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Abstract 

Cell-based assays have been performed in aqueous drops within a bulk immiscible 

fluid phase, as an alternative to multi-titer plates. Many microfluidic functions have been 

developed to manipulate these drops, for example, to merge pairs of drops, and sort drops 

based on size or fluorescence they emit. Whilst these functions have been successfully 

demonstrated in the proof-of-principle stage, challenges remain in combining them into one 

working platform for real-life applications. As many microfluidic devices are designed for 

only one specific application, adjustments are required to perform different tasks. For 

applications involving cell culture, one must be mindful that cells are subjected to a very 

different environment in microfluidic devices compared to conventional culture. Small 

culture volume results in large surface-to-volume ratio which would affect transport of 

molecules within the drops and with the interfaces. Furthermore, materials used in many 

microfluidic devices are usually different from those used in conventional culture. 

Motivated by these challenges, here a passive drop merging method in a single Teflon tube 

and a liquid handling method using sessile drops on a Petri dish are developed. 

Biocompatibility of these methods for cell-based assays are assessed using mammalian cells. 

The first method uses fluid mechanics of three or more immiscible fluids to control the 

relative speed of individual drops, rather than complex channel geometries. Fluids and 

surfactants were screened to find a biocompatible combination for this method. The second 

method concerns performing cell-based assays in sessile drops, overlaid with FC-40, on 

tissue-culture-treated polystyrene dishes. The impact of this arrangement on cells, and the 

alternation of the pinning line/interface by Fetal Bovine Serum (FBS) is examined in some 

details. It is found that constituents of FBS accumulate at the interface which results in an 

alternation on the pinning line properties that is beneficial to such assays.    



ii 

 

Acknowledgements 

I greatly thank my supervisor Prof. Edmond Walsh for his support, guidance and 

advice, Prof. Peter Cook for hosting me in his lab and for his advice as well, Dr. Alex 

Feuerborn for his mentorship and support, and lab members for our discussion and good 

times together. I am also thankful for the welfare support I received from Brasenose College 

(Kate Tempest, Dr. Dominic Keech, Prof. Elspeth Garman and Prof. Harvey Burd), as well 

as family and friends. I gratefully acknowledge the financial support from Indonesian 

Endowment Fund for Education (Lembaga Pengelola Dana Pendidikan, LPDP) who 

awarded me with Beasiswa Pendidikan Indonesia. 

  



iii 

 

Table of Contents 

Abstract ................................................................................................................................. i 

Acknowledgements .............................................................................................................. ii 

Table of Contents ............................................................................................................... iii 

Introduction ......................................................................................................................... 1 

I. Biology of cell culture ................................................................................................ 2 

 Adherent and suspension cells ....................................................................... 2 

 Role of plasma serum in cell adhesion .......................................................... 3 

 Cell culture in microfluidic device ............................................................................. 5 

 Micro-scale culture ....................................................................................... 5 

 Substrate materials........................................................................................ 6 

 Drop-based microfluidics ........................................................................................... 7 

 Methods for generating drops ..................................................................... 7 

 Merging drops ............................................................................................. 9 

 Injecting fluid into drops ........................................................................... 11 

 Cell-based assays in microfluidic drops ................................................................... 12 

 Encapsulating cells in microfluidic drops ................................................. 12 

 Phenotypic screening and sorting ............................................................. 13 

 Long-term cell culture with growth monitoring ....................................... 13 

 Genetic screening ...................................................................................... 14 

 Genetic modification ................................................................................. 15 



iv 

 

 Sessile drop arrays .................................................................................... 16 

 Biocompatibility assessment of microfluidic devices .............................. 18 

 Carrier fluids and surfactants .................................................................................... 20 

 Fluids and surfactants for carrying cells in drops ...................................... 20 

 Protein adsorption to interfaces .................................................................. 21 

 Surfactant-protein interaction in microfluidic drops .................................. 22 

 Summary of the previous works ............................................................................... 23 

Objectives of thesis ................................................................................................. 23 

 Proposed methods and overview of thesis ............................................................. 24 

 Drops-in-drops in a Teflon tube ............................................................. 24 

 Sessile drops on a tissue-culture-treated Petri dish ................................ 25 

 Appendix  .................................................................................................................. 26 

Paper 1: Merging drops in a Teflon tube, and transferring fluid between them, 

illustrated by protein crystallization and drug screening .............................................. 35 

I. Introduction ............................................................................................................... 36 

II. Methodology ............................................................................................................. 37 

III. Materials and methods .............................................................................................. 39 

III.1. General reagents and equipment ............................................................... 39 

III.2. Interfacial tension measurement ............................................................... 40 

III.3. Static and dynamic interfacial tension ...................................................... 40 

III.4. Generation of arrays of drops .................................................................... 41 

III.5. Measurement of drop velocity and length ................................................. 42 



v 

 

III.6. Drop velocity and film thickness .............................................................. 43 

IV. Results and discussion .............................................................................................. 45 

IV.1. Relative drop velocities ............................................................................ 45 

IV.2. Transferring fluid between drops through nano-channels ........................ 51 

IV.3. Cross-contamination ................................................................................. 53 

IV.4. Two applications ....................................................................................... 54 

V. Conclusions ............................................................................................................... 57 

VI. Notes and References ............................................................................................... 57 

VII. Supplementary Information .................................................................................... 60 

Paper 2: Biocompatibility of fluids for multiphase drops-in-drops microfluidics ...... 74 

I. Introduction ............................................................................................................... 75 

II. Experimental methods .............................................................................................. 78 

II.1. Interfacial tension measurement ................................................................. 78 

II.2. Cell preparation .......................................................................................... 78 

II.3. Fluid and surfactant biocompatibility test .................................................. 78 

II.4. Proof-of-principle drug screening .............................................................. 80 

III. Results and discussion .............................................................................................. 81 

III.1. Effects of tetradecane plus Span 80 on viability ....................................... 81 

III.2. Screening fluids for effects on viability .................................................... 83 

III.3. A proof-of-principle drug screen .............................................................. 86 

IV. Conclusion ................................................................................................................ 87 



vi 

 

V. References ................................................................................................................. 88 

Paper 3: Contact-Line Pinning and Superhydrophobic Behavior of Sessile Drops 

Induced by Fetal Bovine Serum and Serum-Free Replacement ................................... 95 

 Introduction ............................................................................................................... 96 

 Results  .................................................................................................................. 97 

 Serum stabilizes the pinning line ................................................................ 97 

 Pinning as a function of incubation time and temperature ....................... 100 

 Advancing contact angles and superhydrophobic effects ........................ 102 

 Serum adsorption to water/FC-40 interface ............................................. 104 

 Pinning lines stabilized by FBS can withstand the effects of surfactants 106 

 Using serum-pinned drops for cell-based assays...................................... 107 

 Discussion ............................................................................................................... 108 

 Methods  ................................................................................................................ 110 

 Contact-angle measurement .................................................................... 110 

 Cell-based assays .................................................................................... 110 

Acknowledgements ....................................................................................................... 111 

References ..................................................................................................................... 112 

Associated content ........................................................................................................ 114 

Author information ....................................................................................................... 115 

SUPPLEMENTARY METHODS ................................................................................ 115 

SUPPLEMENTARY FIGURES .................................................................................. 119 

SUPPLEMENTARY MOVIES .................................................................................... 124 



vii 

 

REFERENCES ............................................................................................................. 125 

Paper 4: Biocompatibility of sessile drops as chambers for cell culture measured by 

HEK cells adhesion .......................................................................................................... 127 

II. Introduction ............................................................................................................. 127 

III. Experimental methods ............................................................................................ 128 

III.1. Cell culture and preparation .................................................................... 128 

III.2. Biocompatibility measurement of the overlaying liquids ....................... 129 

III.3. Depositing drops ..................................................................................... 129 

III.4. Calculation of drop surface-to-volume ratio ........................................... 130 

III.5. Varying drop surface-to-volume ratio ..................................................... 132 

III.6. Pre-exposing drop footprint with serum ................................................. 132 

IV. Results and discussion ............................................................................................ 133 

IV.1. Biocompatibility of overlaying liquids ................................................... 133 

IV.2. Cell culture in drops overlaid with FC-40 .............................................. 134 

IV.3. Cell culture in drops with various surface-to-volume ratio .................... 136 

IV.4. Effects of serum adsorption on cell adhesion ......................................... 138 

V. Conclusion .............................................................................................................. 141 

References ..................................................................................................................... 142 

Discussion ......................................................................................................................... 145 

 Overview of previous chapters ............................................................................... 145 

 Challenges and limitations ...................................................................................... 146 

 Biocompatible drops-in-drops advection ................................................. 146 



viii 

 

 Drop generation frequency ....................................................................... 147 

 Cell culture in drops-in-drops ................................................................... 148 

 Further work ........................................................................................................... 148 

 Integrating drops-in-drops and sessile drop systems .............................. 148 

 Biocompatibility test with different cell types ........................................ 149 

 Adsorption of serum components to interfaces ....................................... 150 

References......................................................................................................................... 151 

Appendix A: List of Measured Interfacial Tension ...................................................... 185 

Appendix B: Comments on the contact angle of a sessile drop ................................... 187 

 General Young’s equation ...................................................................................... 187 

 Young’s equation for two liquids on a solid substrate ........................................... 187 

 Calculating liquid/liquid/solid contact angle for the case in Paper 3 ..................... 188 

References  ................................................................................................................ 189 

 

 



  

1 

 

Introduction 

Microfluidic devices manipulate fluids in small volumes or within small channels [1]. 

Water-soluble reagents can be manipulated in a microfluidic device as drops within a bulk 

immiscible fluid phase [2]. Many sub-devices have been developed to manipulate these 

drops and perform specific function, such as for merging [3-5], mixing [6, 7] and sorting [8] 

them. The development of drop-based microfluidic techniques and microfluidics in general 

is highly associated with life science applications [9]. Some applications include DNA 

amplification [10], single-cell diagnostics [11], and cell-cell communication research [12]. 

However, as discussed in a recent review [9], the vast majority of microfluidic papers are 

still being published in engineering journals rather than biology or medicine ones. This fact 

indicates a gap in translating microfluidic technology into life science applications, as also 

discussed in other reviews [1, 2, 13].  

While many microfluidic devices or sub-devices functions have been successfully 

demonstrated in the proof-of-principle stage, one of the main challenges in microfluidic 

technology transfer is to integrate these sub-devices into one working platform [2, 14]. 

Compared to the conventional biology lab techniques, there is a lack of standardization 

between microfluidic devices. Many microfluidic devices are designed for only one specific 

application – and due to their complexity, a lot of adjustments need to be done to perform 

different tasks. Moreover, these devices usually require sophisticated machinery and 

specialised experts for both their fabrication and operation [15, 16], which are barriers for 

adopting the technology to conventional labs. 

On the other hand, devices that have been developed by mostly engineers would need 

an extra assessment to ensure their suitability for biology and medicine applications [13, 

17]. For example, the materials commonly used by microfluidic engineers (e.g., 

polydimethylsiloxane; PDMS) are not the same as those usually used in biology labs (e.g., 
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polystyrene) [17]. For drop-based microfluidics, at least two types of fluids are involved, 

and surfactants are often used to stabilize the interface(s) [18, 19]. Therefore, the system’s 

biocompatibility now also depends on the interaction between fluids and surfactants (e.g., 

the gas and temperature exchange between fluids, and the effect of surfactant/molecule 

adsorption at fluidic interfaces). Collaborative work between engineers and biologist is 

essential not only to assess the biocompatibility of existing microfluidic devices, but also to 

effectively translate such devices to real-life applications [13, 20].  

Motivated by the challenges above, there is an apparent need on the development of a 

biocompatible microfluidic system for cell-based assays, using accessible platform for facile 

adaptation from conventional lab methods. Drop-based microfluidics has much potential for 

this purpose, as drops can act as compartments analogue to test tubes or wells (in multi-well 

plates) in the conventional labs. Protocols ensuring the device’s biocompatibility need to be 

established, where the condition of the cells should be demonstrated as comparable to when 

using conventional methods. Accessible and versatile microfluidic methods, along with their 

demonstrated biocompatibility, would accelerate the technology transfer into real-life 

applications.  

I. Biology of cell culture  

 Adherent and suspension cells 

Cell culture is a method of growing cells in an artificial environment [21]. It enables 

the study of animal cells behaviour in vitro, as a model of the in vivo conditions. Culturing 

cells in vitro has some conveniences in terms of controlling cell environment, characterising 

specific cell types (homogeneity), the economical aspect (as it can be easily scaled up for 

massive screening), and having less moral/ethical issues than animal experimentation [22]. 

Culturing cells require different environmental conditions according to the cell type. In 
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general there are five environmental factors that can influence cell culture condition: (1) the 

nature of the substrate on which the cells grow, (2) contact with other cells, (3) the culture 

media composition, (4) the gas phase composition, and (5) incubation temperature [22].  

Most mammalian cell lines are anchorage-dependent, which means they need to be 

cultured attached on a solid/semi-solid surface, usually as a monolayer (adherent cells). 

Other cell lines can be cultured floating in the culture media (suspension cells), either 

naturally (e.g. blood cells) or adapted from adherent cells [21, 22]. The characteristics of 

both types are listed in Table 1. 

Table 1 Comparison of adherent and suspension cell culture, extracted from reference [21] 

Adherent cell culture Suspension cell culture 

Needs a substrate for the cells to attach on Floats in the culture media 

Growth rate/proliferation can be easily observed 

visually under the microscope 

Requires cell counting to determine the growth 

rate/proliferation 

Requires enzymatic or mechanical dissociation 

procedures when being sub-cultured 

Does not require dissociation when being sub-

cultured 

Growth is limited by the surface area Growth is limited by the volume of culture media 

 

The adhesion of cells on a surface is mediated by an extracellular matrix (ECM), which 

can either be artificially introduced to the surface or secreted by the cells themselves [22]. 

During the adhesion process, the cells undergo morphological change due to the distribution 

and reorganisation of the cytoskeleton [23]. Most adherent cells need to attach and spread 

on the surface before they begin to proliferate [22].  

 Role of plasma serum in cell adhesion 

Proteins such as vitronectin and fibronectin found in serum supplements (e.g., Fetal 

Bovine Serum; FBS) in cell media can bind to solid surface and aid cell attachment [24]. In 

serum-free media, some cell types can still attach to the surface, but generally serum is 

needed to provide growth factors and other nutrients [25, 26]. Despite its popular use in cell 

biology as cell media supplement, the composition of FBS is not precisely defined, and can 
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differ from one batch to another, which is attributed to its natural source [27]. Price et.al 

(1982) analysed the composition of 43 samples of FBS from different suppliers, which 

results are extracted in Table 2, with the range showing the minimum and maximum 

concentration of each respective compound [28].  

Table 2 Some components of FBS and their variations, extracted from reference [28]. Only 

components with concentration more than 1 mg/100 ml are shown here. 

Component 
Concentration per 100 ml 

(average) 
Range 

Total protein 3.8 g 3.2 – 7.0 

Albumin 2.3 g 2.0 – 3.6 

Glucose 125 mg 85 – 247 

Cholesterol 31 mg 12 – 63  

Blood urea nitrogen 16 mg 14 – 20 

Calcium 13.6 mg 12.6 – 14.3 

Haemoglobin 11.3 mg 2.4 – 18.1  

Inorganic phosphorous 9.8 mg 4.3 – 11.4  

Creatinine 3.1 mg 1.6 – 4.3 

Uric acid 2.9 mg 1.3 – 4.1 

 

Serum protein binding at the surface is a complex process which involves the 

interaction/competition between hydrophilic and hydrophobic proteins, and the uncertainty 

in the constitution of the serum itself. For example, fibronectin (FN), one of the attachment 

factors in FBS, can bind to both hydrophobic and hydrophilic (solid) surfaces but in different 

ways [29]. Low concentration of FN binds better on hydrophobic surface (non-treated 

polystyrene) than hydrophilic one (tissue-culture treated plates), but in presence of normal 

concentration of serum in cell culture, little FN adsorption is detected in both types of 

surfaces. Increase of FN on the surface was observed when cells are present on hydrophilic 

surface, where cells attached and grew, while no such attachment/growth was observed on 

the hydrophobic surface [30]. Meanwhile, cells are found to attach on hydrophobic surface 

when both albumin and FN are present in the media, and not when one was added after the 

other [29]. 
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 Cell culture in microfluidic device 

 Micro-scale culture 

The advantages of using microfluidic devices for culturing cells over conventional 

methods (in flasks or multi-well plates) have been stated repeatedly in the literatures [17, 

31-33]: smaller dimension means the reduction of reagents and waste involved, and special 

machinery can be embedded to increase control, throughput and automation. However when 

cultured in micro-scale, cells are exposed to a different environment from conventional bulk 

cell culture method; one of the reasons is high surface-to-volume ratio [34]. Therefore, some 

adjustments should be made, for example perfusing media more often and changing the 

working cell density/concentration [35].  

Culture volume in microfluidic devices is typically within the range of sub-microliters, 

while conventional methods can involve from hundreds of microliters (e.g. 96-well plate) to 

tens of millilitres (e.g. culture flask) volumes. This resulted in a much smaller ratio of culture 

volume to cell volume, thus reduced the amount of accessible free media per cell. To 

compensate the effect of reaching saturated condition faster (due to proliferation, media 

consumption, and waste accumulation), many microfluidic devices adopted strategies to 

perfuse media over the cells, either regularly or periodically [33, 36, 37]. Walker et al. 

(2004) [38] introduced some consideration factors when designing such systems, as cells 

can be affected by shear stress, and the transport of molecules is on a different scale from 

macro-cultures. They proposed a concept of “effective culture volume” (ECV), in which the 

cell culture environment is defined by combining these factors: (1) mass transport, (2) 

diffusion and convection, and (3) protein adsorption at the interfaces. However, the relation 

of the said factors, ECV, and cell behaviour is still only qualitatively defined.  
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 Substrate materials  

Apart from dimension issues, the quality of cell culture in microfluidic devices is also 

being influenced by the choice of materials. On its early years, cell culture was done on glass 

apparatus [39, 40]. Polystyrene has become popular alternative material for cell culture 

equipment since the rise of plasticware, mainly due to its practicality: polystyrene-based 

culture-wares are cheaper, thus more accessible to many researchers and feasible for single 

uses [17, 41, 42]. Without any treatments, polystyrene surfaces are not suitable to support 

cell adhesion [42, 43]; however, treatments to make them suitable are usually proprietary. It 

has been suggested that manufactures usually use corona discharge, gas-plasma or 

microwave plasma to incorporate oxygen onto polystyrene surfaces, increase their 

hydrophilicity and promote cell adhesion [42, 43]. Interfacial free energy between the 

surface and cell culture media is suggested to predict the suitability of surface for cell 

adhesion [43]: low interfacial free energy leads to lower adsorption of proteins inhibiting 

adhesion. Although the surface properties can slightly vary between manufacturers due to 

different treatments, polystyrene culture-wares remain popular, so most cell culture data 

published currently are based on cell behaviour on polystyrene surfaces [17].  

PDMS has been popularized by early microfluidic researchers as a material for 

fabricating microfluidic devices because it is optically transparent and easy for reproducing 

devices from a pre-fabricated mold [17, 35, 44, 45].  Like polystyrene, without treatment 

PDMS surface is hydrophobic and unsuitable for cell adhesion. Different treatments have 

been applied such as, among others, plasma exposure, protein physisorption, and chemical 

immobilization [35, 44, 46]. Currently there is no standard procedure to treat PDMS surface 

for cell culture, and new treatment methods are still being introduced [46].  

In terms of biocompatibility, often PDMS is assumed to be non-toxic, however reports 

suggested that some artifacts may present as a result of the interaction between PDMS and 
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fluids or molecules involved in the culture [35]. For example, Lee, et al. [47] compared the 

growth of four types of mammalian cells on PDMS surfaces (treated with fibronectin) in 

various ratio to the curing agent with on polystyrene surface. They found that the growth 

rates are comparable; however, different cell types respond differently to different PDMS-

to-curing-agent ratio [35, 47]. It was also previously found that even after an extensive 

curing, low molecular weight oligomers in PDMS remain uncrosslinked and soluble in many 

solvents [45, 48]. The implication of these leached oligomers to cell culture has not been 

extensively studied [17]. Common surface treatments on PDMS are also known to have low 

durability and may not be suitable for applications that takes a long culture time [17, 46]. 

To bridge the material gap between conventional cell culture and microfluidic 

technology, polystyrene-based microfluidic devices have been fabricated and studied [49-

51]. The main challenge it faces is the fabrication step; to fabricate polystyrene-based 

microfluidic devices with similar pattern as PDMS-based ones, high pressure and 

temperature are often required [50, 51]. Other types of thermoplastic have also been 

explored for alternative materials, e.g., polymethyl methacrylate (PMMA) [52] and cyclo-

olefin copolymer (COC) [53, 54]. However, a direct comparison of cell culture in devices 

made of different materials has yet to be studied. 

 Drop-based microfluidics 

 Methods for generating drops 

Prior to microfluidics, water-in-oil emulsions have been used to isolate genes and 

perform transcription/translation reactions [55]. The demand of having monodispersity and 

performing high-throughput analysis has initially motivated the use of microfluidic devices 

to generate drops for compartmenting cells/genetic materials [2, 10]. Many drop-based 

microfluidics use junction geometry designed for generating drops. In this approach, the 
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single aqueous flow is broken up into drops as it intersects with the flow of the continuous 

phase [56-61]. The intersection between the aqueous and continuous phase can be of the 

shape of T-junction [56] (one channel of the continuous phase meets with one channel of 

the aqueous phase), cross junction or flow-focusing channel [62] (two channels of 

continuous phase “pinches” one channel of the aqueous phase flowing in the middle), or co-

flow [61] (the channel of the aqueous phase lies within the channel of the continuous phase) 

(Figure 1A). One of the advantages of this system is the ability to control the size of the 

drops by varying the channel dimensions, the aqueous-phase flow rate, and the Capillary 

number of the continuous phase, which depends on the viscosity, flow velocity and 

interfacial tension [58, 60]. Surfactant is commonly used to alter the interfacial tension 

between the two phases to assist drop formation and stabilise the interface [18]. Another 

advantage is the possibility of generating monodisperse drops in a high-throughput manner, 

up to kilohertz range [63]. However, since the drop production is sensitive to the ratio of the 

flow rate between multiple channels, setting up the system can be laborious and result in 

some sample loss [64]. Moreover, since it is based on breaking up the aqueous-phase flow, 

even though a high number of drops can be produced, they all come from the same fluidic 

sample.   

Some microfluidic techniques have been developed to generate drops with varying 

contents from different fluidic samples (Figure 1B) utilising an x-y-z stage [65-68] or a 

rotating device [69]. In these devices, different fluidic samples are provided, for example in 

a multi-well plate, and a capillary takes the fluids in from each well as demanded. This 

approach is often called the “on-demand” method. Despite having a relatively lower drop 

generation rate compared to the channel-junction methods, multiple samples can be 

processed in one device within the same trial, and it is possible to process a sample in 
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scarcity, for example if the reagent is expensive, or if the sample comes from a limited 

source. 

 

Figure 1 Methods to generate drops in microfluidic devices. (A) Drops are generated from a single 

aqueous sample by breaking up the aqueous phase when intersecting with the continuous (oil) phase. 

The common types of channel geometry used in this method are (i) T-junction, (ii) flow-focusing 

and (iii) co-flow devices [70]. Reprinted with permission from [70], published by The Royal Society 

of Chemistry. (B) Drops can also be generated from multiple samples pre-loaded in a multi-well 

plate, as shown in (i) DropLab [65] (reprinted with permission from [65], copyright (2010) American 

Chemical Society) and (ii) Serial-Sample-Loading (SSL) device [67] (reprinted with permission 

from [67]). 

 Merging drops 

After drops are generated, the subsequent process in an assay often includes adding 

reagents, drugs, or media to the drops. One strategy to do so is by generating another set of 

drops with different contents and then merging them in pairs with the drops containing the 

main sample. Specific channel geometry in microfluidic devices have been designed to 

merge pre-generated drops [4, 8, 71-73] based on varying the channel width. For example, 

Tan et al. (2004) [8] designed a “rectifier” channel geometry to alter the velocity of drops 

so that the distance between two flowing drops can be reduced until they touch each other 

and merge. A similar approach was taken by Niu et al. (2008) [71] but with the addition of 
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some pillars to assist merging (Figure 2A). When a drop enters the merging area, it 

decelerates due to the expansion of the channel width, allowing the next drop in line to catch 

up. The pair’s interface is then disturbed by the pillars which induce merging.  

Active elements have been used to merge two drops that are already in contact but 

have stable interfaces (Figure 2B-D). Electro-coalescence has been used to merge drops in 

many devices, as electric field can be easily switched on and off for on-demand merging. 

Priest et al. (2006) [74] embedded gold electrodes in their merging device to apply potential 

between a pair of drops which then would induce merging (Figure 2B). Other electro-

coalescence devices utilise junction geometry and controlled flow rate to synchronise the 

flow of the drops [75, 76]. Drops separated by the carrier fluids have also been brought to 

contact using a trapping element before being electro-coalesced [76, 77]. 

Laser-induced heat was used as an alternative stimulus to merge surfactant-stabilised 

drops [78] (Figure 2C). This approach is based on the surfactant transport from the locally 

heated interface (i.e. Marangoni force). Surface acoustic wave have also been introduced to 

a pair of drops to assist merging from the resulted pressure wave [79]. A more recent method 

to merge stable drops was proposed by Akartuna et al. (2015) [80] which uses an additional 

channel injecting perfluorobutanol to locally destabilise surfactant (Figure 2D).  

Overall, many strategies have been used to merge pairs of drops in contact. These 

strategies were developed mainly to destabilise the interface between the drops, to induce 

merging instead of forming bilayer. Using a less stabilizing surfactant, the drops can be 

merged only by bringing them into contact. In almost every merging method discussed 

above, drops are brought into proximity by using channel geometry to alter the drop velocity 

or to pair drops at a junction, and occasionally with the additional of flow rate control for 

synchronisation. It indicates that most of the merging methods rely on the specific design 

and fabrication of microfluidic channels.  
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Figure 2 Methods for merging drops utilising (A) pillars in channel [71], (B) electrodes [74], (C) 

laser-induced heat [78], and (D) chemical induction [80]. Figure A, C, and D are reprinted with 

permission from [71, 78, 80], respectively, published by The Royal Society of Chemistry; B is 

reprinted from [74] with the permission of AIP Publishing.  

 Injecting fluid into drops 

Besides drop merging, fluidic transport in drop-based microfluidics can be in a form 

of injecting fluids into the pre-generated drops. An extra branch of micro-channel has 

connected to a main channel containing flowing drops in a microfluidic device for fluid 

addition. A PEEK Tee was used to create such junction [81] to deposit about 11 nl substrate 

solution into each reagent drop. 

 Picoinjection system is a similar approach using a nozzle-shaped channel and 

electrodes [82, 83] (Figure 3). In this approach, drops are streamed in the main channel and 

passing by the picoinjector nozzle. When the electrodes are activated, the temporary merging 

between the drop and the fluid from the picoinjector results in some fluidic transport into 

the drops. The amount of the injected fluid depends on the drop velocity and the pressure 

from the picoinjector. When the electrodes are not activated, there will be no merging 
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occurs, therefore the electrodes here act as an on/off switch. A simplified version of this 

approach omits the electrodes but instead charges the injected fluid [84].  

 

Figure 3 A picoinjector is designed to inject a small amount of fluid into pre-generated drops. The 

electrodes act as an on/off switch of the injection, and the amount of fluid injected into each drop is 

controlled by the injection pressure and flow rate of the drops [82]. Reprinted with permission 

from [82], copyright (2010) National Academy of Sciences. 

 Cell-based assays in microfluidic drops 

 Encapsulating cells in microfluidic drops 

In many biological/biomedical applications, microfluidic drops are used as tiny “test 

tubes” to encapsulate single cells or a small population of cells. Previous studies involving 

cell/organism encapsulation in microfluidic drops are listed in Supplementary Table 1. Since 

drop-based microfluidics offers the possibility to manipulate small volumes, it enables the 

analysis of small cell populations and even at single-cell level. Small cell populations have 

been encapsulated in drops using T-junction drop generator [11, 12, 64, 85]. Single-cell 

encapsulation is often achieved by using T-junction or flow focusing devices [86-95]. 

Normally to achieve single-cell encapsulation, the sample needs to be in high dilution. If the 

encapsulation process is purely random, the distribution of cell number in drops will follow 

the Poisson statistics. It means that to minimise the presence of multiple cells in one drop, 

the majority of the drops would be empty [92]. To increase the efficiency of single cell 

encapsulation, cell-ordering devices have been designed [93-95].  
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 Phenotypic screening and sorting 

Separating sample of cells into drops enables screening and sorting of cell phenotypes 

through the measurement of the content of each drop. For example, Baret et al. (2009) [96] 

took inspiration from the common fluorescence-activated cell sorter (FACS) to design a 

microfluidic device capable to sort E.coli based on the enzymatic activity (Figure 4A). They 

started with a mix of E.coli expressing lacZ (encoding β-galactosidase) and an inactive 

mutant, and then encapsulate them in drops as single cells with fluorogenic β-galactosidase 

substrate. As a result, after incubation, the lacZ expressing cells appeared more fluorescent, 

which are then detected by a photomultiplier (PMT) upon laser excitation. The fluorescent 

drops were then collected by using a sorting device which uses electrodes that are 

programmed to be activated when receiving signal from the PMT. Similar principle have 

been used to sort bacteria from the environment which hydrolyse cellulosic biomass [97], 

S.cerevisiae with high xylose consumption [98], and L-lactate producing E.coli [98] by 

using fluorogenic cellobiohydrolas, pyranose oxidase and lactate oxidase, respectively, as 

the substrate to induce fluorescence. Since the cells are cultured separately, rare cells can be 

detected easier in microfluidic drops in compared to in bulk [99].  

The principal of detecting rare cells using microfluidic drops have also been applied 

to detect bacterial mutant that are resistant to some antibiotics [100, 101], and drug-resistant 

cancer cells [102]. The ability to detect rare resistant cancer cells is important to prevent 

failure in chemotherapy. Conversely, drop-based microfluidics has also been used to analyse 

the toxicity of antibiotics in different concentrations and combinations [11, 64].  

