore, to provide for enhanced control, the microfluidic channels within the device 

are designed to precisely follow the heat distribution generated by the platform. The connection interface 

allows for stable high-throughput droplet generation from 5 independent inputs at the same time, 

permitting for variation of pH, substrate concentrations and solvents. The above-mentioned capabilities, 

in the near future, will allow for the platform to be used in high-throughput activity studies of mutant 

dehalogenases, facilitating fast identification of variant with high activity. Additionally, the platform can 

be used in protein stability and activity assays, where the ability to control pH, temperature and co-solvent 

is critical. In order to reduce manual intervention during use, future upgrades will include computer 

controlled temperature gradients and flow rates. Further studies will be directed towards realizing a fully 

automated enzyme screening platform for the extraction of kinetic parameters.  