 Long-term cell culture with growth monitoring 

The time frame to monitor cell proliferation varies between cell types. Bacteria, for 

example Escherichia coli double every ~30 m [11], while algal cells Chlamydomonas 

reinhardtii every ~8 h [103] and mammalian cells such as HeLa take ~1 d [33, 104].  
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Different types of algal cells were cultured in microfluidic drops for up to 8 days from single 

cells to study the effect of pH, nitrate concentration and drop volume to the cell 

growth [103]. In this study, the drops were used to encapsulate single cells for studying cell 

heterogeneity in a population. Another study on algal cell growth involved a specific device 

for trapping drops for easy monitoring [105] up to 33 d. A drop trapping system “Dropspot” 

was also developed to monitor the proliferation of yeast cells [106] (Figure 4B). Meanwhile, 

mammalian cell proliferation has not been extensively studied in microfluidic drops beyond 

the viability measurement to demonstrate the biocompatibility of the device and 

surfactant [66, 107, 108]. 

 Genetic screening 

The development of genetic material amplification method through polymerase chain 

reaction (PCR) and the advance of Micro-Electro-Mechanical Systems (MEMS) have 

motivated the miniaturisation of the thermocyclers from the 1990s [109-111]. Many designs 

consisted of a micro-channel or capillary on several heating elements, so that the chemicals 

can flow and go through cycle of temperatures more rapidly due to reduced thermal mass 

(also called continuous-flow PCR) [110, 112, 113]. Fluorocarbon and surfactant was 

introduced in such system to separate 1-µl PCR reactions [114]. Meanwhile, water-in-oil 

emulsion has been used to compartment genetic materials [55] and later for PCR [115-118]. 

Combining these two concepts, integrated drop generator and thermocycling systems were 

developed in microfluidic devices [63, 119, 120]. 

Cells are now often encapsulated in drops before being lysed for genetic 

analysis [121]. Often after generating drops containing cells and the reagents, the drops are 

collected outside the device for thermal cycling [122-125]. For example, Jang et al. 

(2017) [122] designed a drop-based digital PCR to detect bacteria at a concentration lower 

than the minimum can be detected by a conventional PCR. A microfluidic device was used 
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to generate drops which would encapsulate the bacteria with primer and PCR mix before the 

drops were being collected off-device for thermal cycling (Figure 4C). The presence of 

bacteria was detected by fluorescence microscopy. The accumulation of fluorescent proteins 

in small volumes would make detection easier. Integrated thermocycler in a drop-based 

microfluidic device or connected to it has also been demonstrated in other studies [123, 126].  

 

Figure 4 Some applications of drop-based microfluidics for cell-based assays. (A) Microfluidic drops 

encapsulate single Escherichia coli cells and the device sorts them based on their fluorescence 

expression [96]. Reprinted with permission from [96], published by The Royal Society of Chemistry.  

(B) Saccharomyces cerevisiae cells were cultured in drops starting from one or small number of cells 

per drop. Their growth was monitored for up to 15 h [106]. Reprinted with permission from [106], 

published by The Royal Society of Chemistry. (C) Drop-based PCR is used to identify Escherichia 

coli and Salmonella from a water sample [122]. Reprinted by permission from Springer Nature 

Customer Service Centre GmbH: Springer BioChip Journal [122] copyright (2017). 

 Genetic modification 

 Another application of drop-based microfluidics is to perform electroporation, which 

is a method to introduce genetic materials, drugs or dyes into cells using electric field. In 

this method, electric pulses are generated to induce formation of pores on cell membrane 

allowing foreign molecules to permeate [127]. Advantages of using microfluidic drops 

specifically to perform electroporation are the voltage needed is lower due to smaller 

dimensions, and it is possible to observe with microscope in real-time [127]. An example of 
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this device is shown in Figure 5 [128]. First, a T-junction generates drops containing cells 

and DNAs. The drops flow through a pair of gold electrodes on a microchannel. As voltage 

is applied, the DNAs are delivered to cells through membrane pores. Plasmid vectors that 

codes green fluorescence protein have been shown to be delivered into mammalian cells 

using this method [128]. Drop-based microfluidic systems with integrated electrodes have 

been reported to increase the efficiency of electroporation in yeast [129], algae [130] and 

mammalian cells [127, 128, 131].   

 

Figure 5 An example of drop-based electroporation device. Cells are co-encapsulated with DNA in 

drops and being pass through electrodes in a micro-channel. The applied voltage induces the 

formation of pores on the cell membrane, allowing the DNA to enter the cells. Reprinted with 

permission from [128]. Copyright (2009) American Chemical Society. 

 Sessile drop arrays  

Sessile drops have also been used in microfluidics for cell-based assays. This method 

involves contact of the drops with at least one fluid (air or immiscible liquid) and one solid 

surface. This is particularly beneficial for adherent cells as it allows them to attach on the 

solid surface. List of previous studies which involve culturing cells in sessile drops are 

summarized in Table 3. As in other microfluidic systems, various solid materials have been 

used such as glass [132-134], PDMS [66, 135], and polystyrene [136, 137]. An immiscible 

liquid usually overlays the drops to prevent or limit evaporation, but sometimes humidified 
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air is used instead [134]. To stabilize drop arrays, the drops need to be anchored in a 

designated area on the solid surface. Hydrophilic surfaces are preferable for water-based 

drops to adhere on. Physical [66, 138] and wettability [139, 140] boundaries have been used 

to prevent the drops from sliding off or merging to each other. Wettability boundaries are 

created by treating the solid surface so that only the designated spots for the aqueous drops 

are hydrophilic and the rest of the surface hydrophobic. This way the drops tend to stay on 

the hydrophilic sites, at least up to a certain volume determined by the advancing contact 

angle. To create a wettability boundary pattern, surface modification techniques such as 

photolithography [139, 141-144] are usually involved. 

Table 3 List of previous studies on mammalian cell encapsulation in sessile drop microfluidics 

 

Application Device/surface type 
Drop depositing 

method 
Drop barrier Drop size 

Patterning cells for co-

culturing tests [132] 

Microscope glass 

slide 

Manual pipetting Mineral 

oil/silicone oil 

1 µl 

Single cell 

encapsulation [133] 

Microscope glass 

slide 

Inkjet printing Mineral oil  ~ 27 nl 

3D cell culture [136] Petri dish Purpose-built ejector Cell culture media 

(hydrogel drops) 

~30 nl 

Drug screening [139] Superhydrophilic 

surface 

Rolling fluid across 

pattered surface 

Patterned 

hydrophobic 

barriers 

700 pl – 3 µl 

Drug screening [134] Glass surface with 

hydrophobic well 

walls 

Syringe pump and  

PDMS nozzle 

humidified air in 

chamber 

50 – 500 nl 

Drug screening [66] PDMS Syringe pump and 

tubing system 

FC-40 500 nl 

Protein analysis in single 

cells [145] 

Coverslip with 

silicone isolator 

Syringe pump and 

tubing system 

Oil (not specified) 10 nl 

Spheroid formation [135] 

(drops anchored 

sideways) 

PDMS Syringe pump and 

tubing system  

FC-40 500 nl 

Single cell isolation and 

growth monitoring [137] 

Silanized petri dish Syringe pump and 

tubing system 

Mineral oil 7 nl 

Drug screening [144] Glass with pillar 

arrays 

Dipping-depositing 

with a pin 

Mineral oil 179 fl – 1 nl  

Drug screening, organism 

response monitoring, 

genetic analysis [146] 

Petri dish Draw barrier with 

hydrophobic pin 

(reverse printing) 

FC-40 ~ 150 nl – 

1.2 µl 
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 Biocompatibility assessment of microfluidic devices 

The word “biocompatible” generally means not having a harmful or toxic effect on 

biological materials or living systems. It is usually defined for specific applications, for 

example, Roach et al. (2005) screened different surfactants to select one which is the most 

biocompatible for in vitro transcription/translation (IVTT) in drops [147]. For this specific 

application, a biocompatible surfactant is defined as the one that can minimize protein 

adsorption and denaturation at the interface. As a result, a biocompatible surfactant would 

not prevent the protein reaction from occurring within the aqueous phase rather than at the 

drop interface. In their screening, both tensiometry and fluorescence analysis was used. 

Biocompatible surfactants used in this study are expected to lower the interfacial tension to 

some point, independent whether proteins present or not, whilst if there are some protein 

adsorption or denaturation at the interface, there would be some further decrease in the 

interfacial tension when proteins are added. Fluorescently-labelled proteins are also used to 

visualize if there is protein adsorption to the interface [147].  

For a similar application, Kaltenbach et al. (2012) proposed a method to quantify the 

biocompatibility of fluid and surfactant (or mixture of several surfactants) based on the 

gradient seen in plots of fluorescence intensity level versus droplet diameter [148]. This 

parameter is termed “concentration correlation coefficient” (CCC) in the unit of Relative 

Fluorescence Unit (RFU) per µm drop diameter. In their screening, seven fluid and 

surfactant combinations that had been used in other studies were measured, where “EA” 

surfactant (commercially available PEG-PFPE based surfactant) in HFE-7500 fluorinated 

liquid was shown to have the greatest CCC, meaning it was the best combination for 

preventing adsorption [148].  

For applications involving living cells and organisms, biocompatibility is usually 

defined as the ability to maintain cell viability, growth, and/or gene expression comparable 
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to when using conventional cell culture techniques. There are different ways of measuring 

device compatibility to living cells, but in much of the microfluidics literature [87, 94, 149-

154], cell viability numbers (ratio of the number of living cells to the total number of cells) 

of higher than 80-90% over the experimental time frame (can be from 1-2 hours to several 

days) are presented as the indication of the device having no harmful effect to the cells. Cell 

viabilities after being encapsulated in drops have been assessed using trypan-blue [149, 

155], propidium iodide (PI) staining [152, 156], and fluorescent live/dead staining [108]. 

However, it is to be noted that especially in short time experiments, cells can maintain high 

viability even in sub-optimal condition. Cell proliferation can be a more accurate indicator 

of device biocompatibility because in order to perform cell division, a closer-to-ideal 

environment is usually required [157]. The methods for measuring cell proliferation that 

have been used in drop-based microfluidics studies are sample counting [11, 12, 105] and 

carboxyfluorescein diacetate (CFDA) staining [152, 158].  

An example of drop-based microfluidic device biocompatibility assessment was 

performed by Clausell-Tormos et al. (2008) who especially focused on surfactant 

biocompatibility to mammalian cells. In their approach, HEK293T cells were incubated on 

a layer of FC-40 + different surfactants for up to two days [108]. Cell morphology was 

observed using microscopy after incubation. Carboxy-PFPE and poly-L-lysine-PFPE (PLL-

PFPE) were found to mediate cell lysis, while polyethyleneglycol-PFPE (PEG-PFPE) and 

dimorpholinophosphate-PFPE (DMP-PFPE) showed biocompatibility, indicated by the 

normal visible cell morphology. In the same study, using DMP-PFPE surfactant, the 

viability of Jurkat and HEK293T cell lines inside picoliter and nanoliter sized droplets was 

observed for over 14 days using live/dead staining. The cell viability was more than 80% up 

to 3 days and then decreased gradually. However, in their method it is not possible to retrieve 

and count the total number of cells, therefore cell proliferation can only be estimated roughly 
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from the increase of recovered cell number (e.g., ratio of recovered cells to initial cell 

number of Jurkat cells in 660 pl drops increased from 29% to 55% from 1 h to 2 d) [108].  

 Carrier fluids and surfactants  

 Fluids and surfactants for carrying cells in drops 

Various types of fluids have been used to carry cell-laden aqueous drops, including 

mineral oils, vegetable oils, silicone oils, fluorocarbons, and hydrocarbons [159]. Often 

surfactants are added to stabilize drops [160]. Generally, there are three parameters taken 

into account for choosing the fluid and surfactant type, which are drop stability, 

biocompatibility, and cross-contamination [18].  

Fluorocarbon fluids are probably the most common carrier fluid in flowing-drop 

microfluidics. Fluorocarbon as the carrier fluid have been used with bacteria [152, 159, 161-

163], yeast [106, 164, 165], mammalian cells [108, 166-168], and even multicellular 

organisms [108, 169].  The popular use of fluorocarbon may be attributed to its immiscibility 

with both oil and water [170] – allowing three immiscible fluids in the device, its capacity 

to dissolve gas [170], and its compatibility with poly-dimethyl-siloxane (PDMS), a common 

material of microfluidic devices [171]. Fluorocarbon also has been reported to inhibit cross-

contamination better than silicone oil [159]. It is different from other types of carrier 

(usually, oils) in a way that it is denser than water. 

A common surfactant used with fluorocarbon fluids to encapsulate cells is the diblock 

PEG-PFPE or triblock PFPE-PEG-PFPE copolymer, either home-made [150-152, 160, 172] 

or proprietary [173-178]. It is a non-ionic surfactant with PEG (polyethylene glycol) as the 

hydrophilic block and PFPE (perfluorinated polyethers) as the hydrophobic block. The use 

of two PFPE tails is to enhance the interfacial coverage [160]. Other PFPE-derived 

surfactants used in drop microfluidics are DMP-PFPE [108] and PFPE-Tris [107]. Another 
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frequently used fluorosurfactant is perfluorooctanol [130, 179, 180]. As an alternative to 

conventional surfactants, fluorinated silica nanoparticles have been used to stabilise 

microfluidic drops, which showed superiority to PEG-PFPE based surfactants in terms of 

retaining small molecules and assisting adherent cells attachment [181]. 

Silicone oils are usually used when thermostability is a requirement [182, 183]. 

Silicone oil AS 4 was used as the carrier of Mouse B lymphocyte drops to demonstrate the 

thermal manipulation method in a microfluidic chip [155]. Mineral oil – a hydrocarbon 

mixture – with 1-5% Span 80 have been used in several studies involving mammalian cells, 

including CHO-K1 [184], Jurkat [149], blood progenitor cells [158] and human breast 

cancer cells [185]. Pure hydrocarbons are widely used in drop-based microfluidics 

research [186-190], but only limited applications in these studies involve living cells. 

Tetradecane without surfactant was used as a carrier fluid when growing bacteria in 60 nl 

drops for up to 144 hours [12], while hexadecane + 1% Span80 was used when studying the 

response of Caenorhabditis elegans to neurotoxin within 2 hours [191]. 

 Protein adsorption to interfaces 

Protein can behave like surfactant due to the presence of some hydrophobic and 

hydrophilic sites. However, the adsorption of protein to an interface is a more complex 

process which can possibly include protein unfolding and denaturation [192, 193]. When a 

low concentration protein solution adsorbs to an interface, the dynamic interfacial tension 

undergoes three different regimes: (1) induction regime, where the interfacial tension is 

similar to the pure fluid, (2) monolayer saturation, characterized by a sharp decrease in 

interfacial tension, and (3) interfacial gelation, where interfacial tension decreases at a 

slower rate while protein molecules at the interface rearrange themselves and build a gel-

like network [194], as illustrated in Figure 6. In general, protein molecules are much larger 

and can cover wider surface area than surfactant molecules, hence fewer adsorbed protein 
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molecules are needed to fully cover an interface as a monolayer. It is suggested that this is 

one of the reasons why low molecular weight surfactants can decrease interfacial tension 

more than proteins [194]. 

 

Figure 6 Sketch of typical dynamic interfacial tension due to protein adsorption at oil/water interface, 

plotted against time. The dashed lines separate the profile into three regimes: (1) induction, (2) 

monolayer saturation, and (3) interfacial gelation [194]. 

 Surfactant-protein interaction in microfluidic drops 

Protein has been used to prevent molecule leakage from drops [195, 196]. In one study, 

it was observed that when using mineral oil + surfactant Abil EM 90 as the carrier fluid, 

fluorescein molecules were leaked to the neighbouring drops, and this leakage was reduced 

when bovine serum albumin (BSA) was added in the aqueous phase [195]. The reduction of 

molecule leakage was hypothesised to be the result of BSA barrier from its adsorption to the 

interface. However in a later study using fluorinated carrier fluid and resorufin dye 

molecules, it was speculated that the enhancing molecular retention came from the 

interaction between the dye and BSA molecules, which in turn alter the dye solubility [196].  

Protein adsorption to the interface can be a disadvantage, for example, when the drops 

are used to compartmentalise reactions involving said protein. Roach et al. (2005) [147] 

screened different surfactants to find one that can inhibit protein (BSA and fibrinogen) 

adsorption to water/fluorinated liquid interface, as described above (Section IV.7). 
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 Summary of the previous works 

Microfluidics and especially drop-based microfluidics provides promising tools for 

cell-based assays; however, since the culture environment is different from the conventional 

cell culture, adaptations need to be applied. Challenges in adapting drop-based microfluidic 

systems for cell-based assays are summarized as the following. 

1. Some cell types are sensitive to growth conditions, while some cells may appear 

more robust but still respond differently in sub-optimum conditions. There has not 

been any standard method in determining whether the condition in a microfluidic 

device is compatible for cell-based assays.  

2. Materials used to fabricate microfluidic devices are usually different from those used 

in conventional cell culture; therefore, cells responses might be not comparable. 

3. Small culture volume means large surface-to-volume ratio, which also means that 

any interfacial effects would be more dominant, e.g., adsorption of proteins to solid 

and liquid interfaces, toxicity effects from the materials. 

4. Current techniques to generate drops and manipulate pre-generated drops usually 

rely on complex channel geometries and precise control of multiple inlets, which can 

take time to stabilize and cost some volume of the sample. This may affect cell 

condition and the quality of the assay.  

The above points should be considered when designing a better microfluidic system 

for cell-based assays. Understanding the biology of cells and the properties of each 

component in the microfluidic system would be beneficial to address these challenges. 

 Objectives of thesis 

This thesis aims to develop new drop-based microfluidic methods that are compatible 

for cell-based assays, especially with mammalian cells. In the field of microfluidics and 
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liquid-handling technology, this thesis is expected to present alternative methods which are 

versatile and accessible to be adapted in any biology laboratories. The objectives of works 

carried on for this thesis are: 

1. To develop a novel passive drop-merging method within a single tube by exploiting 

fluid mechanics rather than channel geometry, 

2. To assess the biocompatibility of fluids and surfactants used in the passive-merging 

method and demonstrate assays using mammalian cells, 

3. To develop a method to perform assays in sessile drops on a Petri dish format, and 

assess the impact of cell-based reagents on pinning line and hence drop volume 

possible within a given footprint, and 

4. To address the sessile drops on a Petri dish method for biocompatibility and 

adsorption of molecules. 

 Proposed methods and overview of thesis 

 Drops-in-drops in a Teflon tube 

Techniques to manipulate pre-generated microfluidic flowing drops—e.g., 

transferring fluids between drops—have been previously developed. However, current 

microfluidic devices are usually complex and limited to one purpose. Therefore, the 

provision of accessible microfluidic technique which does not require specialised device 

fabrication method, and the use of a generic device that can perform different tasks, would 

open up many new applications. Drops-in-drops method is an alternative microfluidic 

method utilising a Teflon tube and fluid mechanics, rather than the more common approach 

of relying on the geometry of micro-scale channel networks. This method uses three or more 

immiscible fluids and the knowledge of their interfacial tension to create a specific 
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architecture. This method allows drop merging within a single channel and driven by laminar 

flow without other external forces (e.g., electric/heat) applied to the drops. 

 This method is described in detail in Paper 1, where applications including drug 

screening and protein crystallization are also demonstrated. The choice of fluids and 

surfactants used for this method is based on their interfacial tensions and biocompatibility. 

Screening of fluids and surfactants for this purpose is presented in Paper 2.  

 Sessile drops on a tissue-culture-treated Petri dish 

Analogue to multi-well plates used in conventional bio-assays, sessile drops have been 

used in microfluidics, i.e., by using arrays of drops of small volumes as reaction chambers 

that are attached to a surface. This technique allows large number of independent reactions 

on a surface, where the sample location can be defined and therefore simplifying the addition 

of reagents and readout. The provision of a surface for adherent cells to attach and proliferate 

is a key advantage of using sessile drops instead of flowing drops. In this thesis, the proposed 

method is based on depositing drops onto a surface of a Petri dish. This simple approach 

allows the user to skip the microfabrication process, resulting in a more straightforward and 

accessible technology while possibly retaining the volume and cost advantages of 

microfluidics.  

In this method, the effect on the interface and pinning line of unmodified FBS was 

investigated. The contact lines of the sessile drops are pinned to the Petri dish surface by 

exploiting adsorption of molecules in cell-based reagents so that the advancing contact angle 

can be altered, and hence additional fluid can be added to a sessile drop without changing 

its footprint, as demonstrated in Paper 3. Paper 4 addresses the biocompatibility aspect of 

this method for long-term culture of mammalian cells. 
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 Appendix 

Supplementary Table 1 List of publications involving cell or organism encapsulation in microfluidic 

drops 

Aim of investigation Cell name Carrier fluid 
Drop vol 

(nl) 

Incubation 

time 

Biocompatibili

ty measure 

Cell sorting/isolation 

Cultivate "unculturable" 

cells for microbiome 

study [197] 

Paenibacillus 

curdlanolyticus 

and 

Escherichia 

coli 

FC40 + 0.5% (w/v) 

RfOEG 

10 36 h Off-device cell 

recovery 

Design of sorting 

device [96] 

Escherichia 

coli 

HFE7500 + 2% 

(w/w) EA 
0.012 

  

Design of microfluidic 

analysis/screening 

platform for directed 

evolution [161] 

Escherichia 

coli 

HFE7500 + 

KryJeffa900 

(Krytox157FSH+ 

Jeffamine) 

0.014 15 h 

 

E.coli detection system in 

water [198] 

Escherichia 

coli 

Mineral oil + 1% 

(w/w) Span80 

0.52 

  

Screening of cellulolytic 

microorganisms [97] 

Bacillus 

subtilis, 

Escherichia 

coli, soil 

bacteria 

HFE7500 + 2% 

(w/w) EA 

0.02 

  

Genetic identification of 

environmental 

bacteria [199] 

Environmental 

microorganism

s 

Mineral oil + 4% 

(v/v) Abil EM90 

0.008 

  

Isolating cells based on 

chemotaxis reaction [200] 

Escherichia 

coli 

FC40 13 

 

Off-device cell 

recovery 

Design of rare cell 

detection system based on 

single cell 

encapsulation [98] 

Escherichia 

coli and 

Saccharomyces 

cerevisiae 

Fluorinated oil + 

EA (RainDance) 

6 4 d Observe cell 

proliferation 

using 

microscopy 

Isolating and monitoring 

cingle ciliates from water 

samples [177] 

Paramecium 

tetraurelia 

HFE7500 + 2% 

Picosurf 1, mineral 

oil 

160 8 h 

 

Heritable phenotype 

monitoring [201] 

Escherichia 

coli 

HFE7500 + 0.006% 

surfactant 

100    

Directed evolution [202] Saccharomyces 

cerevisiae 

FC40 + 1.8% (w/w) 

E2K0660 surfactant 

0.006 3 h 

 

Cell cultivation, genetic 

analysis [124] 

Saccharomyces 

cerevisiae 

Mineral oil + 2.5% 

(w/w) Span 80 

0.1 *   

Detecting and sorting rare 

cells [166] 

Human 

periosteal cells 

1:2 (v/v) mixture of 

EGC1700 and FC-

3283 + 10% (v/v) 

1H,1H,2H,2H-

perfluorooctanol 

0.375 

  

Design of cell detection 

system [156] 

Mouse 

myeloma cells 

Hexadecane + 1% 

Span80 

40 

  

Design of separation 

system followed by droplet 

encapsulation [185] 

Human breast 

cancer cells 

BT-474 and red 

blood cells 

Mineral oil + 0-

15% Span80 

0.1 35 min Cell staining 

with Propidium 

iodide (PI) 
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Design of colour based cell 

sorting system [203] 

Her2 

hybridoma and 

Jurkat 

HFE7500 + 5% 

PEG surfactant 

0.001 9 h 

 

Design of ice valve and 

freezing cells inside 

droplets [155] 

Mouse B 

lymphocytes 

Silicone oil + 

0.01% (w/w) 

Span80 

0.113 7 d Trypan blue 

staining 

Detecting antibiotics from 

natural bacteria [204] 

Enviromental 

bacteria, 

Actinomycetale

s, reporter: 

Escherichia 

coli, Bacillus 

subtilis 

HFE7500 + 0.5% 

Picosurf 1 

0.1 24 h Measuring 

fluorescence 

intensity 

Cell-cell interaction/co-culturing 

Co-culturing two types of 

algal cells [205] 

Chlamydomona

s reinhardtii 

FC40 + 2.5% (w/w) 

EA 

0.057 17 d Observe cell 

growth with 

microscopy 

Co-cultivation of 

symbiotic bacteria [206] 

Escherichia 

coli 

HFE7500 + 2% 

(w/w) PEG-PFPE 

(RainDance) 

1     

Cell-cell communication 

study [162] 

Escherichia 

coli  

FC40 + 1% 

RainDance EA 

surfactant 

0.52     

Monitoring interaction of 

bacteria and 

macrophages [207] 

Escherichia 

coli 

FC40 + 1% (w/w) 

008-

fluorosurfactant 

0.003     

Co-encapsulation of 

dendritic cells and T 

cells [208] 

Mouse bone 

marrow 

dendritic cells 

Mineral oil + 1% 

(w/w) Span80 

1 2.5 h   

Phenotypic screening on 

cell-cell interaction [209] 

T cells, 

dendritic cells, 

RPMI-8226 

FC40 + 2% (w/w) 

008-

fluorosurfactant 

0.5 10 h Calcein AM 

staining 

Study virus-cell 

interaction [210] 

RAW 264.7 HFE7500 + 1% 

PEG-PFPE 

0.065 4 h Off-device cell 

recovery 

Design of new devices/fluidic techniques 

Cell sorting with magnetic 

nanoparticles [211] 

Chlorella 

sorokiniana 

FC40 + 5% (w/w) 

PEG-PFPE block 

copolymer 

2 

  

Demonstrating new 

technique of anchored drop 

merging [212] 

Dictyostelium 

discoideum 
QX100 (BioRad) 0.5 30 min Trypan blue 

staining 

Demonstration of device 

fabrication technique [213] 

Escherichia 

coli 

60% 20cSt PDMS 

oil + 40% 

DC5225C or 

mineral oil + 4.5% 

Span 80 + 0.4% 

Tween 80 + 0.05% 

Triton X-100 

0.065 

  

Drop trapping and 

monitoring [214] 

Escherichia 

coli 

Mineral oil + 1.5% 

(w/w) Span80 

0.065 45 min 

 

Assemble of nanoparticles 

in droplets [215] 

Escherichia 

coli 

FC40 + 1.8% (w/w) 

EA  

65.4 

  

Device for droplet storage 

and merging [216] 

Escherichia 

coli 

Mineral oil + 3% 

(w/w) Abil EM90 

0.033 16 h 

 

Demonstrating drop 

generation using lab 

centrifuge [217] 

Escherichia 

coli 

HFE7500 + 2% 

ionic Krytox 

0.2 
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Enhancement of 

fluorescence 

detection [218] 

Chlorella 

vulgaris, 

NIH/3T3 

Soybean oil 4 

  

Cell counting in 

droplets [176] 

Escherichia 

coli, HL60, 

H1975 

HFE7500 + 2% 

(w/w) EA surfactant 

0.5 72 h Calcein AM 

staining 

Drop trapping for cell 

monitoring [106] 

Saccharomyces 

cerevisiae 

FC40 + 1.8% (w/w) 

fluorinated 

surfactant 

0.03 15 h Monitor cell 

proliferation 

using 

microscopy 

Design of droplet 

separation system by size 

to detect metabolic 

activity [165] 

Saccharomyces 

cerevisiae 

HFE7500 + 0.5% 

(w/w) EA  

0.14 12 h 

 

Dilution or washing step to 

decrease background 

noise [219] 

Saccharomyces 

cerevisiae 

HFE7500 + 1.8% 

(w/w) EA 

0.048 

  

Design of system interface 

between droplet and digital 

microfluidics [220] 

Saccharomyces 

cerevisiae 

HFE7500 + 0.5% 

(v/v) Picosurf 

20 24 h Count cell 

numbers using 

microscopy 

Design of sorting 

device [149] 

Jurkat and red 

blood cells 

Mineral oil + 5% 

(w/w) Span80 

0.004 

 

Trypan blue 

staining 

Ordering cell for high 

efficiency in single cell 

encapsulation [92] 

HL60 FC40 + 1.8% (w/w) 

RainDance EA 

0.146 

  

Design of device for 

biological assays [184] 

CHO-K1 cells Mineral oil + 1.0% 

(w/w) Span80 

0.062 

 

Cell staining 

with trypan blue 

or PI  

Demonstration of use of 

gas exchange on anchored 

droplets [221] 

Red blood cells FC40 + 0.5% DMP-

PFPE 

10 

  

Design of device for 

producing gradients of 

concentration [222] 

Leukemia cells Mineral oil + 0.1% 

(w/v) Span 80 
30 

  

Ordering cell for high 

efficiency in single cell 

encapsulation [93] 

HL60 and 

K562 

FC40 + 1% (w/w) 

oil-phase surfactant 

0.073 

  

Plasma separation from 

whole blood sample [223] 

Whole blood Mineral oil 1000 

  

Design of microfluidic 

system for droplet fusion 

and shrinkage [224] 

Human 

promyelocytic 

leukemic HL60 

HFE7500 + 1% 

(w/w) surfactant 

4 

 

Cell staining 

with calcein 

AM and PI 

Inductively coupled 

plasma mass 

spectrometry [225] 

Bovine/calf red 

blood cells 

Perfluorohexane 0.11 

  

Chip-free cell 

encapsulation method in 

picoliter droplets [154] 

HL60 Mineral oil + 10% 

Span 80 

0.065 3 min Trypan blue 

staining 

Design of finger-powered 

PDMS-based device [226] 

Bovine aortic 

endothelial 

cells  

hexadecane + 5% 

(w/v) Span80 

0.9 

  

Design of device to create 

immobilized drops [227] 

HL60 Mineral oil + 0.1% 

Span 80 

0.26 

  

Efficient single cell 

encapsulation [94] 

PC9 HFE7500 + 2% 

modified Krytox 

0.024 12 h  Calcein AM 

staining 

Design of droplet sorting 

system [228] 

Human non-

small lung 

cancer PC-9 

Mineral oil + 3% 

(v/v) Span80 + 2% 

(v/v) Abil EM90 

0.08 
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Single cell 

encapsulation [95] 

K-562, blood 

cells 

Ethyl oleate + 2% 

Abil EM90 

0.03 

  

Optimizing picoinjection 

system [229] 

Escherichia 

coli 

HFE7500 + 2% 

(w/w) PicoSurf 

0.2  *  

Design of device to break 

200-400pl droplets into 2-

5pl droplets [230] 

Escherichia 

coli 

Mineral oil + 1.0% 

(w/w) Span80 

0.004   

Genetic screening (involving cell lysis) 

Single cell PCR [231] Synechocystis Mineral oil 5000 *  

Static drops for incubation 

and monitoring of cell 

population [180] 

Salmonella 

typhimurium, 

Escherichia 

coli 

FC40 + 17% (v/v) 

perfluorooctanol 
40 20 h Measuring 

fluorescence 

intensity  

Pathogen detection [232] Escherichia 

coli 

FC40 + 2% (w/w) 

EA 

0.001 *  

Perform PCR in droplet 

with mini heating 

element [123] 

Lactobacillus 

brevis 

500 cP silicone 

PDMS oil 

1000 *  

Detection of 

pathogens [122] 

Escherichia 

coli, 

Salmonella 

EvaGreen 

generation oil 

0.5 *   

Single-cell level genetic 

analysis  [233] 

Escherichia 

coli 

HFE7500 + 5% 

fluorosurfactant 

(RAN 

biotechnologies) 

0.02 *   

Single-cell 

screening/identification [2

34] 

Staphylococcus 

aureus, 

Streptomyces 

venezuelae, 

Escherichia 

coli 

Mineral oil + 3% 

(w/v) Abil EM180, 

HFE7500 + 2% 

(w/v) PicoSurf 2 

0.03 *   

Directed evolution [235] Escherichia 

coli 

HFE7500 + 0.7% 

(w/w) EA 

0.022 *  

Single-cell 

sequencing [236] 

Escherichia 

coli, Bacillus 

subtilis, SK-

BR-3, HCT116 

HFE7500 + 2% 

(v/v) PicoSurf 1 

0.03 *   

Whole genome 

sequencing [175] 

Saccharomyces 

cerevisiae 

HFE7500 + 1%EA  0.02 3 h Off-device cell 

recovery 

Single cell 

encapsulation [237] 

Mouse mast 

cells and B 

lymphocytes 

Silicone oil + 3% 

(w/w) Span 85 or 

Soybean oil 

0.1 *  

Rare cell detection [238] HEK293 FC40 + EA 

surfactant 
0.1 *  

Detection of low 

abundance protein 

marker [239] 

PC3 Mineral oil + 1% 

(w/w) Span80 
1.8 *  

Droplet-based RT-

qPCR [240] 

H2B-RFP 

MDCK cells 

Mineral oil + 2% 

(w/w) Abil EM90 

2 *  

Single cell enzyme 

assay [241] 

PC12 Tetradecane + 2% 

Span 80 

0.31 *  

Static drop merging and 

PCR [242] 

MDA-MB-231  Mineral oil 2 *  

Design of device for 

performing high 

throughput RT PCR [168] 

Human PC3 

prostate cancer 

and Raji B-

lymphocyte 

FC40 + 5% PEG-

PFPE amphiphilic 

block copolymer 

0.03 *  
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mRNA analysis with cell 

barcoding [243] 

HEK293T and 

3T3 

Bio-Rad droplet 

generation oil 

1 *  

Single cell 

transcriptomics [174] 

Mouse ES and 

human K562 

HFE7500 + 0.75% 

(w/w) EA 

5 *  

Measuring multiple 

protease activities in single 

cells towards cancer 

diagnosis [244] 

MDA-MB-231, 

PC-9 and K-

562 

HFE7500 + 0.5% 

krytox (modified) 

0.034 *  

Genetic analysis on fixed 

cells [245] 

HEK293T, 

3T3, 

Drosophila 

melanogaster 

Bio-Rad droplet 

generation oil 

1 *   

All in one device droplet 

microfluidic based 

PCR [125] 

Jurkat, MCF7 HFE7500 + 5% 

(w/w) 008-

fluorosurfactant 

0.1 *   

Leukemia cell 

sequencing [246] 

Acute myeloid 

leukemia tumor 

cells, Raji 

HFE7500/FC40 + 

2-5% PEG-PFPE 

block copolymer 

0.01 *  

RNA sequencing of 

disaggregated synovial 

tissue [247] 

Cells from 

synovial tissue 

Bio-Rad droplet 

generation oil 

1 *  

Micro RNA 

detection [248] 

Human breast 

and cancer cells 

HFE7500 + 5% 

(v/v) PicoSurf 1 

0.034 *  

Genetic modification/electroporation 

Cell transfection in 

drops [130] 

Chlamydomona

s reinhardtii 

FC70 + 5% 

perfluorooctanol 

0.07 

 

Off-device cell 

recovery, 

SYTOX green 

nucleic acid 

staining  

Cell transfection in 

drops [129] 

Saccharomyces 

cerevisiae 

Soybean oil 0.014 

  

Cell transfection in 

drops [128] 

Chinese 

hamster ovary 

(CHO) cells 

hexadecane + 5% 

(w/w) Span80 

0.41 1 h  Off-device cell 

recovery, 

SYTOX green 

nucleic acid 

staining 

Cell transfection in 

drops [127] 

HeLa cells Silicone oil 0.065 

 

PI staining 

Cell transfection in 

drops [151] 

Chinese 

hamster ovary 

(CHO) cells 

FC40 + 5% (w/w) 

PEG-PFPE block 

copolymer 

0.001 6 h PI staining 

Electrofusion of cells [249] HL60 cells HFE7500 + 1% 

(w/w) surfactant 

0.035  Calcein AM 

staining 

Cell transfection in 

drops [250] 

K562, THP-1, 

Jurkat 

FC40 + 5% 

perfluorooctanol 

0.07 24 h  PI staining 

Long-term cell culture and monitoring 

Monitoring growth of algal 

cells [103] 

Chlamydomona

s reinhardtii, 

Chlorella 

vulgaris, 

Dunaliella 

tertiolecta 

FC40 + 2% (w/w) 

EA 
0.3 6 d Monitor cell 

proliferation 

using 

microscopy 

Growth kinetic study [105] Chlorella 

vulgraris 

Mineral oil + 2% 

Span 80 

10 17 d Count cell 

number in drops 

using 

microscopy 
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Quantifying growth and oil 

accumulation for biofuel 

application [251] 

Chlamydomona

s reinhardtii, 

Botryococcus 

braunii 

Mineral oil + 2% 

Abil EM90 

7.2 6 d   

Sample cultivation [85] Escherichia 

coli, 

Pseudomonas 

fluorescens  

Tetradecane 60 144 h   

Design of bacterial culture 

system with electrode 

fusion [252] 

Escherichia 

coli 

Silicone oil KF-

96L-1CS + 2% KF-

6028 

640 70 h Measuring cell 

density using  

microscopy 

Viability study in 

microfluidic droplet 

environment [12] 

Escherichia 

coli, 

Pseudomonas 

fluorescens, 

Rhodococcus 

rhodochrous, 

Saccharomyces 

cerevisiae 

Tetradecane 80 6 d Off-device cell 

recovery 

Design of on-chip droplet 

incubation chamber [253] 

Fusarium 

verticillioides 

HFE7500 + 2% 

PEG-PFPE 

0.9 12.5 h Observing 

growth with 

microscopy 

Viability study in 

microfluidic droplet 

environment [108] 

HEK293T and 

Jurkats 

FC40 + 0.5% (w/w) 

DMP-PFPE 

0.66 14 d Off-device cell 

recovery 

Investigating effects of 

drop size on cell 

culture [254] 

Chinese 

hamster ovary 

(CHO) cells 

HFE7500 + 2% EA  0.3 72 h Trypan blue 

staining 

Viability study in 

microfluidic droplet 

environment [169] 

Danio rerio PP9 11000 78 h Observing 

growth with 

microscopy 

Viability study in 

microfluidic droplet 

environment [108] 

Caernohabditis 

elegans 
FC40 660 9 d Observing 

worm growth 

starting as eggs 

New surfactant/encapsulation method 

Testing biocompatibility of 

silica nanoparticles for 

droplet stabilizing [181] 

Escherichia 

coli 

HFE7500 + FSiO2 

nanoparticles 

0.065 24 h Measure optical 

density (OD) 

Protecting cells from 

hazardous 

environments [255] 

Escherichia 

coli 

Heavy mineral oil + 

PCPO  

0.014 1 h  Cell staining 

with pepsin 

Investigating effects of 

DDA addition in absence 

or presence of cells in 

droplets [256] 

Escherichia 

coli and 

Chlorella 

vulgaris 

Soybean oil 2 5 d OD 

measurement 

and microscopy 

Using BSA to prevent 

retention of small 

molecules in drops [195] 

Escherichia 

coli 

Mineral oil + 0.75% 

Abil EM90 

0.002 25 h 

 

Biocompatible surfactant 

synthesis [160] 

Saccharomyces 

cereviciae 

FC40 + 1.8% (w/w) 

PEG-PFPE 

0.14 17 h Monitor cell 

proliferation 

using 

microscopy 

Using phospholipids for 

cell encapsulation [257] 
HeLa Oleic acid 1 2 h Trypan blue 

staining 

Creating synthetic antigen 

presenting cells using 

drops with functionalized 

surfactant [153] 

Jurkat   FC40 + PFPE-PEG-

PFPE and PFPE-

PEG-Gold 

0.014 9 h Calcein AM 

and Ethidium 

homodimer-1 

staining 
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Synthesis of a new type of 

surfactant [107] 

human MSCs HFE7500 + 2% 

PFPE-Tris 

0.5 4 d Calcein AM 

staining 

Phenotypic screening/drug screening 

Rapid detection and drug 

susceptibility of bacteria in 

samples [258] 

Straphylococcu

s aureus 

FC40 1500 7.5 h   

Measuring enzyme 

reaction of cells [259] 

Escherichia 

coli 

Mineral oil + 1.5% 

(w/w) Abil EM90 

0.84     

Drop trapping for cell 

monitoring [163] 

Escherichia 

coli  

FC40 + surfactants  

+ 16% (w/w) 

tridecafluoro 

octanol 

0.02 20 h Monitor cell 

proliferation 

using 

microscopy 

Monitor pH change during 

E.coli culture [260] 

Escherichia 

coli 

PP9 300 75 h    

Monitoring enzymatic 

activity [159] 

Escherichia 

coli 

FC70 + 5% (w/w) 

DMP-PFPE 

fluorosurfactant  

0.21 22 h Observing 

growth with 

microscopy  

Antibiotic resistance test at 

population level [11] 

Escherichia 

coli 

HFE7500 + 0.006% 

surfactant and 

mineral oil (spacer) 

100     

Magnetic-bead-based 

biosensor 

development [261] 

Escherichia 

coli 

Mineral oil + 1% 

(v/v) Span 80 

1     

Drug screening of binary 

mixtures [262] 

Escherichia 

coli 
PP9 600 24 h Gold and silver 

nanoparticles 

Antibiotic screening in 

small volumes [64] 

Escherichia 

coli 

Hexadecane + 2% 

Span80 

100     

High throughput 

assessment of 

photodynamic therapy 

photosensitizer 

efficacy [152] 

Escherichia 

coli 

FC40 + 1.8% 

custom synthesized 

PEG-PFPE 

0.14 5 d SYTO-9 and PI 

staining 

Droplet imaging and live 

image processing [178] 

Streptomyces 

puniceus 

HFE7500 + 0.5% 

Pico-Surf 

0.14 36 h   

Antibiotic effect on cell 

growth [263] 

Escherichia 

coli 

HFE7500 or PP9 254 52 h Measuring 

fluorescence 

intensity 

Drug (combined) 

screening [264] 

Escherichia 

coli 

PP9 450     

Studying effect of copper 

and zinc on 

Streptomyces [265] 

Streptomyces 

acidiscabies 

E13 and 

Streptomyces 

sp. F4 

PP9 450 92 h Measuring 

fluorescence 

intensity 

Quantitative detection of 

cells expressing BlaC to 

diagnose TB [266] 

Escherichia 

coli and BCG 

HFE7500 + 2% 

(w/w) EA 

0.03 3 h   

Communication system 

between bacteria and cell 

free gene expresser [267] 

Escherichia 

coli 

FC40 + 2% EA 0.034 7 h   

Phenotypic 

growth/antibiotic 

resistance screening [101] 

Escherichia 

coli 

FC40 + 5% PEG-

di-(kytox-FSH 

amide) 

0.02 1 h   

Antimicrobial resistance 

screening [100] 

Escherichia 

coli 

FC40 + 2% (w/v) 

008-

fluorosurfactant 

0.5 3 h Measuring cell 

density using  

microscopy 

Studying specific cell 

genetic characteristic [172] 

Pseudomonas 

aeruginosa 

HFE7500 + 1.5% 

(w/w) PEG-PFPE 

0.002 48 h   
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Using droplet size to detect 

bioactivity [268] 

Saccharomyces 

cerevisiae 

52% (w/w) mineral 

oil + 48% 

perfluorohexyloctan

e + 0.5% Span 80 + 

0.25% ArlacelP125 

0.033 30 h   

Cell metabolism detection 

using osmotic 

pressure [164] 

Saccharomyces 

cerevisiae 

FC40 + 19mM 

Krytox-PEG600-

Diblock 

0.023     

Cell screening/sorting of 

enzymatic activity [269] 

Aspergillus 

niger 

HFE7500 + 2.5% 

KryJeffD900 

10 24 h   

Cell screening/sorting of 

enzymatic activity [270] 

Yarrowia 

lypolytica 

HFE7500 + 2.5% 

KryJeffD900 

0.02     

Agglutination assay for 

blood typing and 

subtyping [179] 

Red blood cells Fluoroinert 3283 + 

10% PFO 

40     

Detection of cell-surface 

protein biomarkers in 

single cell [271] 

Human 

monocytic 

U937 

FC40 + 2% PEG-

PFPE 

0.033 2 h   

Study the sickling of red 

blood cells by exchanging 

oxygen between oil phase 

and aqueous phase [167] 

Red blood cells FC40 + 0.5% DMP-

PFPE 

7     

Detection of single-cell 

analyte secretion [272] 

CD4 T cells Mineral oil + 

1%(w/w) Span 80 

1.8     

Integrated droplet 

microfluidic module for 

cell assays [173] 

4E3 hybridoma HFE7500 + 2% 

(w/w) EA 

0.66 6 h   

Drug screening in static 

drops [66] 

A349 nonsmall 

lung cancer 

FC40 500 11 d Calcein AM 

and ethidium 

homodimer 

staining 

Blood typing [273] Human blood  Hexadecane 320     

Antibiotic screening in 

small volumes [274] 

OKT 9, 

H25B10,  

HFE7500 + 1% 

PicoSurf 2 

0.66 24 h Calcein AM 

and ethidium 

homodimer 

staining 

Quantitative cell-based 

assay in Bombyx 

mori [275] 

Bombyx mori HFE7500 + 0.5% 

(w/w) RainDance 

EA surfactant  

0.9 24 h   

Single cell phenotypic 

screening [276] 

Dunaliella 

tertiolecta, 

Phaeodactylum 

tricornutum 

FC40 + 2% 

PicoSurf 1 

1 24 h 

 

Single cell flourescence 

detection system [277] 

Escherichia 

coli 

Light mineral oil + 

1% (w/v) Span 80 

0.3 

  

Single cell enzymatic 

activity screening [278] 

Escherichia 

coli 

HFE7500 + 0.5 % 

(w/w) Pico-Surf 2 

0.125 

  

Single cell isolation and 

easy 

storage/monitoring [137] 

Escherichia 

coli, 

Pseudomonas 

aeruginosa, 

Mycobacterium

, Blastococcus 

Mineral oil 7 

  

Development of 

microfluidic 

cytometers [150] 

2C6 hybridoma 

cells 

FC40 + 1.8% (w/w) 

PEG-PFPE 

0.33 6 h Live-dead 

assays post 

incubation 

Integrating single cell 

encapsulation with 

FACS [90] 

HeLa Hexadecane + 3% 

(v/v) Span80 
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Single cell screening with 

automated image 

analysis [87] 

HEK293T Fluorinated oil + 

0.5% EA 

0.022 11 h Calcein AM 

and Ethidium 

homodimer-1 

staining 

Detecting membrane 

protein on individual cell 

using aptamer and enzyme 

assisted 

amplification [279]  

HeLa, CCRF-

CEM, Ramos 

Tetradecane + 2% 

Span 80 

0.3 

  

Single cell measurement of 

telomerase expression and 

splicing [91] 

Jurkat and 

K562 

Bio-Rad droplet 

generation oil 

5.9 2 d Count cell 

numbers using 

microscopy 

Determining lactate release 

in single cells for cancer 

cell biology [88] 

K562 leukemia 

and U87 

glioblastoma 

cancer cells 

FC40 + 2% (w/w) 

008-

fluorosurfactant 

0.4 

  

Radiometric assay in 

drops [86] 

Human breast 

adenocarcinom

a cells 

HFE7500 + 2% 

(w/w) 008-

fluorosurfactant 

0.3 

  

Combinatorial antibiotic 

screening [280] 

S. aureus, P. 

aeruginosa, 

Escherichia 

coli 

HFE7500 + 0.5 – 

2% (w/w) 008-

fluorosurfactant 

1 7 h Measuring 

fluorescence 

intensity 

Screening antibiotic 

resistance [281] 

Escherichia 

coli 

HFE7500 + 6% 

(w/w) 60 nm F-

SiO2 nanoparticles 

0.075 1 h Measuring 

fluorescence 

intensity 

Single-cell level study of 

interferon in 

population [282] 

Jurkat HFE7500 + 3% 

(w/w) PicoSurf 

0.07 – 0.1 2 h Fixable 

Viability Dye 

eFluor® 780 

staining 

Drop trapping for worm 

behaviour 

monitoring [191] 

Caernohabditis 

elegans 

Hexadecane + 2% 

Span80 

20 2 h Observe worm 

behaviour 

*cells were lysed in drops at the beginning stage of the assay 
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Paper 1: Merging drops in a Teflon tube, and 

transferring fluid between them, illustrated by 

protein crystallization and drug screening  

Reproduced from Lab on a Chip, vol. 15, no. 18, pp. 3766-75, Aug 25 2015 [283] with 

permission from The Royal Society of Chemistry. 
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Abstract – The ability to manipulate drops with small volumes has many practical 

applications. Current microfluidic devices generally exploit channel geometry and/or active 

external equipment to control drops. Here we use  a Teflon tube attached to a syringe pump 

and exploit the properties of interfaces between three immiscible liquids to create particular 

fluidic architectures. We then go on to merge any number of drops (with volumes of micro- 

to nano-liters) at predefined points in time and space in the tube; for example, 51 drops were 

merged in a defined order to yield one large drop. Using a different architecture, specified 

amounts of fluid were transferred between 2-nl drops at specified rates; for example, 2.5 pl 

aliquots were transferred (at rates of ~500 fl/s) between two drops through inter-connecting 

nano-channels (width ~40 nm). One proof-of-principle experiment involved screening 

conditions required to crystallize a protein (using a concentration gradient created using such 

nano-channels). Another demonstrated biocompatibility; drugs were mixed with human 

cells grown in suspension or on surfaces, and the treated cells responded like those grown 

conventionally. Although most experiments were performed manually, moderate high-
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throughput potential was demonstrated by mixing ~1,000 different pairs of 50-nl drops in 

~15 min using a robot. We suggest this reusable, low-cost, and versatile methodology could 

facilitate the introduction of microfluidics into workflows of many experimental 

laboratories.  

I. Introduction 

Droplet-based microfluidics allows manipulation of volumes down to femto-liters; it 

has applications in biomedicine – including single-cell diagnostics,1-3 DNA amplification 

using the polymerase chain reaction (PCR)4, 5 and the synthesis of nano-materials6. The 

underlying aim in many applications is to bring together and mix different water-soluble 

reagents. One challenge is to deliver such reagents to drops,7 and various approaches are 

available to control the coalescence of a few drops either actively (e.g., using lasers or 

electrodes)8 or passively (e.g., using channel geometry)9. For example, pico-injection has 

been applied to modify contents of pre-formed drops as they flow past a fixed point in a 

channel,10 and to create new drops with slightly varying contents11, 12. Drops have also been 

merged as they flow through a PDMS channel by exploiting interfacial tensions between 

two11, 13 (perhaps in association with a chemical method)14 or three15 immiscible liquids.  

Several simplified methods for droplet merging have been proposed that do not utilise 

a preformed microchip. These include modular systems that allow many tubes/channels and 

T-junctions to be joined together easily,16, 17 and a robot-driven capillary that first “prints” 

arrays of drops on a hydrophilic-patterned surface and then adds additional drops to 

specified locations (applied to single-cell RT-PCR)18. Whilst these methods alter drop 

contents in a “digital” way (i.e., by adding discrete volumes), there remains no “analogue” 

variant that allows continuous changes in drop content (i.e., by gradual advection into, or 
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out of, pre-formed drops) – aside from molecular diffusion through walls/fluids19, 20 (where 

control is limited by the porosity of the wall to molecules of interest).  

The use of multiple emulsions has a long history in microfluidics15, 21-26. Here, we 

exploit three or more phases to create fluidic architectures where individual drops have an 

aspect ratio (length to diameter) >1, and use them to merge drops, and transfer fluid between 

them. The approach is simple and versatile. It exploits interfacial tensions at the boundaries 

between immiscible fluids contained in a Teflon tube. Flow through the tube is driven by a 

syringe pump (or gravity), and interfacial tension is used to bring drops together, and transfer 

aqueous fluids gradually between pre-formed ones through fluidic nano-channels (~40-nm 

wide) at rates down to fl/s. We apply the first approach to confirm biocompatibility by 

testing drugs for their effects on human cells, and the second to screen conditions for 

crystallizing a protein. We also demonstrate moderate high-throughput capability by mixing 

~1,000 pairs of 50-nl drops in ~15 min using a robot. We anticipate the general approach 

will prove useful in handling and manipulating small volumes. 

II. Methodology  

Our approach utilizes at least three immiscible fluids, and different ones are used for 

different experiments. Interfaces between three such fluids are in equilibrium when the 

“Neumann triangle” is satisfied (as in Fig. 1Ai – where phase 1 is FC40 plus surfactant, 

phase 2 is water containing a red dye, and phase 3 is silicone oil). Then, the interfacial 

tension, γ, between any two fluids is less than the combination of interfacial tensions 

between the others (γ1-2 < γ1-3 + γ2-3).
27, 28 However, drops-within-drops form if conditions 

no longer satisfy the Neumann triangle and γ1-2 > γ1-3 + γ2-3 (which is achieved in this case 

by removing surfactant from phase 1). Now, fluid 3 forms the interface between fluids 1 and 

2, so fluid 1 engulfs 3, and 3 engulfs 2 (Fig. 1Aii). The volumes of the immiscible drops are 
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independent of the inequality that leads to engulfment, which is sometimes recast as a 

spreading coefficient.29 In most cases, surfactants (amphiphiles) are added to phase 3 to 

increase the inequality and so stabilize the chosen fluidic architecture. In all cases, the 

fluorocarbon “wets” the Teflon to create a continuous and protective film along the tube 

wall, so water-soluble molecules are unlikely ever to touch (or adhere to) the wall.  

 

Figure 1. Drop merging and mixing (150-µm tubes). Schematics illustrate structures seen in movie 

frames below (some water drops contain red dye). (A) Structures depend on interfacial tension. (i) 

All three fluids are stably in contact (fluids – FC40 + 10% PFO, water + dye, 5-cSt silicone oil). (ii) 

If PFO is omitted, FC40 engulfs the oil, which engulfs water + dye. (B) Merging drops during flow 

(fluids – FC40, water ± dye, tetradecane + 1% Span80). (i) An oil drop engulfs two 10-nl aqueous 

drops. (ii) During flow (arrows illustrate parabolic velocity profile), relative velocities are: water 

drops > oil super-drop > bulk FC40. Then, as water-drop 1 cannot travel faster than the front of the 

oil super-drop, drop 2 soon catches it up. (iii) Drop 2 merges with 1. (iv) Vortices (curved arrows) 

mix contents (distance travelled indicated in drop lengths, Ldrop).  

We now illustrate the principle we will use to merge aqueous drops, beginning with a 

simple case involving a train of two drops (~10 nl) engulfed in one oil super-drop (~10 nl; 

Fig. 1Bi; Movie S1; all movies shown run in real time). Starting the pump connected to the 

tube causes laminar flow. Then drops closer to the centre-line move at a higher speed than 
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the engulfing fluid, and the relative mean velocities of fluids are: water > oil > FC40. Water-

drop 1 is constrained from moving faster than the surrounding oil by the oil/FC40 interface. 

However, drop 2 is unconstrained and moves faster, and so catches up drop 1 (Fig. 1Bi,ii). 

The two drops merge as soon as they touch because the interface is unstable (Fig. 1Biii). 

Subsequently, vortices mix contents within ~4 drop lengths (Fig. 1Biv). Such “front-to-

back” mixing is efficient, unlike the “side-by-side” mixing found in some microfluidic 

devices.30 

III. Materials and methods 

III.1. General reagents and equipment 

FC40 and HFE7500 were from Acota, Abil®EM180 surfactant from Surfachem, and 

all other fluids from Sigma Aldrich unless otherwise stated. Where indicated, aqueous drops 

contained water-soluble dyes: 5 mg/ml Allura Red, 2 mg/ml toluidine blue, 6 mg/ml 

haematein (yellow), or 200 µM carboxy-fluorescein unless otherwise stated. Surfactant 

concentrations are given on a weight-to-weight basis. Teflon (poly-tetrafluoroethylene, 

PTFE) tubing (50-620 µm bore; Cole-Parmer/Zeus) was attached to a programmable syringe 

pump (Harvard PhD Ultra I/W) fitted with Hamilton air-tight glass syringes – with sizes 

ranging from 5 µl to 2.5 ml (Hamilton 800/1700 and 1000 series) – and blunt needles of 

appropriate gauge (i.e., 20-32). In some cases, bipartite tubes with thin and thick segments 

were used for high-throughput analyses. Then, the smaller segment allows manipulation of 

smaller volumes, whilst the larger one reduces the pressure drop (and so the possibility of 

leaks), minimizes the tube length required to store merged drops during multiplexing (as 

trains become shorter in the wider tube), and allows the use of lower-cost optics for detection 

of fluorescence/colour (as drops have a larger depth due to increased diameter). Conditions 

used for individual experiments are described in Electronic Supplementary Information. 
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III.2. Interfacial tension measurement 

Interfacial tensions were measured using the pendant-drop technique and a 

commercial system (First Ten Angstroms 1000). Drops were ejected from 16-30 gauge 

stainless-steel blunt needles (using a Harvard syringe pump or a Gilmont micro-meter 

syringe) into the less-dense fluid in a 2-ml cuvette. The manufacturer’s software was used 

to calculate the interfacial tension for each image. Before using any new fluids, the system 

was calibrated; the interfacial tension of filtered water/air or FC40/air was measured and 

good agreement was found with established values of 72 and 16 mN/m. 

III.3. Static and dynamic interfacial tension 

During flow, internal circulation in drops31 can transport surfactant molecules from 

the front to the back of a drop along the interface. Hence, it will be the dynamic interfacial 

tension that should be used when determining the Neumann inequality. Unfortunately the 

dynamic interfacial tension is both difficult to measure directly, and varies – as we will 

demonstrate. Therefore, we select fluids for the fluidic architecture that give a strong 

Neumann inequality based on static interfacial tensions. Estimates of this inequality (using 

data in the literature)32 demonstrate that this is easily achievable for most fluid combinations. 

For example, the equilibrium interfacial tension between fluorocarbon and water is ~45 

mN/m, between fluorocarbon and oils is ~8 mN/m, and separating oil + surfactant and water 

is ~15 mN/m. The result is a strong inequality, so that fluorocarbon engulfs oil, and oil 

engulfs water (i.e., 45 > 15+8). This architecture is used for merging. When using surfactant-

free fluids, the static interfacial tension is expected to be equal to the dynamic one, so that 

interfacial tensions from the pendant-drop method can be applied more definitively to the 

flowing system.  
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III.4. Generation of arrays of drops 

Carrier fluids (FC40, HFE7500, or FC40 + HFE7500, all ± surfactant), aqueous fluids 

(± additive), and separating fluids (tetradecane, dodecane, 5-cSt silicone oil, silicone oil 

AR20, sunflower oil, all ± surfactant) – which are called “oils” in the main text – were 

generally placed in separate wells of a 96-well plate. To avoid the need to overlay reagents 

with oil, drops were created by operating the syringe pump attached to a PTFE tube. Initially, 

the tube, syringe, and needles were all filled with FC40/HFE7500 ensuring no gas was 

present. The syringe pump was programmed to operate in “withdraw/stop mode”. In 

withdrawal mode, the tip of the tube was immersed manually in the fluid until the required 

amount was loaded (flow rates 0.01-2 ml/h); then the pump was stopped, the tip moved to 

the next fluid, and withdrawal mode restarted. This sequence was repeated to produce the 

required fluidic architecture.  

A “train” containing one aqueous drop engulfed in one oil “super-drop” can be 

prepared by filling a Teflon tube attached to the programmable pump with fluorocarbon, and 

dipping the tip of the tube successively into water and oil. Use of the custom 

“withdraw/stop” program provides precise control over drop sizes as fluids are loaded during 

“withdraw”, and the tip is transferred to a new fluid during “stop”. This program utilizes the 

software built in to the syringe pump to specify how long the “withdraw” and “stop” modes 

last. More aqueous drops can be engulfed in one oil super-drop by including extra dips into 

water and oil before the last into fluorocarbon (Fig. 1B, Fig. S1). Fluidic architectures are 

stably maintained when flow stops/restarts. Additional independent trains (separated by 

fluorocarbon) are prepared by repeating this simple process. As we shall see, each train then 

becomes an independent reaction vessel that utilizes only reagents in that train.  

When loading tubes, aqueous reagents were initially covered with separating fluid to 

reduce the possibility of ingesting air into tubes, which then complicates flow patterns as 
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pumps start and stop (due to the compressibility of the air). However, the oil overlay was 

found to be unnecessary if tubes and syringes were originally filled with degassed 

fluorocarbon without air drops, and if no cavitation occurred when flow stopped and started. 

Consequently, use of a low-viscosity carrier was preferred as it reduced the pressure drop 

and enabled faster flow rates. Therefore, HFE7500 was often used, but it was replaced with 

FC40 to produce particular fluidic architectures and provide greater biocompatibility. Use 

of smaller syringes and larger-bore tubes also reduced the probability of air ingestion. For 

example, use of a 250-μl gas-tight syringe (Hamilton) connected to 350-μm diameter tube 

via a blunt needle led to no air ingestion, but a 2.5-ml syringe connected to the same tubing 

resulted in sporadic ingestion. For tube diameters between 100-200 μm, we used 50-100 μl 

syringes, and for 50-μm tubing 5-10 μl syringes. Although the tube is filled under sub-

atmospheric pressure, ends of loaded tubes can easily be capped with a resin-filled blunt 

needle and operated under high pressure; however, the system is not conducive with closed-

loop functionality.  

For Figures 4-6, S2, and S3, tubes were loaded using stepper motors. The accuracy of 

drop generation depends on the drop size (the longer the better) and tube wall thickness (the 

smaller the better). For example, 100 drops (400 nl) were loaded into a train in a 350-μm 

diameter tube (using a 250-μl syringe); they had a maximum variation in volume of <4%. 

This variation was typically found with all syringe/tube combinations used.  

Although most experiments were performed by manually dipping between reservoirs 

in a 96-well plate, a “robot” with three axis-positioning systems (Z-400, CNC Step, 

Germany) is used to demonstrate automated high-throughput potential.  

III.5. Measurement of drop velocity and length 

Drop velocity and length were measured using two orthogonal LEDs/photodiodes 

spaced 1 m apart along a transparent PTFE tube (350 or 620-μm bore; photodiodes were 
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~0.5 m from tube ends; Fig. 2). As all fluids used in a single experiment had different 

refractive indices, photodiode voltage depends on the fluid in the light path. Times taken by 

drops to travel through one light beam and between beams were recorded, and drop length 

and inter-drop distance calculated using custom software, with sampling frequency of up to 

500 Hz. To determine tube diameter, FC40/HFE7500 was pumped through a virgin tube at 

a known flow rate. The time taken for the leading FC40/HEF7500-air interface to travel 

between the two photodiodes was recorded, and diameter calculated using the continuity 

equation and known flow rate set on the syringe pump.  

 

 

Figure 2. Experimental setup for measurement of drop length and velocity; photo-diode voltage 

reflects which fluid is in the light beam. Times taken by drops to travel through one light beam and 

between beams were recorded, and drop length and velocity calculated.  

III.6. Drop velocity and film thickness 

The thickness of a film engulfing a drop (as in Fig. 3) may be estimated by 

implementing the assumptions of an inviscid (µ1 ≫ µ2) or solid drop (µ1 ≪ µ2), and applying 

continuity to the flow within a circular tube. For an inviscid drop, where R = channel radius, 

r = drop radius, h = film thickness, Q = flow rate, U = mean velocity of fluids, we obtain: 

𝑄̇𝑚𝑒𝑎𝑛 = 𝑄̇𝑓𝑖𝑙𝑚 + 𝑄̇𝑑𝑟𝑜𝑝 

The velocity in the film region is modelled as zero or a linear velocity profile (Couette 

flow) to determine the limits of the film thickness for the cases of inviscid or solid drops 

LED 2

photodiode
2

LED 1

photodiode
1

FC40aq 3 oilaq 2 aq 1aq 4
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respectively (Fig. 3ii). Equating flow rates at axial positions in carrier fluid (phase 1) and 

drop region (phase 2) yields:  

[𝜋𝑅2𝑈𝑚𝑒𝑎𝑛 = 𝜋(𝑅 − ℎ)2𝑈𝑑𝑟𝑜𝑝]
𝑖𝑛𝑣𝑖𝑠𝑐𝑖𝑑

 

[𝜋𝑅2𝑈𝑚𝑒𝑎𝑛 = 𝜋(𝑅2 − (𝑅 − ℎ)2)
𝑈𝑑𝑟𝑜𝑝

2
+ 𝜋(𝑅 − ℎ)2𝑈𝑑𝑟𝑜𝑝]

𝑉𝑖𝑠𝑐
 

Solving these equations where h << R, provides  

[
ℎ

𝑅
]

inviscid drop
=

1

2
𝑊 

[
ℎ

𝑅
]

solid drop
= 𝑊 

𝑊 =  
𝑈𝑑𝑟𝑜𝑝 − 𝑈𝑚𝑒𝑎𝑛

𝑈𝑑𝑟𝑜𝑝
 

where W is referred to as the excess velocity. These equations, or similar, have been derived 

by several authors for an inviscid33, 34 and solid drop.35 Therefore, when flow is induced in 

the capillary illustrated in Figure 3i, the distance between xf and xd reduces by Δx which 

depends on film thickness. The film thickness, in the limits of an inviscid or solid drop, may 

be estimated by measuring the velocities of the drop and carrier fluid. For all cases where µ1 

~ µ2, it is expected to reside between these two limits. The same equations can then be 

applied to our new fluidic architecture illustrated in Figure 1B, where film thickness between 

water and oil phases may be estimated by measuring the mean velocity of both (assuming 

the carrier-fluid film surrounding the oil is unchanged over the length of the oil drop). The 

resultant film thicknesses, from the inviscid and solid drop equations, provide the limits of 

film thicknesses for any viscosity ratio between water and the engulfing oil drops.  

The prediction of h/R, and hence excess velocity of the engulfed drops/bubbles, has 

been extensively studied28,30-36 since the original experimental36 and theoretical works;37 

most works identify the Capillary number [Ca = µV/γ] as the appropriate scaling parameter 

in such problems.  
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Figure 3. Schematic of immiscible fluids flowing in a circular capillary; (i) phase 2 (with leading 

interface at xd) is engulfed by phase 1 (with leading interface at the air, xf), which wets the wall. (ii) 

After flow, the distance between interfaces xf and xd has reduced due to the velocity of phase 2 (which 

is > phase 1). Also illustrated are the simplified velocity profiles in the film region between phase 2 

and the wall, for an inviscid and solid drop.  

IV. Results and discussion 

IV.1. Relative drop velocities 

To predict where and when two drops might merge in a train like that in Figure 1Bi, it 

is necessary to determine the excess velocity of drop 2 over drop 1. Sets of 10 trains 

containing two aqueous drops (each train as in Figure 1Bi) were created and the velocity of 

each drop recorded over a range of carrier-fluid velocities. The excess velocity of aqueous 

drops over the carrier-fluid velocity for each train is shown in Figure 4A. Across the ten 

trains the standard deviations range from 3-11% of the excess velocity between drops pairs 

(within the limits of carrier-fluid velocities of 5.5-0.46 mm/s).   
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Figure 4. The effect of flow rate on the velocity excess, W, of each of two drops within sets of 10 

trains in a 620-µm tube (fluids – FC 40, water, tetradecane + 1% Span80). Drop 1 and 2 are separated 

by a sufficient distance so they do not merge between photodiodes in Figure 2. (A) Velocity excess 

of all drops relative to velocity of carrier fluid. (B) Average excess velocity of drop 2 relative to 1 

for different mean carrier-fluid velocities (diamonds, with line of best fit).  

Thus, at one meter from the tube inlet in the experiment described in Figure 4, the 

distance between drop 1 and 2 reduces by 16 ± 1 mm (assuming an uncertainty of one 

standard deviation) at a carrier-fluid velocity of 1.83 mm/s. Considering a more realistic 

problem where the distance between drops is 2 mm at the inlet, the merge location is 128 ± 

9 mm into the tube. Figure 4B shows the average excess velocity of drop 2 over 1 for various 

mean carrier-fluid velocities. The best-fit power law shows that 𝑊 ∝ 𝑉𝑑𝑟𝑜𝑝
0.44 , which for 

constant interfacial tension is in reasonable agreement with results for low capillary-number 
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flows36 of 𝑊 ∝ 𝑉𝑑𝑟𝑜𝑝
0.5 . Therefore, drops can be merged and their contents mixed at 

predictable – and controllable – points in space (cm to meters) and time (seconds to days) 

by starting and stopping the syringe pump. The effects of gravity are mitigated by 

positioning tubes horizontally. We were unable to detect any change in drop size due to 

evaporation over several days. For conditions yielding different capillary numbers, different 

excess velocities will apply. 

Many drops may be merged using trains with multiple aqueous drops; however the 

relative velocity of all drops needs to be known in order to predict where and when drops 

merge. Figure 5 illustrates how the excess velocity of drops 2-10 relative to drop 1 can be 

determined in trains with 10 drops (the first drop has an excess velocity of zero). When the 

separating oil contains surfactant, the velocity of each drop is dependent on its relative 

position in the train, which increases with drop position from the front. The cause of this 

increase is believed to be due to a continuously-varying surfactant concentration along each 

aqueous drop due to transport of surfactants around the drop interface. [The surfactant is 

attracted to the water interface due to the hydrophilic head group.] Internal circulation within 

the drop38 then transfers surfactant from front to rear, whence it is transferred to the next 

separating compartment. Therefore, flow transforms an initially homogenous separating 

fluid into one that increases in surfactant concentration from the first to last separating 

compartment. 

Consequently, the surfactant concentration of each drop varies with flow, and the 

interfacial tension (and hence Capillary number and excess velocity) is dynamic from two 

perspectives. Within each drop, circulation continuously redistributes surfactant along the 

interface of that drop; between drops, surfactant is transferred down the train. Such 

redistribution is evident from an increased turbidity of last separating compartment (as 

confirmed in Fig. 6B) – presumably due to micelle accumulation.  
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The distribution of drop velocities in Figure 5 suggests that velocity variations 

between successive drops will increase/decrease as surfactant concentrations in the 

separating fluid decrease/increase, and that saturation of the interface with surfactant will 

eventually limit the scale of the change. To confirm this, surfactant-free fluids were used to 

create trains with 10 aqueous drops. For the surfactant-free case (Fig. 5, black bars), the 

velocity of each drop remained constant irrespective of position in the train. This result 

points to future work where these fluidic architectures are used to filter or concentrate 

molecules of interest (as done with surfactant here).   

 

Figure 5. Velocity excess of each drop relative to the leading drop in a 10-drop train (350- m tube; 

carrier-fluid velocity 5.8 mm/s). Grey bars: fluids – HFE 7500, water + dye, tetradecane + 1% 

Span80. Black bars: fluids – FC40, water + dye, 5 cSt silicone oil.  

Based on measurements like those described above, surfactant-free fluids enable 

merging in sequential order from first to last irrespective of droplet spacing. However, when 

using surfactant within the separating fluid, drop-to-drop spacing may need to be altered to 

account for variation in relative drop velocity. By way of example, consider the 10-drop 

train and surfactant-laden separating fluid data of Figure 5. At one meter from the tube inlet, 

the distance between drop 1 and 2 reduces by 11 mm, while the distance between drop 1 and 

3 reduces by 11.7 mm. Therefore, if the initial spacing between drops 2 and 3 was less than 
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0.7 mm, drops 2 and 3 would merge before drops 1 and 2. By controlling inter-drop distance 

and flow rates (and possibly the surfactant concentration in separating compartments), it is 

conceivable that trains can be designed where drops can be merged in any desired sequence. 

We next demonstrate the sequential and ordered merging of 51 water drops one after 

another to give a single enlarged one using the architecture shown in Figure 6A. Here, a 

robot controls tube dipping. As each drop passes LED1, the voltage peaks (blue voltage trace 

in Figure 6A). As the train travels towards LED2, drop 2 merges with drop 1, then drop 3 

with the now-enlarged leading water drop, and so on until all drops merge successively into 

one giant drop (red voltage trace in Figure 6A).  

Thus far, we have mainly considered merging drops in one train. More drops can be 

merged using more trains (in series) and tubes (in parallel). In Figure 6B and Movie S2, four 

1.35-m long tubes are attached to 4 syringes driven by one pump, and a robot dips tube ends 

into appropriate fluids to generate a series of trains. Such dipping has been used previously,39 

but then the tube tip passed directly from one aqueous reagent to another, and this could 

result in cross-contamination (see below). Each train contains two water drops carrying dye 

of the same colour, and drops have volumes of 40 and 60 nl; successive trains carry 

differently-coloured dyes. Flow again induces drops to merge, with drops of the same 

contents (colour) merging at approximately the same locations. The pairs of red and blue 

drops merge at slightly different points; this is due to the different dyes altering the 

interfacial tension of the water to slightly different degrees. This can be seen in greater detail 

in an analogous experiment illustrated in Figure S2 (which involves the merging of pairs of 

drops in 206 trains). Figure S3 also shows selected trains in a second tube with different 

contents run in parallel to the one illustrated in Figure S2. As the pump used can drive 10 

syringes, drops in ~1,000 completely different trains can be prepared and mixed in ~15 min 

in this way (as in Movie S3). 
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Figure 6. Multiplexed merging. (A) Merging 51 drops in one train (620-µm tube; fluids – HFE7500, 

water, tetradecane + 2.5% Span80). Photo-diode voltage reflects which fluid is in the light beam. 

Fifty-one 800-nl aqueous drops are engulfed in one oil super-drop; this train passes through the first 

light beam to yield the blue voltage trace. Voltage levels confirm that an oil super-drop engulfs 51 

water drops (the space between drops 1 and 2 is greater than the others). Once the last of the oil 

passes LED1, drops merge one after another, and pass LED2 to yield the red voltage trace (which 

confirms all water drops have merged). A stereoscope was used to visually confirm that each drop 

was added to the enlarging first drop in their numerical order. (B) Merging hundreds of drop pairs 

in many trains (fluids – 75% FC40 + 25% HFE7500, water + red or blue dye, tetradecane + 1% 

Span80). Four bipartite tubes – made by joining 250- and 460-µm bore tubes (used for drop merging 

and storage, respectively) – are each attached to syringes driven by one pump (out of sight at top 

left); the other ends of the 4 tubes are dipped by a robot successively into appropriate fluids in 

Eppendorf tubes (arrangement shown at bottom right) on the cooling plate (not used here) to generate 

a series of trains (each with two 50-nl water drops + dye of the same color, as in the schematic 

above). Successive trains carry differently-colored dyes. Flow induces drops to merge by the time 

trains reach the thermal block (not used here; inset – magnification of merged drop). The number of 

drops that can be merged like this is limited only by fluid volume, syringe capacity, and tube length. 

See also Movie S2.  
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IV.2. Transferring fluid between drops through nano-channels  

A challenge in microfluidics is delivering reagents to drops with temporal control, 

which can be achieved by molecular diffusion through walls19, 20 – but then control depends 

on wall porosity. Our system provides a simple way of transferring cargoes of interest. The 

two internal phases in Figure 1B are inverted when γ1-3 > γ1-2 + γ2-3. This is achieved in 

Figure 7Ai using FC40 + 10% PFO (1H,1H,2H,2H perfluoro-1-octanol; phase 1), 1% 

TritonX100 in water (phase 2), and dodecane (phase 3). Here, an air drop restrains train 

speed, as air has the highest interfacial tension with FC4037 and hence the lowest velocity. 

During flow, the oil drop (initially engulfed in aqueous drop 2) soon catches up aqueous 

drop 1 (Fig. 7Aii), and the two water drops merge. The resulting super-drop contains 

aqueous sub-compartments 1 and 2 connected by channels (“thin liquid films”) around the 

oil. As flow continues, the oil drop continues to catch up the front of the super-drop; 

consequently, water flows back through the channels (Figure 7Aiii,iv; Movies S4 and S5). 

Rates of such advection (range fl/s – µl/s) depend on the velocity of the oil drop relative to 

the engulfing water drop – which is proportional to Capillary number (see Figure 4B).36 

Consequently, rates can be altered by varying tube diameter and/or Capillary number. When 

flow stops, there is little diffusional transfer between compartments as the aqueous channels 

are so long. 

Discrete volumes can be delivered stepwise by such advection. Using the initial 

architecture in Figure 7Bi, flow backwards causes the oil drop to catch up the aqueous drop, 

creating an aqueous super-drop containing fluorescein (F) in one compartment and water in 

the other (Figure 7Bii). [At this stage, no fluorescein is detected in drop 2, so there is no net 

fluid flow from compartment F to 2. However for a non-circular channel this may not be the 

case, as it has been shown that a drop can travel faster or slower than the mean carrier-fluid 

velocity depending on surfactant levels.40, 41] In our case when flow is reversed, fluorescein 
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is carried through the connecting channels (Figure 7Biii). Now flow is again reversed for 60 

s to mix the contents of 2 as it travels ~3 compartment lengths (Figure 7Biv). [This induces 

some fluorescein flow from 2 back to F, but relatively little is transferred because of prior 

dilution in the large volume of 2.] Cycles of 5-s flow in one direction and 60-s in the other 

deliver 2.5-pl aliquots of fluorescein (at ~500 fl/s) to compartment 2, and then mixes 

contents (Figure 7Bv). Even smaller aliquots can be delivered by reducing flow rates or 

increasing the interfacial tension (both altering the Capillary number) and/or varying tube 

diameter. Here, the connecting channel is a ring ~40 nm wide separating the oil and 

fluorocarbon. [The scale of the ring is calculated assuming viscosityoil >> viscositywater, (in 

the other limit where viscosityoil << viscositywater, film thickness would be expected to be 

half this value; see Experimental section).35] As ring width can be varied by changing tube 

diameter and Ca, this suggests that such nano-channels can be used to filter particles in this 

size range. 

 

Figure 7. Transferring fluids between compartments through nano-channels (fluids – FC40 + 10% 

PFO, 1% TritonX100 in water ± red dye, oil indicated). (A) Example (150-µm tube). Schematics 
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illustrate structures seen in movie frames below. (i) Train: air drop, 20-nl drop 1 + red dye, aqueous 

super-drop 2 engulfing a dodecane drop. (ii) On flow (white arrows), the oil catches up 1, and 2 

merges with 1; now, an aqueous channel (a ring around the oil) connects 2 with 1. (iii,iv) Oil 

advances; water flow (~300 pl/s) carries dye back from 1 to 2 (grey arrows). (B) Advection rates 

(50-µm tube). (i) Train: a 1.5-nl aqueous super-drop + carboxy-fluorescein (F) engulfs a 2-nl 

sunflower-oil drop, 2.5-nl water-drop 2. (ii) During flow to left, the oil catches up 2, drops merge, 

and aqueous channels now connect F to 2. (iii) Flow is reversed; advection (~500 fl/s; grey arrows) 

carries dye from F to 2. (iv) Reversing flow as 2 traverses three compartment-lengths and mixes 

contents (dashed grey arrows). A fluorescence micrograph is collected, before cycles iii to iv repeat 

(black arrow). (v) Fluorescence intensity (arbitrary units, au) in drop 2 after cycle number indicated 

(fl transferred calculated from shrinkage rate of F). 

IV.3. Cross-contamination  

Although most bio-molecules are insoluble in fluorocarbons and oils, some might 

nevertheless diffuse between drops and/or adhere to walls and then dissociate to contaminate 

the next drop or train as it passes. Contamination could also occur when making a train with 

progressively more and more aqueous drops so the protecting fluorocarbon layer abutting 

the wall becomes so thin it eventually disappears (e.g., when making trains with more 

aqueous drops than in Fig. 6A). Then, only separating fluid would provide a barrier between 

the aqueous drops and the wall. [In such a case, the potential for cross contamination would 

be similar to that obtained with most existing two-phase microfluidic droplet-based 

networks.] Therefore, we assessed the level of such cross-contamination by monitoring the 

unwanted transfer of fluorescein or DNA (using sensitive fluorescence or PCR-based assays; 

Figs S3 and S4). Such experiments showed that if cross-contamination did occur, it did so 

at a level that can be neglected when carrying out the proof-of-principle applications now 

described. 
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IV.4. Two applications 

Crystallizing proteins  

Finding conditions permitting protein crystallization represent major bottlenecks in 

determining tertiary structure by X-ray crystallography. Crystals are usually obtained by 

screening different protein/precipitant concentrations to find ones suitable for crystal 

growth, and – because protein supply is often limited – microfluidic devices are sometimes 

used.42 Here, we use lysozyme (L) as an example (Fig. 8). Serial protein dilutions are made 

using a train containing lysozyme in the first aqueous drop and precipitant in drops 2-6. 

Flow both generates one aqueous super-drop separated by oil drops into sub-compartments, 

and drives advection that carries protein back through the connecting nano-channels to 

create serial dilutions. After stopping the train, crystals form in compartments containing 

appropriate conditions. Here a water-based surfactant was added to carrier (and not water), 

so commercially-available preparations of precipitant could be used as supplied.  

 

Figure 8. Screening crystallization conditions (150-µm tubes; fluids – FC40 + 5% PFO + 1% 

TritonX100, aqueous phase, tetradecane; schematics not to same scale as micrographs below). (i) 

Train: air drop to control train speed, water drop 1 (60 nl) contains lysozyme (L), and drops 2-6 (20 

nl) precipitant. (ii) Flow (straight arrows) creates an aqueous super-drop engulfing 5 oil drops, and 

drives advection between compartments (curved arrows) to create a gradient in protein 
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concentration. After stopping flow and incubation (3 h), micrographs of compartments 2-6 are 

shown. 

Screening drugs for effects on human cells 

Screening scarce chemicals to see which might serve as useful drugs represents an 

attractive application for microfluidics. Therefore, we first screened fluids to see which 

might allow human cells to survive in drops-in-drops, and found suitable ones (using a 

threshold of >90% survival after 24 h, assessed using trypan-blue exclusion). As proof-of-

concept, we compared the effects of mixing various drugs with cells grown conventionally 

in plates or in drops (using the fluidic architecture in Fig. 9A) – and obtained similar results. 

For example, tumor necrosis factor α (TNFα) is a pro-inflammatory cytokine that can 

switch on expression of the green fluorescent protein (GFP) in a Jurkat line encoding a GFP-

reporter gene under the control of a responsive promoter. This line is derived from a T 

lymphocyte and grows in suspension. When imaged in a tube under ultra-violet light, 

untreated cells are non-fluorescent; however, cells treated with TNFα for 20 h fluoresce 

green (Fig. 9Bi). When cells from similar trains are ejected from tubes and passed through 

a FACS (fluorescence activated cell sorter), intensities are found to be ~100-fold greater 

than those given by untreated cells; they are also similar to those in cells grown 

conventionally (Fig. 9Bii). TNFα had much the same effect when added to human 

embryonic kidney cells growing on the surface of dextran beads and which encoded a related 

GFP-reporter gene (Fig. S5A,B). This demonstrates that our approach can be used with both 

suspension and adherent cells. 
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Figure 9. Drug screening: proof-of-principle. (A) Approach (FC is a mixture of fluorocarbons). (i,ii) 

Flow delivers drug to cells. (B) TNFα induces GFP expression in (initially non-fluorescent) NF-

κB/Jurkat/GFPTM Reporter cells (560-µm tubes; fluids – 50% FC40 + 50% HFE7500, cells in growth 

medium ± TNFα, 5-cSt silicone oil + 0.25% AbilEM180). After merging delivers drug, tubes were 

incubated (37°C; 20 h). (i) Bright-field and fluorescence images of tubes containing cells treated ± 

TNFα (20 h). (ii) Cells were ejected from similar tubes, and GFP-intensities (au, arbitrary units) seen 

in 104 cells analyzed using FACS. Cells grown conventionally in plates (“usual”) provide controls. 

The use of various other cell/drug combinations and readouts confirmed the potential 

of our device for drug screening; in all cases, cells in tubes behaved like their counterparts 

grown conventionally. For example: (i) TNFα increases levels of TNFAIP2 mRNA in HeLa 

cells growing on the surface of dextran beads (Fig. S5C).43 (ii) DRB (5,6-dichloro-1-β-D-

ribo-furanosyl-benzimidazole) – a protein kinase inhibitor that blocks elongation by RNA 

polymerase II – reduced levels of c-MYC mRNA in Jurkat cells in suspension  (assessed 

using quantitative reverse-transcriptase PCR, qRT-PCR; Fig. S6A,B). (iii) Using the same 

cells, ionomycin plus PMA (phorbol 12-myristate 13-acetate) – a stimulant – increased those 

of IL2 mRNA (assessed using RT-PCR; Fig. S6C).44 These results (obtained using different 

human cells growing in suspension or attached to surfaces, and both activators and 

inhibitors) – together with the multiplexing described earlier – provide proof-of-principle 

demonstrations that our device could be used for drug screening. They also confirm its 

versatility and biocompatibility. 
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V. Conclusions  

In summary, by exploiting interfacial tension and at least three immiscible fluids we 

have demonstrated a novel approach to enable the controlled coalescence of many drops. 

Using the same physical principle, we also demonstrate a new method for controlled 

transport of media through nano-channels between many drops. These new approaches for 

merging drops and advection between them are achieved using a single Teflon tube with no 

surface modification, and manual drop loading. Consequently, they can be replicated 

without requirement for a dedicated microfluidics laboratory. As many drops and trains can 

be created using a robot, manipulations are also scalable. By selecting appropriate fluids, we 

have demonstrated biocompatibility through two proof-of-concept applications – protein 

crystallisation and screening drugs for their effects on human cells growing in suspension 

or on surfaces. These novel approaches should find many other applications where small 

volumes of fluids are manipulated.  
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VII. Supplementary Information 

Methods 

Merging 51 drops 

For Figure 6A, 51 800-nl aqueous drops were engulfed in one super-drop of 

tetradecane + 2.5% Span80, which – in turn – was engulfed by HFE7500; this train passes 

(flow 2 ml/h) through LED1/photo-diode1 to yield the blue voltage trace (data collected at 

100 Hz). Once the last of the oil passes LED1, flow is increased to 6 ml/h, and water drops 

merge one after another. Flow is reduced to 2 ml/h when the front of the oil travels 2.5 m to 

reach LED2/photo-diode2 (which gives the red voltage trace). The two LED/photo-diode 
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systems yield slightly different voltage differences between HFE7500 and oil, so differences 

were equalized. 

Imaging 

All images (other than those of cells; below) were collected using a camera (Olympus 

D7100 DSLR) connected to an epi-fluorescent microscope (Olympus IX53; 1.25X, 4X, 

10X, 25X objectives) with translation stage and overhead illuminator (Olympus IX3 with 

filters) for bright-field images, and LED wavelength-specific sources (CoolLED) for 

fluorescent images. Image processing, analysis and illustrations were prepared using Matlab 

and/or CorelDraw. For several images, the PTFE tube was immersed in water to improve 

contrast with the walls of the tube. All movies were collected at video rates and play in real 

time.  

Assessing cross-contamination 

Cross-contamination between drops/trains was assessed using fluorescein and 

imaging (Figure S3) or using DNA and quantitative PCR (qPCR; Figure S4). In the latter 

case, drops ± DNA (100 ng/µl of plasmid pcDNA3; Invitrogen) were loaded manually (flow 

rate 0.05 ml/h) into a 150-μm tube using a rack and pinion (to give the architecture in Figure 

S4 so that drops contain more accurate volumes than those obtained manually): 30 nl water 

(drop 1), 30 nl tetradecane + 1% Span80, 200 nl HFE7500, 30 nl water containing DNA 

(drop 2), 30 nl tetradecane + 1% Span80, 200 nl HFE7500, and so on. After creating a train 

with 13 aqueous drops, the pump withdrew a further 3 µl HFE7500, and then was stopped 

for 5 min. Drops were now ejected individually into different Eppendorf tubes (flow rate 

0.05 ml/h) containing 4 µl water (with the tip of the150-μm tube just breaking the water-air 

meniscus, as monitored with a camera attached to a 25x lens). Next, the DNA content of 

each tube was measured using a kit (Platinum® SYBR® Green One-Step qRT-PCR kit; Life 

Technologies) according to the manufacturer’s instructions for qPCR (i.e., using Platinum 
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Taq polymerase but no reverse transcriptase). PCR (25 µl) was performed using primers 

“pcDNA3 fw” and “rev” (Table S1), and a Mastercycler® realplex2 (Eppendorf) using 

temperatures of 95°C for 2 min, then 40 cycles of 95°C for 20 s + 62°C for 20 s + 72°C for 

30 s, 72°C for 5 min, and finally those for the pre-programed melting-curve. 

Cells 

As CO2 is used to maintain the pH of media during cell growth and Teflon is 

permeable to the gas, all fluorocarbons and oils used were pre-equilibrated in open vessels 

with 5% CO2 in a conventional CO2 incubator for >30 min; tubes were also placed in the 

incubator to allow cells to grow.   

For Figure 9, NF-κB/Jurkat/GFPTM Reporter cells (System Biosciences, catalogue 

number TR850A-I) were used and maintained as described by the manufacturer. These cells 

grow in suspension and were derived by the supplier as follows. The human 

immunodeficiency virus was used to insert a GFP gene under the control of the minimal 

cytomegalovirus promoter downstream of four copies of the nuclear factor κB (NF-κB) 

consensus transcriptional-response element. Positively-transduced cells were selected using 

fluorescent activated cell sorting (FACS), and clonal populations stably retaining the 

provirus further selected; finally, a clone demonstrating a low GFP background, and a robust 

increase in GFP expression upon stimulation with TNFα was chosen. Two sets of 15 trains 

(Figure 9Ai) were generated in 2 tubes (fluids – 50% FC40 + 50% HFE7500, growth 

medium ± TNFα, 5-sSt silicone oil + 0.25% AbilEM180); each train contained one 1-µl 

drop with ~4,000 cells, plus a second 1-µl drop of medium + 20 ng/ml TNFα (PeproTech). 

An identical set without TNFα provided a control. After merging drops, tubes were plugged 

(by inserting metal plugs into free ends), placed in a conventional CO2 incubator for 20 h, 

bright-field and GFP images of randomly-selected drops collected under water using a 

camera (AxioCam MRm) attached to a microscope (Zeiss Axioskop 40), and 30 merged 
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drops from 2 tubes ejected into 1 ml PBS. GFP intensity in individual cells was now 

analyzed using a fluorescence-activated cell sorter (FACSCalibur™, BectonDickinson; GFP 

expression assessed using the 488-nm argon-ion laser, scattered signal using channel FL-1 

and 515-545 nm). Cells grown ± TNFα and treated conventionally in a plate provided a 

control.  

For Figure S5B, HEK-293 reporter cells (NF-kB/293/GFP-Luc™ Transcriptional 

Reporter Cell Line; System Biosciences, catalogue number TR860A-I), were used; they 

were maintained as indicated by the manufacturer, and seeded on to Cytodex beads 

(Cytodex® 1 micro-carrier beads; Sigma Aldrich; ~20,000 cells/1 cm2 micro-carrier 

surface), where they grow attached to the surface. These cells were derived by the supplier 

as follows: a lentiviral vector was used to insert a GFP gene (plus a luciferase reporter, but 

luciferase levels were not assessed here) under the control of the minimal cytomegalovirus 

promoter downstream of four copies of the NF-κB consensus transcriptional-response 

element, and positively-transduced cells that responded robustly to stimulation with TNFα 

selected as described above for the analogous Jurkat reporter line used in Figure 9. Trains 

were generated (fluids – 50% FC40 + 50% HFE7500, growth medium ± TNFα, 5-cSt 

silicone oil + 0.25% AbilEM180); each train contained one 1-µl drop with cells on Cytodex 

beads (as above), plus a second 1-µl drop medium + 20 ng/ml TNFα (PeproTech). An 

identical set without TNFα provided a control. After merging drops, tubes were plugged, 

incubated for 20 h (as above), and bright-field and GFP images of selected drops collected 

(as for Figure 9Bi). 

For Figure S5C, Hela cells were maintained in DMEM high-glucose medium (Life 

Techologies) + 5% FBS, seeded on to Cytodex beads, grown overnight, and serum-starved 

(18 h) to accumulate cells in G1 phase in medium containing 0.5% FBS. Subsequently, 15 

trains each composed of a 1-µl drop containing ~30-40 microcarrier beads with the cells 
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plus another 1-µl drop containing either TNFα (20 ng/ml; PeproTech) or medium only were 

loaded and merged, and sealed tubes incubated for 2.5 h – all as described for Jurkat cells. 

After incubation, merged drops from 5 similar trains were all ejected into 500 µl Direct-

zol™ to lyse cells, and total RNA isolated using the Direct-zol™ MiniPrep kit 

(ZymoResearch). Levels of mRNA encoded by a gene responding to TNFα – TNFAIP2 – 

were now assessed using qRT-PCR as outlined above with primers “TNFAIP2 fw” and 

“rev” (Table S1). Results are averages given by the 3 sets of 5 trains. Three sets of RNA 

extracted from cells grown and treated conventionally on plates provided a control. 

For Figure S6, standard Jurkat cells (a T-lymphocyte line which grows in suspension) 

were cultured routinely in RPMI 1640 (Sigma Aldrich) containing 10% FBS (Sigma 

Aldrich). Prior to incorporating cells into a 560-µm tube, the tube was filled with HFE7500, 

immediately loaded (flow rate 2 ml/h) successively with: 1 µl containing ~2,000 cells in 

RPMI 1640, 200 nl silicone oil (5 cSt) + 0.25% AbilEM180, 1 µl RPMI 1640 plus a drug 

(or DMSO as a control). Drops had merged in the first trains to be loaded prior to loading 

the last train, and flow was increased to 5 ml/h to ensure merging in all trains. Drugs (final 

concentrations given after merging drops) were 100 µM DRB (5,6-dichloro-1-β-D-

ribofuranosyl-benzimidazole; Sigma Aldrich) – an inhibitor of RNA polymerase II – or 

ionomycin (1 µg/ml) + 62.5 ng/ml PMA – (phorbol-12-myristate-13-acetate; Sigma 

Aldrich) – inflammatory activators.45 The free end of the tube was now inserted into a second 

syringe to pressurise the system, and the now-sealed tube placed in a CO2 incubator for 4 h 

at 37°C. Next, merged drops were ejected individually into 12 µl “CellsDirect resuspension 

and lysis buffer” (CellsDirect™; Life Technologies), and the mixture incubated (10 min; 

75°C) to lyse cells. Changes in levels of c-MYC and IL2 mRNAs were assessed (25-µl 

reactions) using qRT-PCR (“Platinum® SYBR® Green One-Step qRT-PCR” kit; 

Mastercycler® realplex2, Eppendorf) and the ΔΔCt method,46 primers (“c-MYC fw” and 
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“rev”, or “IL2 fw” and “rev”; Table S1), and the following temperatures – 50°C for 20 min, 

95°C for 5 min, 40 cycles at 95°C for 15 s + 60°C for 30 sec, and finally the pre-programed 

cycle used for melting-curve analysis. All qRT-PCR runs contained a control lacking reverse 

transcriptase to assess amplification of genomic DNA, and expression levels were 

normalized relative to those of 5S rRNA (assessed using primers “5SrRNA fw” and “rev”; 

Table S1). Cells grown and treated conventionally provided a control. 

Shorthand notation 

The following shorthand notation can be used to describe the creation and evolution 

of fluidic architectures; it is exemplified first by reference to Figures 1Bi and iii. 

1. 150-µm, FC40, tetradecane + 1% Span80, water ± Allura Red dye. 

2. (  {[red] [ ] }   ) 

3. Flow: -> 

4. (     {   [   red   ] }   ) 

Line 1 gives the internal diameter of the tube, and the fluids used as carrier, water, and 

separating fluid/oil. In line 2, () represents FC40, {} the oil super-drop, and [] one or other 

of the two water drops engulfed by the oil. After flow in the direction indicated in line 3, 

line 4 shows there is now only one water drop. Additional details can be included as required 

(e.g., an air drop can be indicated by <>). 

Notes for Electronic Supplementary information 
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Figures                 

 

Figure S1. Trains with 1, 2 and 3 carriages. Schematics (with micrographs below) of tubes 

containing carrier fluid (FC40) surrounding a ~10-nl oil super-drop (tetradecane + 1% Span 80) 

engulfing 1-3 10-nl aqueous drops (the carriages in a train) containing red dye. A 150-µm tube was 

loaded by dipping it successively into wells containing: (i) carrier fluid (FC40), water, oil, water, 

and FC40, (ii) FC40, water, oil, water, oil, and FC40, and (iii) FC40, water, oil, water, oil, water, oil,  

and FC40. Fluid was drawn into the tube (0.05 ml/h) only when dipped below the surface of the 

fluid. 
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Figure S2. High-throughput demonstration of merging of 206 pairs of drops (fluids – 50% FC40 + 

50% HFE7500, water + red or blue dye, tetradecane + 1% Span80). A bipartite tube was made by 

joining one tube (0.3 m) with a 250-µm bore to another with a 400-µm bore (3 m). All aqueous drops 

in a train are merged in the thinner segment, and merged drops are “stored” in the wider segment. 

The wider end was attached to a syringe pump (flow rate of 0.1 ml/h for carrier fluid, 0.08 ml/h for 

aqueous drops, and 0.06 ml/h for separating fluid; total run-time ~2 h). The narrow end of the tube 

was dipped successively into appropriate wells in 96-well plates to load 206 trains. Each train 

contained one oil drop engulfing two 50-nl water drops (each containing the same dye); successive 

trains contained differently-colored dyes (i.e., red or blue). Results obtained with a second identical 

tube (with different contents) attached to a second syringe driven by the same syringe pump at the 

same time are presented in Figure S3.  

(A) Fluidic architecture of the first 4 trains in the bipartite tube. (i) Structure after loading the first 4 

trains. The first and third trains each contained two water drops + red dye, and the second and fourth 

trains two water drops + blue dye. Trains loaded subsequently continued this alternating pattern. To 

demonstrate the indexing potential for different 96-well plates, we loaded trains 95 and 96 with red 
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dye. Then, all odd-numbered trains from 1-95 carried red dye, and all even-numbered ones blue dye; 

from train 96, all even-numbered trains carried red dye and odd-numbered ones blue dye. Additional 

indexing could be included by varying volumes of separating fluid and/or drop numbers/colors. (ii) 

Structures just after loading train 206. Aqueous drops in trains 203-206 in both tubes have not yet 

merged; however, those in trains 1 and 2 have merged.  

(B) Bright-field image of the bipartite tube after coiling it around a cylinder. Trains were loaded in 

the thin end (now at top left); the last train (i.e., 206) has just been loaded, and then the pump was 

stopped. As a result, the two red drops in trains 206, 204, 202 (which is not visible as it lies under 

other segments of the tube), and 198 remain unmerged; however, drops in train 196 were just about 

to merge, whilst those in train 194 have merged. The two blue drops in trains 205 and 203 also 

remain unmerged (train 201 is also not visible); however, drops in train 199 have merged. [The 

different dyes cause slight differences in interfacial tension that affect where drops in a train will 

merge.] Drops in all other trains have merged. Trains 176 and 175 lie on each side of the junction 

between the two segments with different bores; consequently, the (merged) aqueous drop is longer 

in train 176 than that in 175. Note the two index trains with red dye (95, 96). Drop architecture 

remained unchanged during storage at room temperature for 1 day. 
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Figure S3. Negligible cross-contamination occurs during high-throughput merging of 206 pairs of 

drops (fluids – 50% FC40 + 50% HFE7500, PBS ± 200 µM carboxy-fluorescein, tetradecane + 1% 

Span80). A bipartite tube was made by joining one tube (0.3 m) with a 250-µm bore to another with 

a 400-µm bore (3 m). Almost all aqueous drops in a train are merged in the thinner segment, whilst 

merged drops “stored” in the wider segment. The wider end was attached to a syringe pump (flow 

rate of 0.1 ml/h for carrier fluid, 0.08 ml/h for aqueous drops, and 0.06 ml/h for separating fluid; 

total run-time ~2 h). The narrow end of the tube was dipped successively into the appropriate wells 

in 96-well plates to load 206 trains. Each train consisted of one oil drop engulfing two 50-nl drops 

carrying the same cargo (i.e., PBS or PBS + 200 µM carboxy-fluorescein); successive trains carried 

different cargoes (i.e., ± fluorescein). Results obtained with a second identical tube (with different 

contents) attached to a second syringe driven by the same pump at the same time are presented in 

Figure S2. (A) Fluidic architecture of the first 4 trains in the bipartite tube. (i) The first and third 

trains each contained two PBS drops with carboxy-fluorescein, and the second and fourth trains two 

PBS drops without. Subsequent trains in each tube continued this alternating pattern. (B) Bright-

field and fluorescence images of trains 103 and 104 containing merged drops ± carboxy-fluorescein 

from the second tube (images collected 10 h after stopping flow). Fluorescence images of drops 

containing a dilution series of carboxy-fluorescein are included for reference. Trains containing only 

PBS have no detectable fluorescence. Selected trains were re-checked for any detectable 

fluorescence transfer after 4 days, but none was detected. Therefore, if cross-contamination occurs 

between trains, it does so at a level of less than one part in 625. This confirms that cross-

contamination is negligible from train-to-train in the tube, and from well-to-well during loading 

(when the tube end is dipped hundreds of times between PBS ± fluorescein during loading). Note 

also that here the tube end was not “washed” in FC40 between dipping into different fluids, but such 

washing dips could be included if necessary. 
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Figure S4. Assessing cross-contamination using PCR (150-µm tube; fluids – 50% HFE7500 + 50% 

FC40, water ± DNA, tetradecane + 1% Span80). (i) A set of 13 trains. Each train contains one 30-nl 

oil super-drop engulfing a 30-nl water drop (with 200 nl HFE7500 between oil super-drops); even-

numbered water drops contain 3 ng DNA (~5 x108 molecules) whilst odd-numbered drops contain 

no DNA. Once loaded, flow was first stopped for 5 min to give DNA time to exchange between 

drops and/or bind to the tube wall (if it were able to do so), and then reversed so that individual 

aqueous drops could be ejected into different micro-centrifuge tubes. The tip of the 150-µm tube was 

“washed” by dipping for 1-2 s in FC40 after loading each train, and after ejecting each water drop. 

(ii) The amount of DNA in each ejected aqueous drop was assessed using qRT-PCR. All even-

numbered drops contained the expected high concentration of DNA, whilst most odd-numbered 

drops contained no DNA detectable after 40 cycles. However, sporadic odd-numbered drops did 

contain DNA, but always at a concentration that was <1 in 104 of that in even-numbered drops. 

Analysis of similar sets of trains on different days gave substantially similar results, indicating that 

sporadic contamination at a low level does occur (as in any laboratory conducting molecular 

biology). Levels can, of course, be reduced by including additional “washes” in FC40 between 

individual samples during loading and ejection. Therefore, we suggest that contamination levels 

should be assessed prior to the use of any new application. 
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Figure S5. The effects of TNFα on gene expression in different cells growing on the surface of 

Cytodex beads (560-µm tubes). FC is fluorocarbon. Fluids: HFE7500 for (B) and 50% FC40 + 50% 

HFE7500 for (C), growth media, 5-cSt silicone oil + 0.25% AbilEM180. (A) Approach. (i) Initially, 

one oil drop engulfs 2 aqueous drops; the first contains cells on beads, and the second growth media 

± TNFα. (ii) Flow then induces the two aqueous drops to merge and mix. Tubes are now incubated 

at 37°C. (B) HEK-293 cells encoding an NF-κB-responsive GFP-reporter gene. Tubes containing 

cells on Cytodex beads were grown ± TNFα for 20 h, before bright-field and fluorescence images of 

the tubes were collected. (i, ii) In the absence of TNFα, only background levels of fluorescence are 

seen associated with the 5 beads in the field. (iii,iv) TNFα induces bright (GFP) fluorescence in the 

cells growing on the 4 cells in the field. (C) Comparison of HeLa cells grown conventionally on the 

surface of plates (“usual”) with those grown on beads in tubes (“drops-in-drops”). TNFAIP2 is an 

endogenous gene that responds to TNFα. After incubation (2.5 h), drops were ejected from tubes, 

and levels of TNFAIP2 mRNA assessed using quantitative RT-PCR (qRT-PCR; values are averages 

± maximum and minimum values from 5 drops or plates normalized first relative to the unchanging 

levels of 5S RNA, and then relative to the control without TNFα). TNFα increases TNFAIP2 

expression in cells grown in both ways, despite the very different environments. 
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Figure S6. Effects of an inhibitor and an activator on mRNA levels in Jurkat cells growing in 

suspension (560-µm tubes). (A) Approach. Fluids: fluorocarbon (FC; HFE7500; growth medium ± 

cells or drug; 5-cSt silicone oil + 0.25% AbilEM180). Cells grown conventionally in plates (“usual”) 

provide controls. (i,ii) Flow delivers drug to cells. Tubes are now incubated (37°C) for 4 h before 

the merged drop is ejected and its contents analyzed. (B) An inhibitor: DRB reduces levels of c-

MYC mRNA (analyzed using quantitative RT-PCR; averages ± maximum and minimum values 

from 5 drops normalized first to the unchanging levels of 5S RNA, and then to the untreated control). 

(C) An activator: ionomycin and PMA increase levels of IL2 mRNA in individual drops but not 

those of 5S RNA used as a control (assessed using RT-PCR and gel electrophoresis; intensities of 

171- and 90-bp bands reflect IL2 mRNA or 5S RNA levels; M shows 100-, 200-, 300-bp markers).  

 

Table S1. Sequences of oligonucleotides used for PCR. 

PCR  sequence (5’ to 3’) 

pcDNA3 fw  gtgtaggtcgttcgctccaa 

pcDNA3 rev  gcgtcagaccccgtagaaaa 

IL2 fw  tgtcacaaacagtgcacctact 

IL2 rev  agttctgtggccttcttggg 

TNFAIP2 fw  cagaattggcaggtacccca 

TNFAIP2 rev  cgtgtctacagtggcgatga 

c-MYC fw  ctgggaggagacattggttgaac 

c-MYC rev  agaagccgctccacatacag 

5srRNA fw  tacggccataccaccctgaa 

5srRNA rev  gcggtctcccatccaagtac 
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Abstract – This paper addresses the biocompatibility of fluids and surfactants in the context 

of microfluidics and more specifically a drops-in-drops system for mammalian cell based 

drug screening application. In the drops-in-drops approach three immiscible fluids are used 

to manipulate the flow of aqueous microliter-sized drops, and enable merging of drops 

containing cells with drops containing drugs within a Teflon tube. Preliminary drug 

screening tests showed that commonly used fluids and surfactant combination in the 

microfluidics literature resulted in significant variability in gene expression levels for Jurkat 

cells based on a four hour drug exposure experiment. This result stresses the need for further 

investigations into potential fluids and surfactants combinations that can be used in 

microfluidic systems for medium- to long-term drug screening applications. Through testing 

a range of fluids/surfactants commonly used in cell-based microfluidics, the results herein 

identify a fluid combination, HFE-7500 and 5-cSt silicone oil + 0.25% Abil EM180, which 

enabled the drops-in-drops approach while also demonstrating gene expression levels 
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comparable with conventional drug screening approaches in terms of both magnitude and 

variability. 

 

Keywords:  Biocompatibility · Drops-in-drops · Drug screening · Mammalian cell · Toxicity 

· Surfactant 

I. Introduction 

Drop-based microfluidics is expected to play an important role in drug discovery1-4 

through increased efficiency coupled to large-scale parallelization5, 6; then many compounds 

in many different concentrations7, 8, can be screened in different cell types9, 10. It can also 

facilitate single cell analyses11. In all these cases, there would be a simultaneous reduction 

in volumes and cost. However, current microfluidic systems suffer from various drawbacks 

that are limiting wide acceptance12; for example, they often contain complicated network of 

channels that are difficult to fabricate13, 14, they require sophisticated additional machinery15, 

16, and one chip design is usually limited to one specific application13, 17. 

An alternative microfluidic method utilising a Teflon tube and fluid mechanics, rather 

than the more common approach relying on the geometry of micro-scale channel networks, 

has recently been developed18, 19. This method exploits the interfacial tension between three 

or more immiscible liquids to create specific fluidic architectures. In this context, we 

consider the particular architecture of two aqueous drops engulfed within one oil drop, which 

is – in turn – surrounded by a fluorocarbon. As a result of the liquid films surrounding drops 

at different points within the system, the relative velocities of the two aqueous drops can be 

controlled; the two drops can be forced to merge, and their contents mixed (FIG. 1).  

To create the required fluidic architecture in the three-phase system, fluids must have 

the appropriate interfacial tensions. This can be achieved when the interfacial tension 
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between the fluorocarbon (FC) and the aqueous phase (γFC/aq) is greater than the sum of the 

interfacial tension between fluorocarbon and oil (γFC/oil) plus that between oil and water 

(γoil/aq). In other words, γFC/aq > γFC/oil + γoil/aq, as defined by the Neumann triangle 20, 21. This 

fluidic architecture, and the mechanism that drives the merging of the two aqueous drops, 

are illustrated in FIG. 1. The time needed for the second drop to catch up the first one 

depends on the initial spacing between drops (established when the two drops first enter the 

tube) and their relative motion thereafter18. This relative velocity is influenced by the 

thickness of the fluidic film surrounding the drops, which varies with Capillary number (Ca 

= ηU/γ, where η = carrier fluid viscosity and U = average velocity)22, 23. 

Many fluid/surfactant combinations can be found that satisfy the Neumann triangle, 

and allow drops-in-drops to form and merge. However, for cell-based assays, these 

fluid/surfactant combinations must also be biocompatible. Surfactants are widely used for 

biological applications, and – and as many fluid/surfactant combinations are toxic to cells24-

26 – biocompatibility of the liquids used is a general problem. The definition of a 

biocompatible environment varies within the microfluidic literature, and few studies have 

focused on this in a rigorous way. One measure used to claim biocompatibility is the ability 

to grow cells after they have been through a microfluidic device27-29. However, most cells 

respond to a toxic environment by arresting growth, and then they may be able to “recover” 

from the sub-optimal environment when returned to a favourable one. Consequently, cell 

behaviour may differ inside and outside the device. In addition, several authors claim 

biocompatibility by citing a previous study using similar fluids. For example, several articles 

cite ref30 to support proliferation within drops; however, the original authors (who counted 

the ratio of living and dead cells) only found “some degree of proliferation within the drops”. 

Here, we define a biocompatible environment as one in which the gene expression levels of 

cells in drops are comparable to those found using the same cells growing in a conventional 



  

77 

 

tissue-culture flask. This definition has particular relevance in the case of a cell grown in 

suspension like the Jurkat cell – and immortalized line of human T lymphocytes – where 

assessment of cell morphology is more difficult than it is with adherent cells. 

Here we initially utilised the fluid/surfactant concentrations employed by others for 

drop-based microfluidics using cells (i.e., HFE-7500 and tetradecane + Span 80)29, 31-35 with 

our new approach. We used a low concentration of surfactant (i.e., 0.25% w/w Span 80) to 

minimise potential toxicity. To verify biocompatibility, we first measured levels of 5S 

ribosomal RNA (rRNA) in Jurkat cells, as this is commonly used as a control36. Levels 

(quantified using qRT-PCR) in cells from different drops were found to vary sporadically. 

This led us to examine the reason for this sporadic behaviour, and this was traced to the 

fluids/surfactants employed. We then went on to screen many fluid/surfactant combinations 

to see which affected cell viability and gene expression. We found that many commonly-

used combinations had negative effects on cells over periods of a few hours. We also 

identified a fluid/surfactant combination (i.e., HFE-7500 as carrier fluid, 5-cSt silicone oil 

+ 0.25% Abil EM180 as separating fluid, and cell-culture media as the aqueous fluid 

containing cells and/or drugs) that could be used in our system and which was biocompatible 

(assessed by comparing viability and expression levels using cells grown conventionally in 

micro-wells). 

 

FIG. 1 Merging drops-in-drops in a Teflon tube. (i) Initial structure of two aqueous drops – which 

contain cells or a drug – engulfed in one oil super-drop, which is engulfed in turn in a fluorocarbon 
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(FC). This structure spontaneously forms as  the end of the tube (which is connected to a syringe 

pump acting in withdrawal mode, and which is pre-filled with fluorocarbon) is dipped successively 

into fluorocarbon, oil, growth medium containing cells, oil, growth medium containing the drug, and 

fluorocarbon. (ii) As a result of the oil film surrounding the aqueous drops and the parabolic laminar-

flow profile, the engulfed aqueous drops containing cells moves faster than the oil. When the right-

hand drop reaches the leading interface of the oil, it slows to travel at the velocity of the oil. With 

continued flow, the trailing left-hand drop containing the drug eventually catches up the leading one 

containing cells. (iii) Once the two aqueous drops touch, they merge. (iv) Internal vortices within the 

merged drop mix contents. This Figure was adapted from18. 

II. Experimental methods 

II.1. Interfacial tension measurement 

The interfacial tension between two immiscible fluids was measured using a 

commercial instrument (First Ten Angstroms) employing the pendant-drop method. Fluid 

with higher density was loaded in a syringe, a small drop was formed at the tip of the needle, 

and the drop was immersed in the second fluid contained in a transparent polystyrene 

cuvette. The interfacial tension was calculated using the manufacturer’s software, a length 

scale (i.e., the width of the needle tip measured with a micrometre), and fluid density. 

II.2. Cell preparation 

Jurkat or EL4 cells (mouse lymphoblasts) were cultured routinely in flasks in RPMI-

1640 supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. They 

were used at 500 cells/μl for cell-viability assays (allowing cells to grow for up to 48 h), or 

2000 cells/μl for drug-screening tests (for 4-h tests). 

II.3. Fluid and surfactant biocompatibility test 

Different biocompatibility tests with different surface-to-volume ratios between 

aqueous drop and separating fluid were undertaken by overlaying the aqueous layer 
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containing cells with fluid in a 96-well plate (FIG. 3 A(i)) and using a Teflon tube containing 

an aqueous drops in two- or three-phase systems (FIG. 3 B(i), FIG. 3 C(i)).  

The initial screen involved 150 μl separating fluid and cells in the same well of a 96-

well plate (FIG. 3 A(i)); the non-adherant cells sediment under gravity to sit on the bottom 

of the well, or – if the separating fluid is the densest – on the interface between the two 

liquids. After incubating the plate at 37°C in 5% CO2, the percentage of live cells was 

determined using trypan-blue exclusion and a hemocytometer after mixing equal volumes 

of cell solution and 0.4% trypan blue. 

The fluids that had no effect on the viability in the initial screen were tested (FIG. 3 

B(i)) by withdrawing drops into a Teflon tube (bore 560 µm) connected to a syringe pump 

(Harvard Ultra). The tube was filled with test fluid, 1 μl drops of cell solution were 

withdrawn into the tube at a flow rate of 2-5 ml/h, and the tube sealed at both ends and 

incubated at 37°C in 5% CO2 for up to 48 h. Viability was assessed as before using trypan-

blue exclusion by ejecting fluid from the tube at a flow rate of 2 ml/h until 10 drops were 

deposited into a drop of equal volume of trypan blue. 

Biocompatibility was next tested using a static three-phase system in a Teflon tube 

containing the fluidic architecture to be used in a drug screen (FIG. 3 C(i)). In this screening 

also the selected separating fluids are mixed with surfactant: Span 80 (sorbitan monooleate), 

Abil EM90, and Abil EM180 (Cetyl PEG/PPG-10/1 Dimethicone). A tube filled with the 

fluorocarbon HFE-7500 was dipped successively into fluids contained in different wells in 

a 96-well plate; using a flow rate of 2-5 ml/h, the tube was dipped successively into cells (2 

μl), separating fluid ± surfactant (1 μl), and HFE-7500 (5 μl). Finally, cells were incubated 

and viability was assessed as above.  

The final biocompatibility test used conditions replicating those found in a drug screen 

– which involves flow down the tube to drive the merging of drops and delivery of drug to 
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cells. First, the tube was filled with HFE-7500, and – as fluid was withdrawn into the tube – 

the end was dipped successively into HFE-7500 (to load 5 μl), cells in medium (to load a 1 

μl drop), separating fluid (to load 200 μl), cells in medium (another 1 μl drop), and then 

HFE-7500 (to load 5 μl). This creates a “train” of aqueous drops; repeating this process 

generates further trains separated by 5 μl carrier fluid.  

To test the effect of fluid and surfactant on gene expression, a drop containing Jurkat 

cells and one containing 0.5% (v/v) dimethyl sulfoxide (DMSO) were merged (at least 10 

pairs in one tube). The carrier fluid used was HFE-7500, and the separating oil was 

tetradecane + 0.25% Span80 or 5cSt silicone oil + 0.25% Abil EM180. Five drops were 

ejected from the tube immediately after loading and each was put into separate Eppendorf 

tubes containing 12 μl “CellsDirect resuspension and lysis buffer” (CellsDirect™; Life 

Technologies). The remaining drops in the tube were incubated at 37°C, 5% CO2 for 4 h 

before being ejected individually into lysis buffer. This time was chosen because cells 

respond to one of the drugs used over this period37. As a control, 100 μl cells were plated in 

a well in a 96-well plate. 2 μl samples were taken from the plate after incubation for 0 and 

4 h and mixed with lysis buffer following the same procedure used with samples from the 

drops-in-drops. Samples from both drops-in-drops and the control were lysed for 10 minutes 

at 75°C. The level of 5S rRNA in each sample was assessed using qRT-PCR (PCR cycles 

were 50°C for 20 min, 95°C for 5 min, and 40 cycles at 95°C for 15 s + 60°C for 30 sec).  

II.4. Proof-of-principle drug screening 

To demonstrate the inhibition and activation of gene expression in Jurkat cells, the 

following drugs were used: 100 μM 5, 6-dichloro-1-β-D-ribofuranosyl-benzimidazole 

(DRB) as inhibitor, and 1 μg/ml ionomycin + 62.5 ng/ml phorbol 12-myristate 13-acetate 

(PMA) as activator. Jurkat cells and drugs or 0.5% (v/v) DMSO (as control) were taken into 

the tube using the same method as the previous test. The carrier fluid was HFE-7500 and the 
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separating oil was 5-cSt silicone oil + 0.25% Abil EM180. After incubation for 4 h, each 

sample was ejected into 12 μl lysis buffer, and treated as for the previous test. Levels of c-

MYC mRNA and IL2 mRNA were also assessed using the ΔΔCt qRT-PCR method 38 and 

RT-PCR plus gel electrophoresis, respectively. 

III. Results and discussion 

III.1. Effects of tetradecane plus Span 80 on viability  

HFE-7500 plus tetradecane/Span 80 plus growth medium had surface tensions 

satisfying the Neumann triangle. When 0.25% Span 80 (weight/weight) – an oil-soluble 

surfactant that significantly reduces the oil-media interfacial tension (i.e., from 17.7 to 1.88 

mN/m) – is added to tetradecane, it has little effect on the interfacial tension between HFE-

7500 and tetradecane. As this combination had a particularly suitable alignment of 

interfacial tensions for use in our assay, and the fluids had previously been used for 

applications in biology 29, 31-35, we explored its biocompatibility. 

In our three-phase system, the carrier fluid HFE-7500 engulfs tetradecane and does 

not contact cells directly; therefore, the main fluid of concern for cell viability is tetradecane 

and Span 80, and their effects were investigated in two steps. First, as a quick screen, we 

incubated cells under a layer of tetradecane (with and without Span 80) in a 96-well plate. 

Viability (assess using trypan-blue exclusion) was >90% on exposure for 6 h to tetradecane, 

either on its own or with 0.25% or 1% Span 80. We then examined effects using the drops-

in-drops structure in a tube, with and without drop merging. 0.25% Span 80 was used as the 

minimum amount of surfactant in tetradecane that facilitated a reliable merging. There was 

no significant impact of merging on cells viability (FIG. 2 B) using a level of 80% as a cut-

off – a level that has been used in previous studies39-41.  
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We then assessed levels of 5S rRNA in cells in drops-in-drops before and after 4 h 

incubation in the tube (using qRT-PCR). We first tested if loading and then immediately 

ejecting drops out of the tube affected cell number (and so 5S rRNA levels); it did not (in 

FIG. 2 D ‘0 h’, cycle numbers for ‘control’ and ‘drops-in-drops’ are comparable). However, 

after incubation in the drops for 4 hours, levels fell (in FIG. 2 D ‘4 h’, more PCR cycles are 

required for detection). This result points to a deterioration in cell function. Therefore, we 

screened other fluids and surfactants for their potential use in our approach.  

 

FIG. 2 Effects of tetradecane and Span 80 on cell viability and levels of 5S rRNA (Jurkat cells). (A) 

Two approaches used to assess viability.: (i) no merging, static (2-µl drops in separating oil), and (ii) 

merging, dynamic (two 1-µl drops were loaded, and drops merged). (B) Viability (defined as the 

percentage of live cells in the population assessed using trypan-blue exclusion after ‘no merging’ or 

‘merging’ followed by a 4-h incubation. The three phases were growth medium, tetradecane + 0.25% 

Span 80, and HFE-7500. ‘Control’: viability after 4 h for the same cells grown conventionally in a 

96-well plate. (C) Approach used for gene expression analysis. A drop containing cells was merged 

with another containing DMSO (the drug carrier). (D) Levels of 5S rRNA (assessed using qRT-PCR; 

a low cycle number reflects high levels of 5S rRNA). Cells were either taken into tubes and ejected 

immediately (‘0 h’) or incubated in tubes for 4 h. ‘Drops-in-drops’: cells in the dynamic three-phase 

system (HFE-7500, growth medium, and either tetradecane + 0.25% Span 80). ‘Control’: the same 

cells grown conventionally in 96-well plate. Error bars: ± standard deviation, *: significantly 

different (two-sample t-test, p<0.05; n (control) = 3, n (drops-in-drops) = 7). 
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III.2. Screening fluids for effects on viability 

To explore alternative fluid/surfactant combinations that might be used to merge 

drops, we next listed the fluids/surfactants that had been used previously with mammalian 

cells in droplet-based microfluidics (TABLE I). In our three-phase system, one fluid must 

be cell-growth medium, and the second is likely to be either HFE-7500 or FC-40 (i.e., the 

two fluorocarbons used most frequently to carry aqueous drops in microfluidic systems). 

Here, we note that HFE-7500 stably maintains the desired architecture of drops-in-drops 

better than FC-40. The third fluid has to be immiscible with fluorocarbon and water – and 

so probably a hydrocarbon, silicone oil, or vegetable oil. Addition of surfactants to this third 

fluid allows interfacial tensions to be tuned to satisfy the Neumann triangle. However, 

surfactants are usually toxic to cells, and so the challenge is finding an appropriate 

combination of biocompatible fluids and surfactants. 

TABLE I. Fluids and surfactants previously used in drop-based microfluidics with mammalian 

cells. 

Fluid Surfactant Cell type  

Fluorinated fluids 

FC-40 PEG-PFPE block copolymer 2C6 hybridoma42, human U93743, Chinese Hamster Ovary44, 

human PC3, Raji B lymphocytes45, HL6046, HEK293T47, K562, 

U8748 

 DMP-PFPE block copolymer HEK293T, Jurkat30, Red blood cells49, 50 

HFE-7500 PEG-PFPE block copolymer MDA-MB-231, PC951, Her2 hybridoma32, RAW 264.752, mouse 

ES53, K-56251, 53 

FC-3283 Perfluorooctanol (PFO) Red blood cells54, human periosteal cells55 

Hydrocarbon/silicone/vegetable oils 

Hexadecane Span 80 Chinese Hamster Ovary56, mouse myeloma cells57 

Tetradecane Span 80 PC12 31, HeLa, CCRF-CEM, Ramos35 

Mineral oil Abil EM90 MDCK58 

 Span 80 Jurkat, red blood cells59, Chinese Hamster Ovary60, leukemia 

cells61, PC362, human breast cancer cells 

 Abil EM90 +  Span 80 PC963 

Silicone oil - HeLa64 

 Span 80 Mouse B lymphocytes39 

Soybean oil - Mouse mast cells and B lymphocytes65 

Oleic acid - HeLa66 
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To find which combinations might be appropriate, biocompatibility was assessed in 

several steps. First, two fluorocarbons and seven separating oil candidates without surfactant 

were screened using Jurkats and EL4 cells in a 96-well plate. Viability was quantified after 

incubation for 24 and 48 h (FIG. 3 A). As dodecane and olive oil gave less than 50% viability 

after 24 h (with a further reduction after 48 h), they were excluded from the next step.  

The second step focused on the separating oil, leaving 5 candidates: silicone oil AR 

20 (‘AR 20’), 5-cSt silicone oil (‘silicone oil’), mineral oil, tetradecane and hexadecane. 

Here the final environment was simulated using only two phases, the separating oil and cells 

in the aqueous phase. In the smaller volume where the surface-to-volume ratio is higher than 

in the first step, cells prove to be more sensitive as toxic effects were observed sooner (FIG. 

3 B). All separating oils gave high viability during a short incubation of 4 h, but after 24 and 

48 h some toxicity became apparent. For example, earlier we saw ~80% viability in 

tetradecane plus Span 80 after a 4-h incubation (FIG. 2 B); here, viability was higher without 

surfactant, but complete cell death was observed after 24 h (FIG. 3B). For the next step, only 

fluids giving high viability after the longest incubation period (i.e., mineral oil and 5-cSt 

silicone oil) were included, even though drug screening would be carried over a shorter 

period. 

In the third test, 5-cSt silicone oil and mineral oil were tested for their suitability. Two 

1-µl drops of cell culture media were initially separated by 200 nl oil in HFE-7500. First, a 

1% weight-to-weight surfactant in oil was used, followed by serial dilution down to the 

lowest concentration giving reliable drop merging. As the two oils have different properties, 

different surfactant concentrations allow merging (e.g., 0.5% in mineral oil, and 0.25% in 

5-cSt silicone oil). Next, Jurkats were incubated in a Teflon tube in 2-µl drops engulfed in 

separating fluid/surfactant (and HFE-7500 as the carrier), and viability measured (FIG. 3 C). 

Mineral oil + Span 80 proved particularly toxic. 5-cSt silicone oil with all surfactants gave 
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good viability, but Abil EM180 was selected as the detergent as it maintained drop 

architecture best during incubation. 

As a final step, the effects of 5-cSt silicone oil + 0.25% Abil EM180 in a 3-phase 

system on levels of 5S rRNA were tested; cells in drops-in-drops behave like controls (FIG. 

3 D).  

 

FIG. 3 Effects of different fluids on viability of Jurkats and EL4. (A) Assay using an over-/under-

lay in a 96-well plate (150 µl test fluid + 150 µl cells). (i) Cartoon illustrating approach (layers 
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inverted, depending on density). (ii-iii) Viability after incubation with different fluids. Dodecane and 

olive oil gave poor viability, and so were not used subsequently. (B) Assay using 1-µl drops in a 

two-phase system in a tube. (i) Cartoon illustrating approach. (ii–iii) Viability after incubation with 

different fluids. Mineral oil and silicone oil AR 20 advanced to the next screening round. (C) Assay 

using 3-phase system. (i-ii) Viability of Jurkats assessed at different times using a static 3-phase 

system in a tube. 2 µl aqueous drops were engulfed in the separating oil indicated, which – in turn – 

was engulfed in HFE-7500. (D) Gene expression test using selected fluid/surfactant combination. (i) 

Cartoon illustrating approach (HFE-7500 as carrier, 5-cSt silicone oil + 0.25% Abil EM180 as 

separating oil). (ii) 5S rRNA levels (assessed using qRT PCR; a low cycle number reflects a high 

level). After 4-h incubation, levels in cells in drops-in-drops are comparable to those in cells grown 

conventionally. 

III.3. A proof-of-principle drug screen 

Having established which combination of fluids to use (i.e., HFE-7500, 5-cSt silicone 

oil + 0.25% Abil EM180, medium containing cells), we performed a proof-of-concept drug 

screen18; supplementary information. DRB (6-dichloro-1-β-D-ribofuranosyl-benzimidazole) is a 

general transcriptional inhibitor, and – when a drop containing it is merged with another 

containing Jurkats, levels of c-MYC mRNA (assessed by qRT-PCR) are repressed (in FIG. 

4 A, more cycles are required, indicative of depression of levels). A drug pair – ionomycin 

plus phorbol 12-myristate 13-acetate (PMA) – initiate an inflammatory response, and this 

leads to an increase in levels of interleukin-2 (IL2) mRNA; when a drop containing the pair 

is merged with another containing cells, levels of IL2 mRNA (assessed using RT-PCR and 

gel electrophoresis) increase (in FIG, 4 B, the band indicative of IL2 mRNA appears). In 

both cases, cells in drops-in-drops behave like controls grown conventionally (FIG. 4A and 

B). These experiments show that  HFE-7500 and 5-cSt silicone oil + 0.25% Abil EM180 

can deliver both biocompatibility and the interfacial tensions necessary for the merging of 

drops in a Teflon tube – and so this combination is suitable for drug screening using our 

assay. 



  

87 

 

 

FIG. 4 Jurkat cells in drops-in-drops respond to drugs like controls grown conventionally. (A) 

Schematic illustration of the drug screening (HFE-7500 as carrier, 5-cSt silicone oil + 0.25% Abil 

EM180 as separating oil).  (B) Effects of DRB on c-MYC mRNA levels (assessed using qRT-PCR). 

DRB increases cycle number, indicating it reduces mRNA levels; conventional (‘control’) cells 

behave like those in drops-in-drops. (C) Effects of ionomycin + PMA on IL2 mRNA levels (assessed 

using RT-PCR and gel electrophoresis). 171-bp band indicative of IL2 mRNA is only seen after 

treatment with ionomycin and PMA; conventional (‘control’) cells behave like those in drops-in-

drops. M: 100-, 200-, 300-bp markers. This Figure was adapted from18. 

IV. Conclusion  

Different fluids and surfactants commonly used in drop-based microfluidic system 

have been screened for their biocompatibilities. Genetic analysis showed that cell viability 

alone was a less reliable indicator for fluid and surfactant biocompatibility. For drops-in-

drops applications involving mammalian cells, HFE-7500 as the carrier fluid and 5-cSt 

silicone oil + 0.25% Abil EM180 as the separating oil showed comparable performance in 

gene expression tests (4 h incubation time) to the conventional method. Therefore this fluid 

and surfactant combination is recommended for drug screening. Further works need to be 

done to assess cell proliferation in the tube for longer time period using this and/or other 

fluids. Although here we assume that the incompatibility comes from the fluid and surfactant 

which are in contact with cell media, there might also be contribution by the tube material67, 

68, hence the tube biocompatibility and alternative tube material could also be explored in 
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future works. Finally we suggest that results obtained with many fluid and surfactant 

combinations and cell-based microfluidics should be interpreted with caution. 
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Abstract – Many bio-assays are performed using microplates with 96 wells, each with a 

working volume of tens to hundreds of microliters. Arrays of sessile drops (often covered 

with an immiscible liquid to prevent evaporation) have been used to scale down reaction 

volumes; then, the surface is usually patterned with hydrophilic and hydrophobic patches to 

ensure drop footprint does not change when growth medium is added. Here, fetal bovine 

serum, or a serum-free replacement, are added to cell-growth medium to stabilize pinning 

lines around footprints of drops sitting on virgin polystyrene Petri dishes. This increases the 

advancing contact angle beyond the 150° usually associated with superhydrophobic effects, 

and – in consequence – the maximum volume that can be contained without breaching 

pinning lines. Pinning lines also remain stable even when surfactants are added. Using this 

approach, a multi-step proof-of-concept drug screen is performed using living human cells 

and sub-microliter volumes. 
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 Introduction 

Two dimensional (2D) arrays of nano- to micro-liter drops offer large reagent savings 

when used as miniaturised analogues of microplates in bioassays1; small volumes of reagents 

can be added through needles, capillaries2, 3, or inkjet printers4-6. Drops are often anchored 

at specified locations by pre-patterning substrates (e.g., by surrounding hydrophilic spots 

with hydrophobic barriers3, 7-13) so the apparent advancing contact angle increases14 and 

more volume can be added to drops without changing footprints (substrate areas in contact 

with drops). However, such pre-patterning requires specialised equipment7, 10, 12 and is 

inflexible in terms of working area. Homogeneous surfaces like glass5 and treated PDMS4 

have also been used but yield low contact angles with aqueous solutions which restricts 

working volumes15; moreover, PDMS may also leach toxins that reduce biocompatibility16.  

An approach to retain liquids that does not rely on the use of solid walls (as in 

microplates) or pre-patterned substrates has recently been developed17. A dispensing needle 

connected to a syringe pump deposits arrays of drops or draws fluidic circuits on a standard 

tissue-culture polystyrene Petri dish16; the aqueous pattern then remains pinned to the dish 

by interfacial tension. A transparent and immiscible fluorinated liquid, FC-40, overlays the 

drops/circuits to prevent evaporation. This overlay also increases the advancing contact 

angle so drops/circuits can hold more liquid without increase in footprint. As FC-40 is 

arguably one of the most bio-inert immiscible liquids known18-20, this method is especially 

suitable for cell-based assays. Our initial purpose was to investigate the stability of pinning 

lines at the edge of the footprint where medium, FC-40, and substrate intersect.  

Many eukaryotic cells are cultured in vitro, and so assayed in, media supplemented 

with 10% fetal bovine serum (FBS) – used because it contains low levels of potentially-

harmful antibodies and high concentrations of growth factors21, 22. FBS is a natural product 

that contains a complex and variable mixture of proteins, lipids, vesicles, etc. Alternatively, 
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chemically-defined serum replacements (SRs) have been used, but their precise chemical 

compositions are usually withheld. Surfactants, which FBS or SR might contain, can 

possibly alter equilibrium contact angles – either decreasing23, 24 or increasing25, 26 them. We 

also know that proteins can increase pinning-line stability27, 28, and create hydrophilic 

patterns on hydrophobic substrates to anchor sessile drops29. Our intention was to examine 

what effects FBS and SR had on working volumes confined within arrays of sessile drops. 

Our studies yield the following results. First, 10% FBS or SR stabilize pinning lines 

by substantially increasing the advancing contact angle (e.g., with FBS, the advancing 

contact angle increases from ~60° to >120°); this significantly increases the range of 

volumes that can be accommodated within a given footprint. Second, such increases are time 

and temperature dependent. For example, addition of FBS to a drop of medium followed by 

incubation at 37°C can yield contact angles exceeding 150° – values given by drops of water 

sitting on ultra- or superhydrophobic substrates (usually textured surfaces)30, 31. This has 

another significant practical consequence: superhydrophobic-like effects can be generated 

simply by adding serum to the aqueous phase without the need for complex and expensive 

modification of substrate roughness. We also go on to use arrays of these sessile drops in a 

proof-of-concept cell-based drug screen to demonstrate biocompatibility of the platform.  

 Results  

 Serum stabilizes the pinning line 

We first investigate how shapes of drops under FC-40 – initially containing 1 μl or 

200 nl – change as different liquids are added. Before addition of liquids and after deposition 

on the substrate in air, drops of distilled water yield equilibrium contact angles of ~55°, 

while cell culture medium Dulbecco’s Modified Eagle’s Medium (DMEM) ± serum gives 

~40-43° (Figure S1A). Depositing drops under FC-40 yields higher contact angles (e.g., 55° 
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for distilled water in air, compared with 78° under FC-40; Figure S1A). As FC-40 is 

significantly denser than water (density 1.86 g/ml), buoyancy effects will tend to drive water 

upward through the fluorocarbon. If effects of gravity are negligible (so buoyancy effects 

are also negligible), drops are shaped like spherical caps, and – when extra liquid is added 

to a drop (Figure 1A) – the extra volume can be accommodated by increasing footprint area 

or contact angle. If effects of gravity are significant, the shape will deviate from that of a 

spherical cap: the aqueous phase will tend to rise or flatten depending on the density of the 

overlaying fluid. In the case of denser FC-40, drop height will increase.  

 

Figure 1. Serum stabilizes pinning lines. Dashed lines provide visual guides to the base line of each 

drop; below these lines are reflections. (A) Four ways drop shape might change as the volume of a 
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sessile drop (with/without an overlaying liquid) increases. (B) Drops of DMEM ± 10% FBS or SR 

were deposited in air, overlaid with FC-40, and the same aqueous fluid added in increments (~2 min 

between increments). *: cap geometry no longer that of a spherical cap. Drops (initially 1 µl), with 

500 nl increments up to 10 µl. (i) Images. With DMEM, the pinning line is unstable, and drop width 

increases progressively. With 10% FBS or 10% SR, pinning lines are stable (so footprint width 

remains unchanged), and final shapes are no longer spherical caps (as buoyancy increases drop 

height and reduces drop width). (ii) Contact angles. Dotted line: the theoretical angle calculated 

assuming unchanging footprint. With DMEM (triangles), the angle remains constant as the footprint 

enlarges. With DMEM + 10% FBS (circles) or 10% SR (crosses), the footprint remains constant, 

and angles increase. (C) A same experiment as (B) but using initial volume of 200 nl and 50-100 nl 

volume increments. (i) Images. Changes are as for larger drops in (B); except shapes are always 

those of spherical caps. (ii) Contact angles. With DMEM (triangles), the angle again remains 

constant (experimental error increases as drops are smaller). With DMEM + 10% FBS (circles) or 

SR (crosses), measured contact angles are close to the theoretical over the whole range. 

With 1 μl drops, the maximum contact angles obtained with DMEM + 10% FBS or 

SR are larger than those obtained with DMEM (Figure 1B). One μl drops of DMEM in air 

have contact angles of ~43°, and after overlaying FC-40 and adding more medium, the 

contact angle increases to ~75° at 2 μl (Figure 1Bi). Above this value, footprint area 

increases as the advancing contact angle stays at ~60° (Figure 1Bii). Similar results are 

observed when using water instead of DMEM, except that the advancing contact angle is 

higher (~80°; Figure S1B). With FBS or SR, drop volume may be increased while the 

footprint is unchanged and contact angle increases up to at least 10 μl (Figure 1Bi, ii). Above 

around 5 μl, the contact angle becomes progressively lower than that calculated assuming 

spherical-cap geometry (indicated by ‘*’ in Figure 1Bi and departure from the ‘theoretical’ 

curve in Figure 1Bii); instead, the drop is taller and the contact angle is always below 120°. 

We conclude that the effect of gravity distorts drop shape from that of a spherical cap. These 

results show that FBS and SR stabilize pinning lines and increase the working range of 

volumes accommodated by a footprint of constant area. 



  

100 

 

Capillary length can be used to estimate when the effect of gravity starts to become 

apparent (Supplementary Methods). Since the drop is pinned and has large contact angle 

hysteresis, height of the drop is taken as the characteristic length instead of the base radius. 

Equilibrium interfacial tension of FC-40 and DMEM + 10% FBS was ~20 mN/m, and the 

density difference is 0.86 g/ml. Therefore, the capillary length is ~1.54 mm. For a sessile 

drop with footprint created by 1 μl medium and spherical cap height of 1.54 mm, the total 

volume is 5.01 μl. This is consistent with our observation that above 5 μl drop shape deviates 

from that of a spherical cap. 

Subtly different effects are obtained by adding more liquid to drops of initial volume 

200 nl (Figure 1C) – serum yields a constant footprint despite the increase in volume (unlike 

the serum-free case). However, now the maximum contact angle reaches ~120° at the largest 

volume shown here, and the measured contact angle follows values calculated using 

spherical-cap geometry up to at least 1.5 μl. This indicates that these drops are small enough 

that buoyancy effects are insignificant. For drops with this footprint size, to get the height 

of the capillary length, the volume needs to be ~3 μl, well above tested volumes. 

 Pinning as a function of incubation time and temperature 

We next investigated the effects on pinning lines of flowing media into drops at 

different rates. A 1 μl drop of DMEM + 10% FBS was deposited in air, overlaid with FC-

40, more DMEM + 10% FBS added, and contact angles measured as volumes increased 

(Figure 2Ai). When extra medium is added slowly (at 10 nl/s), the drop retains its initial 

footprint. However, with higher flow rates, (100 nl/s, 1 μl/s), inertia causes footprint area to 

increase and contact angles reach ~80°; angles then remain constant (Figure 2Ai). The higher 

advancing contact angle compared to the previous one of ~60° (Figure 1) is presumably 

because drop shape has not yet reached equilibrium by the time of measurement (as fluid is 

continuously injected). When the same flow rates are applied to a drop pre-incubated for 30 
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min, the contact angle increases progressively, and the pinning line remains unchanged 

(Figure 2Aii). These results prompted investigation of the effects of varying time and 

temperature between drop deposition and adding more liquid.  

We first varied pre-incubation time (using an injection rate of 100 nl/s – a rate 

sufficient to destabilize pinning lines of an un-incubated drop; Figure 2Ai).With essentially 

no pre-incubation at room temperature (i.e., addition after 5 min), the contact angle increases 

up to ~80°, and then the footprint expands as drop volume increases (Figure 2Bi) – as found 

before (Figure 2Ai). In contrast, on addition after 10 min, the contact angle increases up to 

~100° before falling back to ~80° as the volume increases (Figure 2Bi). With 30 or 60 min, 

pinning lines remain fixed, and contact angles increase as volume increases (Figure 2Bi). 

This points to pre-incubations at room temperature of 5-30 min progressively stabilizing 

pinning lines. We next repeated this experiment using pre-incubations at 37°C (Figure 2Bii). 

Now, the pinning line is partially stabilized by pre-incubation for only 5 min, and completely 

stabilized after 10 min (Figure 2Bii), indicating the higher temperature accelerates 

stabilization of pinning lines. When the tests are repeated with DMEM plus only 1% FBS; 

in general, longer incubation times are required to stabilize pinning lines (compare Figure 2 

and Figure S2). Since the stabilization is temperature, time, and concentration dependent, 

we hypothesized that it is induced by a diffusion-driven adsorption process of serum 

components to the pinning lines32, 33.  
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Figure 2. The stability of pinning lines around sessile drops depends on rate of injection, and 

incubation time and temperature. Drops (1 µl; DMEM + 10% FBS) were deposited, incubated for 

times and temperatures indicated, imaged as more medium was injected continuously into them, and 

contact angles determined. (A) Effects of flow rate. (i) Injection immediately after deposition. (ii) 

Drops were pre-incubated (37°C; 30 min) prior to injection. (B) Effect of incubation time and 

temperature on pinning (injection rate 100 nl/s). (i) Drops were pre-incubated at room temperature 

for 5-60 min prior to injection. (ii) Drops were pre-incubated (37°C; 5-60 min); higher temperature 

and longer incubation time stabilize pinning lines. 

 Advancing contact angles and superhydrophobic effects 

We aimed to measure the maximum contact angle that can be supported by serum-

stabilized drops under FC-40; however, buoyancy effects complicate analysis. For example, 

after creating a 100 nl drop of DMEM + 10% FBS and injecting liquid slowly into it, 

footprint diameter remains constant as the contact angle first increases to ~128°, and then 

decreases to ~80° as extra volume is accommodated in the upper part of the ballooning drop 

(Figure 3Ai). Next, the balloon pinches off to float to the surface, and the contact angle rises 
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again (Figure 3Ai). As a result, it is difficult to determine the true value of the advancing 

contact angle – we can only conclude that it is >128°. An identical measurement was also 

performed using DMEM + 20% SR (Figure 3Aii). Now, the pinning line breaks when the 

contact angle reaches ~125°, and thereafter the diameter increases as the drop finds its new 

equilibrium contact angle (Figure 3Aii). We conclude this is the true value of the advancing 

contact angle under these conditions.  

To obtain the real value of the advancing contact angle of a drop containing DMEM 

+ 10% FBS under FC-40, we first loaded a footprint created by a 100 nl drop with 2 μl 

medium (above this volume, some of the drop detaches; Figure 3Ai), and incubated it at 

37°C for 20 h to stabilize the pinning line. The drop was then slowly pushed/pulled manually 

by a needle. Figure 3B and Movie S1 show the drop can be pushed around without detaching; 

it remains stuck to the substrate through the pinning line formed by the original 100 nl drop. 

Pushing the drop to the left or right reveals an advancing contact angle close to 180°, pulling 

it up gives an angle of 90°, and – when the needle is retracted – the drop and its footprint 

return to their initial shapes. Therefore, the maximum contact angle is nearly 180°. As 

superhydrophobic states are generally defined by contact angles >150°13, 32, 34, this means 

that serum addition followed by incubation provides a simple way of mimicking these states. 

 

 



  

104 

 

Figure 3. Advancing contact angles at serum-stabilized pinning lines. (A) 500 nl drops of DMEM + 

10% FBS or 20% SR on a footprint created by 100 nl drop of the same liquid (diameter ~1.1 mm) 

were incubated (20 h, 37°C). More medium is injected at 10 nl/s. Images of drops are shown above 

representative points in the graph. (i) With DMEM + 10% FBS, as medium is added, footprint 

diameter remains constant throughout as the contact angle peaks at ~128° before decreasing as the 

buoyancy effect deforms drop shape. As the volume approaches ~9 μl, some of the drop detaches 

and floats to the surface to leave ~500 nl on the footprint. Thereafter, the contact angle increases; as 

the needle has been wetted, this also affects drop shape and lowers the contact angle. The volume 

indicated on the axis is the total including that of a detached part of the drop. (ii) With DMEM + 

20% SR, the increase in volume initially increases contact angles; however, as the volume 

approaches ~2 μl, the pinning line breaks and the contact angle decreases to a new equlibrium while 

footprint diameter increases. (B) Measuring the advancing contact angle with the push/pull method 

(images from Movie S1). A 2 μl drop of DMEM + 10% FBS on a footprint created by 100 nl of the 

same liquid was incubated (20 h, 37°) and imaged. Pushing the drop manually to the left with a 

needle reveals a contact angle of almost 180° whilst pulling it up gives one ~90° – all without change 

in footprint. 

We next repeated the experiment using an immiscible overlay – tetradecane – that has 

a density (0.76 g/ml) lower than media. Now, buoyancy forces act downwards, so the 

ballooning pinch-off cannot occur. The footprint was loaded with 500 nl, incubated for 20 h 

to stabilize the pinning line, and more medium injected. With DMEM + 10% FBS or 20% 

SR, as the volume increases, the apparent footprint diameter increases, and the apparent 

contact angle rises to a plateau at ~150° (Figure S3A). When the push/pull experiment is 

repeated with this oil – an angle of ~180° is again seen (Figure S3B, Movie S2).  

 Serum adsorption to water/FC-40 interface 

We then investigated the effect of adsorption of serum components to the water/FC-

40 interface, with consequential effects on the dynamic interfacial tension35. Our 

measurements show that 10% FBS in DMEM decreases interfacial tension (using FC-40) 

from an equilibrium value of ~40 mN/m to ~20 mN/m within minutes (Figure 4A), 

consistent with diffusion-driven adsorption of FBS components to the water/FC-40 

interface.  
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After rapid adsorption, many proteins denature to form thin semi-rigid skin-like layers 

at interfaces over longer time-scales33, 35-39. Since FBS is rich in proteins and other 

interacting lipids/factors – we expected an elastic protein- and/or factor-rich skin to form at 

our interfaces. We incubated a drop of DMEM + 10% FBS under FC-40 at 37°C for different 

times before withdrawing liquid (Figure 4B,C). With 2 h pre-incubation, no elastic skin is 

obvious (Figure 4B, Movie S3); however, with 20 h pre-incubation, an elastic skin is visually 

observed as a depression in the interface is seen on pressing a needle tip into the surface 

(Figure 4Ci,ii; Movie S4). Once the tip penetrates and liquid is withdrawn, the “elastic” 

interface first “wrinkles”40, 41 to leave a final residue that is large and obvious (Figure 

4Ciii,iv; Movie S4). Such skin formation is suggested to enhance pinning stability and create 

the superhydrophobic effect in Figure 3B – the skin creates barrier that prevents contact of 

the liquid drop with the surface of the Petri dish beyond the original footprint. 
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Figure 4. Serum adsorbs on the medium/FC-40 interface and forms an elastic skin. (A) Dynamic 

interfacial tension of FC-40 against DMEM ± 10% FBS measured using pendant drop method up to 

1000 s. (B-C) Drops (10 μl on a footprint formed by 1 μl drop) of DMEM + 10% FBS under FC-40 

were pre-incubated (2 or 20 h), liquid withdrawn (flow rate 100 nl/s) through a needle, and side-

views collected (images from Movies S3-4). (B) DMEM + 10% FBS, 2 h pre-incubation. (i,ii) The 

needle easily penetrates the interface. (iii) As liquid is withdrawn, essentially no interfacial skin is 

visible, until (iv) nearly all liquid is removed (when vertical stress lines on the interface become 

visible). (C) DMEM + 10% FBS, 20 h pre-incubation. (i,ii) The needle initially fails to penetrate the 

strong elastic skin at the interface, deforming it. (iii, iv) After penetration and as liquid is removed, 

many wrinkles in the interface can be seen. 

 Pinning lines stabilized by FBS can withstand the effects of surfactants 

After pre-incubating drops of DMEM + 10% FBS under FC-40 at 37°C, we find that 

pinning lines sometimes survive when surfactants are added, and that effects depend on 
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surfactant concentration, drop volume, and incubation time (Figure S4). These results show 

that pre-incubation can allow pinning lines to withstand effects of surfactants; in general, 

the longer the incubation time, the more stable the pinning line. This indicates that this 

platform can accommodate complete cell-based assays rather than just culturing/drug 

treatment as was the original intention of this research. 

 Using serum-pinned drops for cell-based assays 

We next demonstrate that serum-pinned drops can support normal cell growth. FC-40 

is freely permeable to O2 and CO2; consequently, cells in drops in Petri dishes filled with 

fluorocarbon can be grown in standard CO2 incubators just like their counterparts grown 

conventionally17. In this case, an array of identical 1 μl drops of DMEM + 10% FBS each 

containing ~100 HEK cells were formed, and the final volume adjusted to 1 – 5 μl; cells are 

now grown for 4 days and imaged daily (Figure 5Ai). Contact-line pinning ensures all drops 

have the same footprints despite variations in volume. All drops initially had the same cell 

number; however, cells proliferated at different rates depending on drop volume (Figure 

5Aii). Thus, cells in 5 μl drops grew like their counterparts cultured conventionally in flasks 

(not shown) to reach confluency by day 4. In contrast, cells in 1 μl drops initially grew as 

well, but growth rate declines after day 2. These results show that cells grow normally in 

large-volume drops, but growth rate soon declines in small-volume drops.  

We next examined whether growth declined due to media exhaustion. We tested the 

same cells cultured in 500 nl on footprints created by 200 nl drops. We observed limited 

proliferation (Figure 5Bi, compare top and bottom rows); however, cells proliferate at 

similar rates as conventional cultures when media is renewed daily (Figure 5Bi, compare 

two bottom rows; Figure S5). This confirms that cells rapidly exhaust media in small drops. 

Finally, we performed a proof-of-concept drug screen. The HEKs used here encode a 

GFP reporter gene controlled by a promoter switched on by tumour necrosis factor alpha 
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(TNF-α); when exposed to the cytokine, cells fluoresce green. As expected, untreated cells 

are non-fluorescent and TNF-α induces green fluorescence (Figure 5Bii), as expected. 

 

Figure 5. Cell-based assays in serum-pinned drops. (A) HEK cells cultured in 1-5 μl drops of DMEM 

+ 10% FBS. (i) Side view of the rows of drops containing different volumes. All have the same 

footprint area created when the initial 1 μl DMEM + 10% FBS was deposited in air. The white 

dashed lines show the approximate outlines of the first drop on each row (reflections lie below). (ii) 

Phase-contrast images of cells growing in drops. All drops started with approximately the same cell 

number, but larger volumes yield higher cell confluencies. (B) Example cell-based assays in serum-

pinned drops with sub-microliter volumes. (i) Cell proliferation. Top row: HEK cells cultured in 500 

nl drops on footprints created by 200 nl DMEM + 10% FBS. Middle row: drops were prepared as in 

the top row, but each day 450 nl of medium was replaced with 450 nl fresh medium. (ii) Reporter 

cells respond normally by expressing GFP in response to TNF-α. Drops were prepared as in (Bi) but 

at day 2, 250 nl of medium were replaced with 250 nl DMEM + 10% FBS ± TNF-α (20 ng/ml); next, 

cells were grown for 20 h and bright-field and fluorescence images collected. 

 Discussion 

Pinning lines around sessile drops can be stabilized either by introducing physical or 

chemical heterogeneity into the substrate42-44, or by adding particles to the liquid phase to 

achieve “self-pinning” 45-47. We tested whether adding FBS or SR to drops (1 μl, 200 nl) of 
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standard growth medium sitting on standard tissue-culture dishes under FC-40 could self-

pin drops, and found they could (Figure 1). Addition of 10% FBS increases the advancing 

contact angle from ~60° to at least ~120°, as the receding angle fell to <5°. Increase of 

contact-angle hysteresis will increase the range of working volumes that can be used with a 

drop without altering the footprint. We found that pinning-line stabilization is time- and 

temperature-dependent (Figure 2) due to adsorption of serum components at pinning lines48. 

FC-40 is denser than water, therefore buoyancy effects are inevitable and can 

complicate advancing contact angle measurement (Figure 3A). Therefore, we resorted to 

measuring the advancing contact angle by slowly pushing a stabilized drop using a needle 

and found a maximum contact angle of ~180°, well within the superhydrophobic range 

(Figure 3B). This extreme contact angle is also observed using another overlay, tetradecane, 

which is less dense than water (Figure S3B), and hence does not appear to be uniquely 

associated with fluorocarbons. Since the pinning relies on adsorption, the superhydrophobic-

like behaviour is not immediately induced on drop deposition; rather, pinning increases with 

time and temperature as an elastic skin forms (Figure 4B,C). A previous study has shown 

that an elastic interfacial skin can enhance contact-line pinning49. Such pinning lines can 

even withstand the effects of surfactants (Figure S4).  

As there is batch-to-batch variability in FBS components, we tested whether SR – 

where components are more defined – yields similar results; we found it could. However, 

pinning was not as effective as that given by 10% FBS (Figure 3Aii). Therefore, FBS 

remains our preferable stabilizing agent. Finally, we used serum-pinned micro-drops in a 

proof-of-concept drug screen. Cells grew and responded to a cytokine, TNF-α, as expected 

(Figure 5Bii). We expect that many other cell-based assays can be performed in such drops 

efficiently and at low cost.  
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 Methods 

 Contact-angle measurement 

Contact angles were measured using software (FTA32) and hardware provided by 

First Ten Angstroms. A drop of distilled water, DMEM (high glucose, Sigma), DMEM + 

FBS (Gibco), or DMEM + KnockOut™ SR (Gibco) was ejected using a needle (33G blunt 

NanoFil™ needle, World Precision Instruments) connected to a syringe pump (Harvard 

Ultra) through a Teflon tube. This drop was first formed on the tip of the needle (in air) 

before transfer to the surface of a square cut from the base of a standard Corning® tissue-

culture treated dish (D × H: 60 × 15 mm) which had been placed on two stacked microscope 

glass slides (fixed with adhesives) – to adjust the height of the drop and avoid optical 

distortion from being too close to the base – inside a rectangular Petri dish (Thermo 

Scientific™ Nunc™ Rectangular Dishes 4-well). Rectangular dish is used instead of directly 

using the round Petri dish also to avoid optical distortion. The drop was then overlaid with 

FC-40 (3M) or tetradecane (Aldrich). Extra liquid was injected into the drop with the needle 

through the overlay. Images from the side of the drop were captured and drop contact angle, 

volume, and footprint area calculated using FTA32 software based on the length scale 

calibration using needle-tip diameter. Theoretical values of the contact angle are calculated 

assuming spherical-cap geometry50. Detailed methodology is available in Supplementary 

Methods. 

 Cell-based assays 

To test cell growth in 1 μl drops (6 × 6 array), 1 μl DMEM + 10% FBS was deposited 

on a standard Petri dish using an isoCell printer (iotaSciences Ltd) and overlaid with FC-40. 

The isoCell delivers/removes specified nanoliter volumes to/from specified drops in an 

array, and its software was adapted for the purpose described here. The dish was now 

incubated in a standard CO2 incubator (37°C, 15 min), 1 μl removed (programming the pump 
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to remove the same volume of liquid as deposited results in leaving a thin film on the 

hydrophilic surface) and replaced with 1 μl human embryonic kidney (HEK) cells (NF-

κB/293/GFP™ Transcriptional Reporter Cell Line, #TR860A-1, System Biosciences, 100 

cells/μl, prepared as in Supplementary Methods). The dish was now returned to the incubator 

and left for ~1 h. Media was then added to drops 1 μl at a time to create final volumes of 1-

5 μl, drops re-incubated, and images of cells collected daily.  

To test growth in 200 nl drops (6 x 6 array), 200 nl DMEM + 10% FBS was deposited 

as above, overlaid with FC-40, incubated (37°C, 1 h), and 200 nl removed and replaced with 

500 nl cells (100 cells/μl). Drops were then incubated, and images of cells collected as 

above. Here, media were renewed daily in half the drops by removing 450 nl media and 

adding 450 nl fresh media.  

Drug screening was demonstrated using a 6 x 6 array of 1 μl drops and daily media 

renewal (as above). At day 2, after media renewal, 250 nl media was removed from a drop 

(and from another 8 replicates in the array) and replaced by 250 nl fresh medium plus TNF-

α (20 ng/ml). 9 other drops in the array received only 250 nl fresh medium. The other 18 

drops were not replenished daily and were used to monitor growth without interventions. 

Finally, the response to TNF-α was observed using fluorescence microscopy 20 h later.  
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Supplementary methods (PDF); images of sessile drops of different fluids on a Petri dish 

(Figure S1); graphs of pinning-line stability given by 1% FBS (Figure S2); graphs showing 

advancing contact angle measurements and superhydrophobic behaviour of drops under 

tetradecane (Figure S3); graphs showing that pinning lines made with DMEM + 10% FBS 
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can withstand addition of surfactants (Figure S4); graphs showing effects of initial medium 

volume and refeeding on the growth rate of HEKs cultured in drops with similar footprints 

(Figure S5); detailed information on how Movies S1-S4 were prepared. 

Supplementary movies (with supplementary PDFs). 

Movie S1: Super-hydrophobic behaviour of a DMEM + 10% FBS drop overlaid with FC-

40 (AVI). 

Movie S2: Super-hydrophobic behaviour of a DMEM + 10% FBS drop overlaid with 

tetradecane (AVI). 

Movie S3: An elastic skin at the interface between a drop of DMEM + 10% and FC-40 (2 h 

pre-incubation) (AVI). 

Movie S4: An elastic skin at the interface between a drop of DMEM + 10% and FC-40 (20 

h pre-incubation) (AVI). 
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SUPPLEMENTARY METHODS 

Theoretical contact angle values. To validate experimental data and determine when 

gravity influences drop shape, a comparison with the analytical solution for a spherical cap 
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is made. In the absence of gravity, the relationship between the measured quantities drop 

volume (V), contact angle (θ) and footprint radius (a) is:  

𝑉 =  
𝜋(2 − 3 cos 𝜃 + cos3𝜃)

3

𝑎3

sin3𝜃
 

Interfacial tension measurement. Interfacial tension between two immiscible fluids was 

measured using pendant drop method1, 2. A small drop (~500 nl) was formed at the tip of a 

needle (outer diameter 0.3 mm), connected to a Teflon tube and syringe pump (Harvard 

Ultra) for volume and flow rate control. The drop was immersed in the second fluid which 

has been loaded in a transparent polystyrene cuvette. The interfacial tension was calculated 

using software and hardware provided by First Ten Angstroms, which requires a length scale 

to be defined (i.e. needle tip as measured with a digital caliper) and fluid density as provided 

by the manufacturer. Measurements were taken at room temperature. 

Capillarity length calculation. Capillarity length describes a characteristic length beyond 

which the effect of gravity becomes dominant3. It is calculated from the interfacial tension 

(γ), liquid density (ρ) and gravity (g), as3: 

𝑙 = √𝛾/𝜌𝑔 

Adding fluids to pre-deposited sessile drops. Drops (1 µl or 200 nl) of Dulbecco’s 

Modified Eagle’s Medium (DMEM, high glucose, Sigma) were deposited on a sample of a 

Petri dish (Corning® tissue-culture treated dish, D × H 60 mm × 15 mm) cut from the base 

of the dish which had been placed on two stacked microscope glass slides (fixed with 

adhesives) inside a rectangular Petri dish (Thermo Scientific™ Nunc™ Rectangular Dishes 

4-well). Drops were then overlaid with FC-40 (3M). For tests with no-serum drops, drops 

were used directly. For tests with serum-containing drops, liquid in the drop was removed 

(either 1 µl or 200 nl) to leave just the wetted area of the footprint, then replaced by an equal 

volume (either 1 µl or 200 nl) of DMEM + 10% fetal bovine serum (FBS, Gibco) or 

KnockOut™ serum replacement (SR, Gibco), and finally incubated (30 min, 37°C). To 
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monitor effects of adding more DMEM ± 10% FBS or SR, medium was injected (flow rate 

20-50 nl/s) into drops in 50 – 500 nl increments (~2 min between increments) when images 

(side views) of drops were captured and the volume, contact angle, and base area of drops 

calculated. The drop was in an equilibrium state for all images. 

To test effects of flow rate and incubation time, 1 µl drops of DMEM + 10% or 1% FBS 

were deposited on a substrate prepared as above, and overlaid with FC40. The dish was then 

incubated at room temperature for ~5 min, or 37°C for 30 min (for flow-rate test), or at room 

temperature or 37°C for 5, 30 and 60 min (for incubation-time test). The same fluid (media 

+ serum) was then injected continuously into a drop (at 10 – 1000 nl/s) while being imaged 

as above.  Tests were done in at least triplicates. 

Measurement of advancing contact angles and footprint diameters. The advancing 

contact angle was measured on a drop with a footprint created by depositing 100 nl DMEM 

+ 10% FBS in air prior to overlaying FC-40 or tetradecane (Aldrich). The dish was incubated 

at 37°C for ~1 h to stabilize the pinning line, 400 nl DMEM + 10% FBS added to the drop, 

the dish incubated (37°C, ~20 h), more DMEM + 10% FBS injected continuously into the 

drop (at 10 nl/s) up to the final volume of 25 µl, images (side views) collected, and angles 

and lengths measured. 

Serum adsorption to the water/FC-40 interface. To demonstrate the formation of an 

interfacial skin by adsorbed serum at the interface with FC-40, 1 µl drops of DMEM + 10% 

FBS were deposited on a Petri dish surface as above, overlaid with FC-40, and incubated 

for a minimum of 1 h at 37°C to stabilize the pinning line. 9 µl of DMEM + 10% FBS was 

then injected to the drop (at 100 nl/s). Drops were then incubated (37°C, 2 or 20 h), liquid 

inside drops withdrawn (at 100 nl/s), and images recorded. 

Effects of surfactants. RNA lysis buffer (Zymo Research), 1% (w/w) Triton™ X-100 

(Sigma-Aldrich) in Dulbecco’s Phosphate Buffered Saline (PBS, Sigma) and 1% (w/w) 
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Tween® 20 (Sigma-Aldrich) in PBS were used as surfactants. Drops (1 µl) of DMEM + 

10% FBS were deposited on a surface cut from a Petri, incubated (37°C, 30 min to 16 h), 1 

µl withdrawn at 1000 nl/s, surfactant (1 µl or 500 nl) injected into the residual liquid at 100 

nl/s, drops incubated (room temperature, 1 h), and integrity of pinning lines scored.  

Cell preparation. Human embryonic kidney (HEK) cells (NF-κB/293/GFP™ 

Transcriptional Reporter Cell Line, #TR860A-1, System Biosciences) were cultured 

conventionally in DMEM supplemented with 10% (v/v) FBS (Gibco) and 1% antibiotics 

(penicillin and streptomycin). This cell line, derived by the manufacturer, encodes a green 

fluorescence protein (GFP) reporter gene under the control of a promoter that is switched on 

by tumour necrosis factor alpha (TNF-α). Cells were prepared using standard procedures; 

they were washed with 5 ml PBS, incubated for 2-3 minutes with 1 ml cell-dissociation 

reagent (Gibco TrypLE Express Enzyme), cell clumps dissociated by pipetting the cell 

solution plus 9 ml media, cell concentrations determined using trypan blue (Trypan Blue 

Solution, 0.4%, Sigma) and a haemocytometer, and adjusted to achieve the desired 

concentration. 
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SUPPLEMENTARY FIGURES 

 

Figure S1. Images of sessile drops of different fluids on the surface of a standard Petri dish used for 

tissue culture. Dashed lines provide visual guides to the base line of each drop; below these lines are 

reflections. (A) Equilibrium initial contact angles of drops containing different liquids. A drop of 

each liquid (1 μl) was formed at the tip of a needle, transferred to a dish, and overlaid ± FC-40 (‘air’, 

‘FC-40’); images were collected, and contact angles measured (values are averages ± SD; n = 3). (B) 

The changing shape of a water drop as water is added. A water drop (1 μl) was deposited in air as in 

(A), and overlaid with FC-40; the volume was now gradually increased to 10 μl by injection. Images 

show the footprint area increases (left to right); the maximum/advancing contact angle was ~80°.  
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 DMEM + 1% FBS in FC-40 

 

Figure S2. Reducing the concentration of FBS from 10% to 1% reduces pinning-line stability. Tests 

are as in Figure 3 but using 1% FBS instead of 10% FBS. Drops (1 µl; DMEM + 1% FBS) were 

deposited, incubated for times and temperatures indicated, imaged as more medium was injected 

continuously into them, and contact angles determined. (A) Effects of flow rate reflect results seen 

with 10% FBS. (i) Injection immediately after deposition. With 10 nl/s, the contact angle increases 

progressively (pinning lines remain unchanged, so drop volume increases). With 100 nl/s and 1 µl/s, 

pinning lines soon break (footprints increase in area), and contact angles remain roughly constant. 

(ii) Drops were pre-incubated (37°C; 30 min) prior to injection; this stabilizes pinning lines at all 

flow rates (so contact angles increase). (B) Effect of incubation time and temperature on pinning 

(injection rate 100 nl/s). (i) Drops are pre-incubated at room temperature for 5-60 min; longer 

incubation times yield more stable pinning lines. With 5 min, lines break when the drop contains ~2 

µl; thereafter, the contact angle remains constant as the footprint progressively increases. With 10 

min, lines break after ~4 µl; thereafter, the contact angle declines. With 30 min, lines break after ~8 

µl. Finally, with 60 min, lines remain intact beyond 9 µl. (ii) Drops were pre-incubated (37°C; 5-60 

min); the higher temperature stabilizes pinning lines. Compared to 10% FBS, a longer incubation 

time is required to stabilize pinning lines. 
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Figure S3. Advancing contact angles at serum-stabilized pinning lines and superhydrophobic effects 

under tetradecane. Drops (100 nl) containing DMEM + 10% FBS or 20% SR were deposited on a 

dish, overlaid with tetradecane (density less than medium), incubated (1 h, 37°C), injected with 400 

nl of the same fluid, and re-incubated (20 h, 37°C). This results in a stable pinning line (diameter 

~1.1 mm). (A) More medium is now injected at 10 nl/s. Images of drops are shown above 

representative points in the graph. With both both (i) DMEM + 10% FBS and (ii) DMEM + 20% 

SR, as medium is added, the apparent contact angle increases to a maximum of ~150° as footprint 

diameter gradually increases. (B) Superhydrophobic behaviour (images from Movie S2). 1st image: 

The drop with inserted dispensing tube. 2nd image: More medium is added to give a final volume of 

15 μl, and the tube withdrawn; as medium is denser than tetradecane, the drop is flattened with an 

apparent contact angle of ~150°. 3rd and 4th images: When the drop is pushed using a needle, it is 

clear the original footprint/pinning line is retained, and the actual contact angle is ~180°; note the 

needle does not stick to the interface (unlike under FC-40). 
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Figure S4. Pinning lines made with DMEM + 10% FBS can withstand the effects of strong 

surfactants. Drops (1 µl) of DMEM +10% FBS were deposited on a dish, overlaid with FC-40, 

incubated (0-16 h at 37°C), various detergents added (500 nl or 1 µl), and imaged. The experiment 

was repeated three times, with three drops. Crosses: In all replicates, detergent addition immediately 

breaks pinning lines and drops spread throughout the dish (no image shown). Ticks: in all replicates, 

pinning lines persist (images shown). Crosses and ticks: in some cases pinning lines persist (images 

shown) but in others they do not (so not shown).  
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Figure S5. Effects of initial medium volume and refeeding on the growth rate of HEKs cultured in 

drops with similar footprints. 36 drops (200 nl DMEM + 10% FBS) each containing 26 ± 7 cells 

were deposited on a dish and incubated in a CO2 incubator for 4 h to allow cells to attach. Drops 

were divided into 4 groups, each drop was imaged daily, and cell number per drop counted and 

expressed relative to the original cell number (error bars are the standard deviation; n = 4). Group 1 

(‘200nl’): No additional medium added on day 0, and cells not fed thereafter. Cells grow poorly in 

the small volume, and many die. Group 2 (‘200 nl fresh media’): No additional medium added on 

day 0, but cells are fed daily on days 1-4 by removing 150 nl and replacing it with 150 nl fresh 

medium. Cells grow better, but numbers peak on day 4 as medium becomes exhausted. Group 3 

(‘500 nl’): 300 nl additional medium added on day 0, but cells not fed thereafter. Cells grow better 

than those in Groups 1 and 2, as more medium is initially present. Group 4 (‘500 nl fresh media’). 

300 nl additional medium was added on day 0, and cells fed daily on days 1-4 by removing 450 nl 

and replacing it with 450 nl fresh medium. After an initial lag, cells double every 24 h, but after day 

4 there is insufficient medium to support growth of such numbers. 
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SUPPLEMENTARY MOVIES 

Movie S1. Super-hydrophobic behaviour of a DMEM + 10% FBS drop overlaid with FC-

40. 

A 100 nl drop (footprint diameter 1.1 mm) of DMEM + 10% FBS was deposited, overlaid 

with FC-40 (which is denser than the medium), 1.9 µl more medium added, and the drop 

incubated for 20 h at 37°C. During the movie (which runs in real time), the drop is pushed 

manually using a needle so the interface almost touches the substrate; this demonstrates that 

the contact angle can temporarily reach ~180° without breaking the pinning line. 

Movie S2. Super-hydrophobic behaviour of a DMEM + 10% FBS drop overlaid with 

tetradecane.  

A 100 nl drop (footprint diameter 1.1 mm) of DMEM + 10% FBS was deposited, overlaid 

with tetradecane (which is less dense than the medium), 400 nl more medium added, the 

drop incubated for 20 h at 37°C, and extra medium injected to obtain a final volume of 15 

µl. During the movie (which runs in real time), the drop is pushed manually using a needle 

to show that the drop retains the original pinning line; this demonstrates that the actual 

contact angle is ~180°. 

Movie S3. An elastic skin at the interface between a drop of DMEM + 10% and FC-40 (2 h 

pre-incubation). 

A 1 µl drop of DMEM + 10% FBS drop was deposited, overlaid with FC-40, incubated for 

1 h, 9 µl more medium added, and incubated for 2 h. During the movie (which runs in real 

time), a needle was first inserted into the drop and then used to withdraw liquid at 100 nl/s. 

Here, the needle penetrates the interface easily, and the interface wrinkles little when liquid 

is withdrawn (indicating an insubstantial interfacial skin).  

Movie S4. An elastic skin at the interface between a drop of DMEM + 10% and FC-40 (20 

h pre-incubation). 

A 1 µl drop of DMEM + 10% FBS drop was deposited, overlaid with FC-40, incubated for 

1 h, 9 µl more medium added, and incubated for 20 h. During the movie (which runs in real 

time), a needle was first inserted into the drop and then liquid was withdrawn at 100 nl/s. 

Here, the needle does not easily penetrate the interface, indicating formation of a strong 

interfacial skin. This skin is also clearly visible as the residue left after withdrawing most 

liquid. 
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Paper 4: Biocompatibility of sessile drops as 

chambers for cell culture measured by HEK cells 

adhesion 

Abstract – Sessile drop arrays (overlaid with an immiscible liquid to prevent evaporation) 

on a standard tissue-culture Petri dish have been employed as a platform to perform bio-

assays in small volumes (microliters or less). To apply this approach for assays involving 

cell culture, it is essential to ensure that this system is biocompatible for assays involving 

cell culture; however, we observed that human embryonic kidney (HEK) cells do not attach 

and proliferate well when cultured in drops with high surface-to-volume ratio. Here, we 

investigate the effect of serum adsorption to solid/liquid and liquid/liquid interfaces on cell 

adhesion. We found that increasing the serum concentration in the drop or pre-exposing the 

drop footprint with medium plus serum could improve cell adhesion.  

II. Introduction 

Arrays of sessile drops (often covered with an immiscible liquid to prevent 

evaporation) on a planar surface have been used to perform bio-assays in small volumes1-6. 

This method is expected to provide an efficient alternative to perform assays including those 

with cell culture. However, one of the challenges is to ensure that an adequate amount of 

nutrients is being delivered to the cells as molecules are not transported in the same manner 

as in conventional cultures7-9.  

In this study, we assess the biocompatibility of sessile drops overlaid with an 

immiscible liquid for cell-based assays, specifically the adherent human embryonic kidney 

(HEK) cells. Measuring biocompatibility with adherent cells is arguably more 

straightforward than suspension cells: it can be done by observing the morphological 

change, and the cell number can be easily counted under the microscope as they grow as 2D 
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monolayer. We found that FC-40 is a biocompatible overlay, as previously suggested10; 

however, we observed that HEK cells in sessile drops did not attach and proliferate to the 

surface as well as in conventional culture. We hypothesised that this is related to the serum 

adsorption to the interfaces11-14. We observed that cell adhesion in drops can be improved 

by increasing serum concentration in the medium, suggesting that standard serum 

concentration used in macro-scale culture is not adequate to promote cell adhesion and 

growth in smaller drops.  

We then study the effects of serum adsorption to the interfaces by pre-incubating drops 

with serum at different time periods. The results show that pre-exposing drop footprint with 

serum-containing medium can improve cell adhesion, especially during the initial contact of 

cells with surface of the Petri dish. We found that adsorption of serum components to the 

solid surface happens over incubation time, therefore saturating the drop footprint with 

serum prior to seeding cells could possibly be beneficial for cell culture. 

III. Experimental methods 

III.1. Cell culture and preparation 

Suspension cells: Jurkat (NF-κB/Jurkat/GFP™ Transcriptional Reporter Cell Line, 

#TR850A-1) were cultured in flasks in RPMI-1640 (Sigma) media supplemented with 10% 

Fetal Bovine Serum (FBS, Gibco). Before using them for experiments, 5 ml cell solution 

was centrifuged at 500 g for 5 m, and the supernatant was discarded. The cell pellet was then 

diluted to get 500 cells per µl. 

Adherent cells: HEK (NF-κB/293/GFP™ Transcriptional Reporter Cell Line, 

#TR860A-1) were cultured in flasks in DMEM (Sigma) supplemented with 10% FBS. The 

cells were sub-cultured every 2-3 days by dissociating them with Gibco TrypLE Express 

Enzyme and then splitting them in 1:10 ratio. For experiments, first cells were washed with 



  

129 

 

5 ml PBS and then incubated for 2-3 minutes with 1 ml trypsin. The cell clumps were then 

dissociated by pipetting the cell solution plus 9 ml media. Cell concentration was then 

adjusted for experiments.  

III.2. Biocompatibility measurement of the overlaying liquids 

The following liquids were screened for their bicompatibilities as the overlays: FC-

40, HFE-7500, silicone oil AR 20, 5-cSt silicone oil, hexadecane, tetradecane, dodecane, 

mineral oil and olive oil (Aldrich). 2 µl drops containing HEK cells or Jurkat cells were 

deposited on a surface of a standard Corning® tissue-culture treated dish (D × H 60 mm × 

15 mm) or 6-well plate using a micro-pipette, then overlaid with one type of liquid per 

dish/well. The dishes/plates were then incubated at 37°C, 5% CO2. The morphology of HEK 

cells was observed under a microscope after 24 h incubation. For measuring Jurkat cell 

viability, first the overlaying liquid was taken out, leaving the sessile drops on the bottom 

of the plate or dish. Ten drops from the same overlaying liquid were taken out using a pipette 

and mixed as one sample in a 1.5 ml Eppendorf tube. In the tube the drops merged and were 

separated from the residual overlaying liquid. The sample was then mixed with an equal 

volume of trypan blue and the cell viability was determined using a haemocytometer. 

III.3. Depositing drops 

Drops were deposited using a Teflon tube connected to a syringe pump controlling 

liquid injection and withdrawal. The movement was controlled using a programmed 3D 

traverse system (Stepcraft), or a printer (iotaSciences Ltd). The syringe and tube were pre-

filled with 70% ethanol. A small air-gap separates ethanol and the sample, and the liquid 

was loaded into the tube by withdrawing a desired volume of sample from a microwell-plate. 

The tube moved to the pre-determined locations on the surface of a Petri dish before sample 

was ejected out to create a drop or drop arrays. Drops were overlaid with FC-40 (3M) prior 

to incubation to limit evaporation. 
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To test the effect of serum concentration on cell adhesion, 200 nl drops of DMEM + 

10% or 30% FBS containing ~160 cells were deposited on a Petri dish, overlaid with FC-40 

and then incubated at 37°C. Images were captured after 24 h incubation. 

III.4. Calculation of drop surface-to-volume ratio 

 

Figure 1 Illustration of a sessile drop on a solid substrate. R, θ, a and h denote drop geometrical 

dimensions for sphere/curvature radius, contact angle, base radius, and height, respectively. 

The shape of a drop resting on a surface – neglecting the gravity effect – can be 

assumed as the cap of a sphere (Figure 1). As a spherical cap, the relationship of the drop’s 

volume and surface area can be obtained from trigonometric in terms of θ, drop height (h), 

base radius (a) and the effective sphere radius (radius of curvature, R)15.  

𝑅 =  
ℎ2 + 𝑎2

2ℎ
 

(1) 

ℎ =  (1 − cos 𝜃)𝑅 (2) 

𝑎 = 𝑅 sin 𝜃 (3) 

The volume of a spherical cap is15, 16 

𝑉 =  
𝜋

6
ℎ(3𝑎2 + ℎ2) (4) 

and can be expressed in terms of contact angle as15 

𝑉 =  
𝜋(2 − 3 cos 𝜃 + cos3𝜃)

3

𝑎3

sin3𝜃
 

(5) 

Equation (5) could also be written in the following form for a, 
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𝑎 =  (
3 sin3𝜃

𝜋(2 − 3 cos 𝜃 + cos3𝜃)
𝑉)

1
3

 

(6) 

The base area of the drop (solid/liquid interface) is simply an area of a circle with radius a, 

𝐴𝑏𝑎𝑠𝑒 = 𝜋𝑎2 (7) 

Combining Equation (6) and (7) results in 

𝐴𝑏𝑎𝑠𝑒 = 𝜋 (
3 sin3𝜃

𝜋(2 − 3 cos 𝜃 + cos3𝜃)
𝑉)

2
3

 

(8) 

𝐴𝑏𝑎𝑠𝑒 = 𝑓(𝜃) 𝑉
2
3 

(9) 

While the cap surface area (liquid/liquid interface) of the drop is 

𝐴𝑐𝑎𝑝 = 𝜋(𝑎2 + ℎ2)   

= 𝜋𝑎2 (1 +
(1 − cos 𝜃)2

sin2𝜃
)

= 𝐴𝑏𝑎𝑠𝑒 (1 +
(1 − cos 𝜃)2

sin2𝜃
) 

(10) 

Therefore, it can also be expressed as 

𝐴𝑐𝑎𝑝 = 𝑔(𝜃) 𝑉
2
3 

(11) 

The surface (base)-to-volume ratio of the drop is then 

𝐴𝑏𝑎𝑠𝑒

𝑉
=

𝑓(𝜃) 𝑉
2
3

𝑉
= 𝑓(𝜃)𝑉−

1
3 

(12) 

𝐴𝑏𝑎𝑠𝑒

𝑉
∝ 𝑉−

1
3 

(13) 

And the surface (cap)-to-volume ratio of the drop is  

𝐴𝑐𝑎𝑝

𝑉
=

𝑔(𝜃) 𝑉
2
3

𝑉
= 𝑔(𝜃)𝑉−

1
3 

(14) 

𝐴𝑐𝑎𝑝

𝑉
∝ 𝑉−

1
3 

(15) 

with the functions of the contact angle as the following 
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𝑓(𝜃) = 𝜋
1
3 (

3 sin3𝜃

2 − 3 cos 𝜃 + cos3𝜃
)

2
3

 

(16) 

𝑔(𝜃) = 𝑓(𝜃) (1 +
(1 − cos 𝜃)2

sin2𝜃
) 

(17) 

From Equation (13) and (15) we could see that the drop surface-to-volume ratio, both 

when considering the cap surface area and the base area, is proportional to V-1/3. These 

equations are used to plot surface-to-volume ratio vs volume in Figure 4. 

III.5. Varying drop surface-to-volume ratio 

To test cell adhesion in drops with various surface-to-volume ratio, we deposited 200, 

500 and 1000 nl drops of DMEM on a Petri dish, overlaid them with FC-40, removed 

medium, deposited 200 nl DMEM + 10% FBS containing cells in on the footprint, incubated 

at 37°C for~3 h (to allow cells to attach and drops to stabilize), then appropriate amount of 

medium was added to get final volumes of 200, 500 and 1000 nl in each variation of footprint 

area. The concentration of the cell sample was adjusted to get 100 cells/drop or 72 cells/mm2 

footprint area. Images were captured after 24 h incubation. 

III.6. Pre-exposing drop footprint with serum 

To test the effect of serum adsorption to cell adhesion, 200 nl drops of DMEM + 10% 

FBS were deposited, overlaid with FC-40, then appropriate amount of medium was added 

to get final volumes of 200, 500 and 1000 nl. The drops were then incubated at 37°C for 2 

h or 2 d before all liquid removed, and 200 nl of DMEM + 10% FBS containing 100 HEK 

cells were deposited into each footprint. As a control, cells are also cultured conventionally 

on a Petri dish with a total volume of 4 ml and in drops as above with footprint created by 

DMEM without serum. Images were captured after 1, 4 and 24 h incubation. 
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IV. Results and discussion 

IV.1. Biocompatibility of overlaying liquids 

Mineral oil, silicone oil and fluorocarbon have been used previously to prevent 

evaporation of sessile drops for cell culture1, 17, 18. To identify the biocompatible ones, nine 

liquids were screened to overlay 2 μl sessile drops containing HEK cells. As in conventional 

culture, cells are expected to attach to the surface within the first few hours and after 24 h 

most of them should have flattened into their intact morphology. Visual observation with 

microscopy reveals that after one day of incubation, cells do not attach well under some 

liquids. Cells appear flattened (an indication of adhesion) when the drops were overlaid with 

FC-40, HFE-7500, silicone oil AR 20 (‘AR 20’), hexadecane and 5-cSt silicone oil (Figure 

2). Meanwhile, cells remain round when overlaid with mineral oil, tetradecane, dodecane 

and olive oil (Figure 2), so these overlays are considered toxic.  

 

Figure 2 HEK cells morphology after 24 h incubation in 2 μl sessile drops overlaid with liquids of 

the corresponding labels. Intact shown exhibited by the cells covered with FC-40, HFE-7500, AR20 

silicone oil, hexadecane and 5-cSt silicone oil. Cells remained in their round morphology (and even 

showed signs of cell death) when overlaid with mineral oil, tetradecane, dodecane and olive oil. The 

pictures captured a small area within the drop base area; hence the local cell density may vary across 

different images. Scale bar = 100 µm 
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To confirm these results, we measured biocompatibility using Jurkat cells. Due to their 

suspension nature, these cells stay round in culture; therefore, it is more difficult to visually 

observe the toxic effects of the liquids. However, these cells can easily be recovered from 

the drops without detaching them from the surface with dissociation reagents. This way, cell 

viability can be measured by counting the number of live and dead cells from the cell sample. 

Cell viabilities after 24 h and 48 h incubation are shown in Table 1. These results agree with 

the HEK cells results – four overlaying liquids preventing adhesion are also toxic to Jurkat 

cells, whilst the rest of the liquids gave high viability after 24 h (all >90% except for HFE-

7500 which was >80%). After 48 h, only FC-40 gives 90% viability, while with other 

liquids, the viability decreased. Therefore, we concluded that FC-40 is the most 

biocompatible overlay and used this liquid to overlay drops in the subsequent experiments. 

Table 1 Jurkat cell viability in 2 µl sessile drops overlaid with different liquids. Viability number is 

presented as the number of counted live cells divided by the total counted cells. When all cells were 

found dead at 24 h, viability measurements for the corresponding experimental condition were not 

performed for the further time point.  

Overlay 24 hours (% viability) 48 hours (% viability) 

FC 40 95 90 

HFE 7500 83 70 

Silicone oil AR 20 99 71 

5-cSt silicone oil 91  70 

Mineral oil 0  

Hexadecane 97 44 

Tetradecane 0  

Dodecane 0  

Olive oil 0  

 

IV.2. Cell culture in drops overlaid with FC-40 

Fetal bovine serum (FBS) is commonly used to supplement cell medium to provide 

essential nutrients for the cells including growth factors19, 20. Lack of serum prevents cell 

adhesion as seen in conventional culture condition (Figure 3, far left), while with serum 

(10% FBS as recommended by the manufacturer) cells attach to the surface after being 
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seeded (Figure 3, second from left). In Figure 2, HEK cells in DMEM + 10% FBS are seen 

attaching well in a 2-µl drop overlaid with FC-40, however, when using smaller volume 

(200 nl), the morphology of the cells 24 h after seeded resembles the FBS-free condition 

(Figure 3, second from right). Interestingly, when the FBS concentration in the drop is 

increased to 30%, cells appear attached (Figure 3, far right).  

 

Figure 3 HEK cells cultured conventionally in flask without (far left) and with (second from left) 

10% FBS in the cell medium, and in 200 nl drops with 10% (second from right) and 30% FBS (far 

right). Scale bar = 100 µm. 

The poor adhesion of cells in 200 nl drops (corresponding with the higher surface-to-

volume ratio compared to 2-µl drops or flask culture) with 10% FBS (a standard 

concentration in conventional culture) and the improvement given by increasing the 

concentration lead to hypotheses on the effect of serum adsorption to the interface11-14. The 

first possibility is that some components of the serum are adsorbed to the overlaying liquid 

and thus reducing the serum concentration in the drop. The second possibility is that the total 

amount of serum components in the drop may not be enough to adsorb to the solid surface, 

therefore preventing the cell from attaching and subsequently proliferating in a normal rate. 

Figure 4 shows that for drops with contact angle 45°, reducing the volume would result in a 

sharp increase of surface-to-volume ratio, especially for ~400 nl and below, both for the 

liquid/liquid and solid/liquid interfaces.  
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Figure 4 Surface-to-volume ratio of drops plotted against drop volume based on spherical cap 

geometry (see inset) with contact angle 45°.  

IV.3. Cell culture in drops with various surface-to-volume ratio 

To test effects of drop surface-to-volume ratio on cell adhesion, we the cultured HEK 

cells in drops with different volumes and footprint areas. Table 2 lists the surface-to-volume 

ratio of drops in this test. Note that the footprint areas here correspond to the footprint areas 

of drops with labelled volume, deposited in air. Figure 5A shows 100 cells seeded to each 

drop, captured after 24 h incubation. The worse cell adhesion is in the drop with largest 

surface-to-volume ratio, i.e., 200 nl on ‘1000 nl’ footprint, indicated by mostly round cells. 

More cells are progressively attached as the footprint area decreased, however, as in Figure 

3 (second from right), 200 nl on ‘200 nl’ footprint is still not an ideal culture condition. 

Increasing the volume to 500 nl or 1000 nl on this smallest footprint improves overall cell 

adhesion, indicated by more flattened cells. In these drops, the cells also appear to grow in 

clusters as in the ideal conventional culture (Figure 3, second from left). Cells in 1000 nl on 

‘1000 nl’ footprint drop also exhibit a high percentage of flattened cells, however as the 

footprint area is larger, they appear sparser.  
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Table 2 Surface-to-volume ratio of drops with various footprint area and volume. (*) footprint area 

created by a spherical cap drop of the corresponding volume with 45° contact angle. 

Surface-to-volume ratio of 

liquid/liquid interface (mm2/μl) 

 Footprint area*  

200 nl 500 nl 1000 nl 

Volume 

200 nl 8.08 13.08 20.31 

500 nl 4.86 5.95 8.44 

1000 nl 3.92 3.93 4.72 

Surface-to-volume ratio of 

solid/liquid interface (mm2/μl) 

 Footprint area*  

200 nl 500 nl 1000 nl 

Volume 

200 nl 6.90 12.70 20.15 

500 nl 2.76 5.08 8.06 

1000 nl 1.38 2.54 4.03 

 

In Figure 5B, the cell density (number of cells per footprint area) was kept constant 

72 cells/mm2. Here, in 200 nl on ‘1000 nl’ footprint drop, now more total cell number was 

seeded, and more cell attached, however a significant percentage of cells are still round. 

Again, the adhesion is progressively improved, on each footprint area, as the volume is 

increased. However, it is also clear that cells in larger-volume drops with their corresponding 

footprint area (i.e., 200 nl on ‘200 nl’, 500 nl on ‘500 nl’, and 1000 nl on ‘1000 nl’ footprint) 

have better adhesion. These results confirm that in general cells attach better when cultured 

in lower surface-to-volume ratio.  
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Figure 5 HEK cells cultured in sessile drops of different surface-to-volume ratio. In columns, the 

area (*) represented as volume means the footprint area (the contact area of a drop with the solid 

surface) created by a DMEM + 10% FBS drop of the corresponding volume in air. (A) Each drop 

has approximately initial cell concentration 500 cells/μl, or equal to 100 cells/drop. (B) Each drop 

has approximately initial cell density 72 cells/mm2. The cells attach to surface better when surface-

to-volume ratio was lower (e.g., 200 nl drops on ‘200 nl’ vs ‘1000 nl’ footprint area). Scale bar = 

200 µm. 

IV.4. Effects of serum adsorption on cell adhesion 

Next, we tested effects of serum adsorption on cell adhesion by pre-exposing 

footprints of 200 nl drops with medium plus serum before using them for culturing cells in 

200 nls. Figure 6A shows the illustration of the test. 200, 500 and 1000 nl DMEM + 10% 

FBS were deposited on a footprint of 200 nl drop and incubated for 2 h (to test the transient 

condition) or 2 d (assuming the adsorption has reached equilibrium here). All liquids were 

then removed, and equally 200 nl cell-containing media were deposited to each footprint. 

As controls, cells were also seeded conventionally on a petri dish (‘usual’) and on a footprint 

created by 200 nl DMEM drop without serum. After 1 h incubation, only a small percentage 

(less than 10%) of cells in the ‘usual’ control is already not round, and less so in the ‘drop’ 

control (Figure 6Bi-ii). Meanwhile, in drops which footprints have been exposed to serum, 
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this number is increased with the medium volume and incubation period. We suggest that 

the amount of serum components adsorbed to the solid surface affect cell adhesion, 

especially early after cell seeding. This is evident from the fact that the ‘usual’ control 

exhibited low cell adhesion within this short time period, as cells in this case were seeded to 

a virgin Petri dish surface despite being exposed to comparably abundant serum.  

After 4 h incubation, more serum components have been adsorbed to the solid surface, 

and cells continue to attach. Now, in the ‘usual’ control, ~70% cells already show signs of 

adhesion. In contrast, only ~50% do in the ‘drop’ control. We suggest this is due to lack of 

serum components adsorbed to the solid surface, and some might get adsorbed to the 

water/FC-40 interface. This percentage is again higher when the footprint has been pre-

exposed to serum. For example, 70% or more flattened cells are observed in drops which 

footprints have been pre-exposed with 500 and 1000 nl DMEM + 10% FBS for 2 h or 2 d. 

When only 200 nl medium was used in the pre-exposure step, there is a big difference on 

the percentage of flattened cells between 2 h and 2 d exposure – suggesting that within 2 h 

the serum components have not yet reached equilibrium adsorption.  
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Figure 6 Measurement of cell adhesion in drops which footprints have been exposed to medium plus 

serum. (A) The illustration of the test. First, 200 nl drops of DMEM + 10% FBS were deposited, 

overlaid with FC-40, and more medium added to get 200, 500 and 1000 nl drops. These drops were 

then incubated at 37°C for 2 h or 2 d. All liquids were removed prior to depositing 200 nl medium 

containing HEK cells. (B) Results. (i) Representative images of cells in the drops in each condition. 

The controls: ‘usual’ is from cells cultured conventionally in a petri dish and ‘drop’ is from cells 
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cultured in drops without pre-exposure with serum. (ii) Percentage of flattened cells in drops, from 

the ratio of cells that do not appear round with the total number of cells in a drop. Error bar: standard 

deviation (n=3). 

After 24 h, ~94% cells have been flattened in the ‘usual’ control. It is normal to have 

some cells in round state as they proliferate. We can also see in Figure 6Bi that the cells 

grow in clusters, indicating proliferation. Meanwhile, only less than 60% appear flattened 

in the ‘drop’ control. The maximum ratio of flattened cells is shown in drops is ~90%, which 

is observed in drops which footprints have been pre-exposed with 1000 nl DMEM + 10% 

FBS for 2 h and 2 d, and 500 nl for 2 d. The similar end profile suggests that in these cases, 

the water/FC-40 interface has been saturated, and cell adhesion is driven by the amount of 

serum components adsorbed at the solid interface from the pre-exposure step plus the ones 

in the medium which carry cells. However, cells in these drops still do not attach as well as 

the ‘usual’ control, which also confirmed by the images (Figure 6Bi), presumably because 

of the small culture volume (limited nutrients, higher local concentration of signal 

molecules, waste accumulation). A common strategy for this problem is exchanging medium 

more often21, which we expect can improve cell growth here, and it is evident that further 

work needs to be undertaken to understand cell culture behaviour in such systems. 

V. Conclusion 

We assessed biocompatibility of sessile drops, covered with FC-40, on a Petri dish for 

HEK cell culture. We observed that cells in drops do not attach well to the surface compared 

to conventional culture in flask. Cells in 200 nl drops attach better to the surface when serum 

(FBS) concentration in the medium is increased from 10% to 30%. Cell adhesion can also 

be improved by pre-exposing the drop footprint with medium plus serum in standard 

concentration (10% FBS). We suggest that poor cell adhesion in small drops is related to 

serum adsorption to interfaces – in drops with high surface-to-volume ratio, the effects of 
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adsorption of serum components to the solid and liquid interfaces would be amplified. The 

correlation of serum adsorption in drops with cell adhesion and subsequent proliferation 

remains an open question; further research needs to be done to support this hypothesis and 

to optimize this sessile drop platform for cell-based assays. 
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Discussion 

 Overview of previous chapters 

In the four papers in this thesis, new techniques for handling liquids in medium-scale 

drop-based microfluidic devices have been presented, and their biocompatibility issues 

addressed. Two approaches were presented: (1) three phase drops-in-drops microfluidics in 

a Teflon tube (Paper 1 and 2), and (2) sessile drop arrays on a Petri dish (Paper 3 and 4). 

Although the two approaches are fundamentally different, both are similar in a way that, 

unlike many other microfluidic devices, there are no pre-fabrication steps required, as Teflon 

tubes and tissue-culture Petri dishes are commercially available and to be used directly. 

Integrating drops-in-drops with sessile drop systems would result in a platform in which 

liquids can be prepared in a tube prior to being transferred to an empty dish or into pre-

deposited drops on the dish. This integration step is not addressed in the thesis and is 

discussed in the future work section. 

The drops-in-drops approach is expected to be an alternative of the more classical 

flowing drops approach in microfluidics: a Teflon tube is being used instead multiple 

channels in a polymer device, and the flow of the drops is being controlled by the fluid 

mechanics of three of more immiscible fluids in it. This way, the drops can be prepared in 

the tube in advance, and mass transfer can be timely controlled. Paper 1 elaborated this 

approach, and presented some applications including drug screening and protein 

crystallization. Paper 2 then addressed the biocompatibility issues of the system described 

in Paper 1. Genetic expression of mammalian cells in drops-in-drops system has been 

measured and analysed, which leads to the finding that cell viability alone is not a reliable 

measure for fluid biocompatibility. Several fluids and surfactants were then screened for 

their biocompatibility and suitability for drops-in-drops system for cell-based assays. 
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The sessile drop approach provides an easy way to monitor the content of the drops: 

arrays of drops are placed on a standard Petri dish, overlaid with an immiscible liquid to 

prevent evaporation, and anchored by fluid mechanics. In Paper 3, this approach is discussed 

along with the finding that fetal bovine serum (FBS) and serum replacement (SR) 

(commonly used to supplement cell culture media) stabilize pinning lines of drops. As a 

result, the advancing contact angles of the drops increase, and more volume can be added 

without changing the drop footprint. A large working volume is beneficial for many assays 

which require adding and subtracting liquids. Biocompatibility of the system is then assessed 

in Paper 4. Large surface-to-volume ratio of drops was found to negatively affect HEK cell 

adhesion and subsequently proliferation, which is predicted to be an effect of serum 

adsorption at the liquid/liquid interface (serum components cannot be accessed by the cells) 

and solid/liquid interface (cells need to attach to serum components adsorbed to the solid 

surface). One proposed strategy to improve cell adhesion is by pre-exposing drop footprints 

with serum-containing medium before seeding cells onto them. 

 Challenges and limitations 

The aim to develop new techniques for handling liquids as drops has been achieved in 

this study, however their implementation is still in the proof-of-principle stage. The 

challenges and limitations of the proposed approaches are discussed below.   

 Biocompatible drops-in-drops advection 

Although biocompatible fluids and surfactants for drops-in-drops merging have been 

identified in Paper 2, further works need to be done to identify biocompatible fluids and 

surfactants combination for fluid advection system. Fluidic architecture required for this 

approach consists of an oil drop (‘oil’) engulfed by an aqueous phase (‘aq’) within 

fluorocarbon (‘FC’) carrier, and the interfacial tensions (γ) need to satisfy γFC/oil > γFC/aq + 
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γaq/oil. One of the most straightforward ways to achieve this condition is by adding surfactants 

to the aqueous phase, however the ones that are strong enough to stabilize the architecture 

are toxic for cells, e.g., Triton X-100, as demonstrated in Paper 1. Screening wider range of 

water-soluble surfactants to find a combination that both is biocompatible and forms the 

desired structure is expected to address this issue. A biocompatible drops-in-drops system 

would open many applications in cell-based assays, e.g., to monitor cell response to gradual 

drug induction over time or to replenish medium for cell culture in long term. 

 Drop generation frequency 

Many studies in drop-based microfluidics boast the advantage of generating drops in 

high frequencies, often as high as kilo- or mega-hertz range [63, 92, 285]. This thesis 

proposes approaches in which drops are generated by withdrawing liquids into a tube 

(alternating between phases) or depositing liquids to a designated location on a Petri dish. 

Therefore, drop generation frequency depends not only on the liquid pumping rate but also 

mechanics of tube movement. In Paper 3 and 4, the cell printer deposited drops onto a Petri 

dish at a rate of ~1 drop/s, although this can be increased by adjusting the movement speed. 

However, conventional high-throughput microfluidic drop generators usually rely on 

branched channel and can only generate drops from one liquid sample. They are 

advantageous for single cell encapsulation, but adding another sample (e.g., drops 

containing drugs to be merged later with the cells) would greatly increase the complexity of 

the device. Drops-in-drops and the sessile drop systems target different applications – lower 

throughput, but higher flexibility in terms of the number and quantity of the samples. To 

increase frequency, the drop loading/depositing system can possibly be modified, for 

example using a rotating device [69] or several tubes in parallel [286].  
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 Cell culture in drops-in-drops 

Although biocompatible fluids for drops-in-drops approach have been identified, there 

are still some problems with culturing cells for long-term in this device. For suspension cells, 

cells in high concentration tend to clump in a drop as it flows, which is often unfavourable. 

For adherent cells, some solid supports need to be introduced for cells to adhere (e.g., 

alginate beads), but this can complicate visual observation and add noise to the genetic 

measurements. To address these problems, further works need to be done to measure cell 

condition and growth in drops-in-drops, by considering cell concentration and flow rate 

among other factors. Alternatively, the drops-in-drops system can be used exclusively for 

sample preparation, before depositing them as sessile drops. 

 Further work 

Apart from addressing the above limitations, possible works for continuation of this 

thesis are discussed as the following. 

 Integrating drops-in-drops and sessile drop systems 

Both drops-in-drops and sessile drop platforms offer their own advantages; therefore, 

by integrating them, a more complete system can be developed for new applications. In 

previous studies, flowing drops in a microfluidic channel have been deposited on planar 

surfaces, such as dielectrophoretic surface [287], matrix-assisted laser desorption/ionization 

(MALDI) mass spectrometry [140], and digital microfluidic device [220]. Figure 1 shows 

an example of such integrated devices in which the PDMS-based flowing drop part of the 

platform generate picoliter drops (or separates pre-generated drops) and sorts them for ones 

containing tagged cells, determined by an optical detector [287]. Only positive drops are 

then deposited to the surface through a print nozzle for downstream analyses. This type of 
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integration can possibly be adapted to create an interface between drops-in-drops and sessile 

drop platforms. 

 

Figure 1 Example of an integrated device consisted of a PDMS-based flowing drop microfluidic 

system with sessile drop printer on a dielectrophoretic surface [287]. The PDMS device is placed on 

the printer head connected to a nozzle, generates drops using a T-junction channel and sorts the ones 

containing cells or specified molecules. The drops are deposited or printed on a specific location of 

the surface using a programmed x-y-z stage. The surface is overlaid with oil prior to printing. 

Reprinted with permission from [287], copyright (2017) National Academy of Sciences. 

One important factor to consider in this integration step is, unlike in the example in 

Figure 1, drops-in-drop system employs three immiscible liquids. Consequently, there is one 

additional liquid which is not needed for the sessile drop system and can disrupt the drop 

depositing process. One possible way to solve this problem is by using a solid surface which 

strongly prefers the aqueous phase and the fluorocarbon, and at the same time repels the oil. 

 Biocompatibility test with different cell types 

In this thesis, only limited cell types were used in the biocompatibility studies, 

especially for the sessile drop system. As the images of cells can be easily captured in sessile 

drops, more intensive studies on cell morphology, proliferation and other behaviour can be 

performed. For example, in Paper 4 the quantification of cell adhesion is only based on 

whether the cells changed their shape or not, however in future works cell area can also be 

measured as an indicator for adhesion. There are also many other cell types with their 

different characteristics; testing biocompatibility with several other cell types could provide 

more information for future users of this technology. 
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 Adsorption of serum components to interfaces 

Adsorption of serum components at solid and liquid interfaces has been suggested to 

affect sessile drop contact-line pinning (Paper 3) and cell adhesion in drops (Paper 4). 

However, the responsible molecules and mechanism have not been identified yet. To find 

serum components inducing contact-line pinning, sessile drops containing different well-

defined proteins or protein combinations can be tested for their advancing contact angle. 

Serum and protein adsorption dynamics especially at liquid/liquid interface can be studied 

by measuring dynamic interfacial tension. Understanding the mechanism of serum 

components adsorption to solid and liquid interfaces, and also the contact line would be 

beneficial in designing a biocompatible sessile drop platform for assays involving cell 

culture.  
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Appendix A: List of Measured Interfacial Tension 

Below is a list of equilibrium interfacial tension of different fluids measured with pendant 

drop method. A small drop (~500 nl) of the heavy phase fluid (fluid with higher density) is 

formed at the tip of a needle connected to a Teflon tube and syringe pump (Harvard Ultra) 

for volume and flow rate control. The drop is then immersed in the light phase fluid (the one 

with lower density) loaded in a transparent polystyrene cuvette. The interfacial tension is 

calculated using software and hardware provided by First Ten Angstroms, which requires a 

length scale to be defined (i.e. needle tip as measured with a digital caliper) and fluid density 

as provided by the manufacturer. Measurements were taken at room temperature and after 

the system reaches equilibrium. Average value and the standard deviation are calculated 

from three independent single measurements or from three time points of one drop after 

reaching equilibrium in longer-term measurements. 

 

Heavy phase Light phase Interfacial tension (mN/m) 

HFE-7500 air 16.01 ± 0.13 

 pure water 35.80 ± 0.11 

 RPMI + 10% FBS 24.25 ± 0.28 

 Tetradecane 2.29 ± 0.09 

 Tetradecane + 0.25% Span 80 2.31 ± 0.05 

 Tetradecane + 1% Span 80 2.31 ± 0.03 

 5 cSt silicone oil <1 

 5 cSt silicone oil + 0.25% Abil EM180 <1 

FC-40 air 16.04 ± 0.28 

 pure water 53.09 ± 0.26  

 DMEM 41.10 ± 0.60 

 DMEM + 10% FBS 21.24 ± 0.65 

 RPMI + 10% FBS 33.37 ± 0.49 

 Tetradecane 5.95 ± 0.15 

 Tetradecane + 0.25% Span 80 5.96 ± 0.15 

 Tetradecane + 1% Span 80 5.96 ± 0.14 

 5 cSt silicone oil 4.14 ± 0.13 

 5 cSt silicone oil + 0.25% Abil EM180 4.01 ± 0.05 

HFE-7500 + FC-

40 (1:1 ratio) 

air 16.12 ± 0.33 

pure water 49.51 ± 0.59 
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RPMI + 10% FBS 30.43 ± 0.36 

Tetradecane 3.93 ± 0.15 

 Tetradecane + 0.25% Span 80 3.91 ± 0.15 

 Tetradecane + 1% Span 80 3.84 ± 0.26 

 5 cSt silicone oil 1.71 ± 0.14 

 5 cSt silicone oil + 0.25% Abil EM180 1.76 ± 0.09 

RPMI + 10% FBS Tetradecane 17.7 ± 0.40 

 Tetradecane + 0.25% Span 80 1.88 ± 0.22 

 Tetradecane + 1% Span 80 1.26 ± 0.06 

 5 cSt silicone oil 19.39 ± 1.09 

 5 cSt silicone oil + 0.25% Abil EM180 5.69 ± 0.31 
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Appendix B: Comments on the contact angle of a 

sessile drop immersed into a liquid 

 General Young’s equation  

For a partially wetting liquid on a solid substrate at equilibrium, as sketched in Figure 

1, equating the capillary forces at the contact line results in the following relation known as 

Young’s equation [1-4], 

𝛾𝐿𝐺 cos 𝜃 =  𝛾𝑆𝐺 −  𝛾𝑆𝐿 (1) 

where γLG, γSG and γSL are the interfacial tension of the liquid/gas, solid/gas and solid/liquid 

interfaces, respectively, and θ is the contact angle. Note that here gas could be replaced with 

a second liquid for the immersed drop case. 

 

Figure 1 Illustration of a sessile drop on a solid substrate. Balance of interfacial tensions (γ) between 

the three phases – liquid/gas (LG), solid/gas (SG) and solid/liquid (SL) – forms a contact angle θ at 

the triple contact line, i.e. the intersection of the three interfaces.  

 Young’s equation for two liquids on a solid substrate 

In the case of Paper 3 and 4, the sessile drop (liquid 1) on a solid substrate is immersed 

in a second liquid (liquid 2). Assuming the contact angles of liquid 1 and liquid 2 on the 

substrate (in air) are known, the contact angle of liquid 1 immersed into liquid 2 on the same 

substrate can be deducted from the above Young’s equation [4]. Young’s equations for each 

liquid are 

𝛾𝐿1,𝐺 cos 𝜃𝐿1,𝐺,𝑆 =  𝛾𝑆𝐺 −  𝛾𝑆,𝐿1 (2) 
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𝛾𝐿2,𝐺 cos 𝜃𝐿2,𝐺,𝑆 =  𝛾𝑆𝐺 −  𝛾𝑆,𝐿2 (3) 

Combining Equation (2) and (3) yields 

𝛾𝐿1,𝐺 cos 𝜃𝐿1,𝐺,𝑆 − 𝛾𝐿2,𝐺 cos 𝜃𝐿2,𝐺,𝑆 =  𝛾𝑆,𝐿2 −  𝛾𝑆,𝐿1 (4) 

For the case in which liquid 1 is immersed into liquid 2, liquid 2 replaces gas in 

Equation 1, therefore the Young’s equation is 

𝛾𝐿1,𝐿2 cos 𝜃𝐿1,𝐿2,𝑆 =  𝛾𝑆,𝐿2 − 𝛾𝑆,𝐿1 (5) 

Combining Equation 4 and 5 we could obtain the following equation [4], 

cos 𝜃𝐿1,𝐿2,𝑆 =  
𝛾𝐿1,𝐺 cos 𝜃𝐿1,𝐺,𝑆 − 𝛾𝐿2,𝐺 cos 𝜃𝐿2,𝐺,𝑆

𝛾𝐿1,𝐿2
 

(6) 

𝜃𝐿1,𝐿2,𝑆 =  cos−1 (
𝛾𝐿1,𝐺 cos 𝜃𝐿1,𝐺,𝑆 − 𝛾𝐿2,𝐺 cos 𝜃𝐿2,𝐺,𝑆

𝛾𝐿1,𝐿2
) 

(7) 

 Calculating liquid/liquid/solid contact angle for the case in Paper 3 

For the case of sessile drops on polystyrene tissue culture Petri dish (PS) as in Paper 

3 and 4, Table 1 lists the parameters to be used for estimating contact angles in FC-40. FC-

40 contact angle is measured as approximately zero as it appears to completely wet the Petri 

dish surface.  

Table 1 Parameters used to predict sessile drop contact angles in FC-40/on a Petri dish  

Liquid 

Surface 

tension γLG 

(mN/m) 

Reference 
Contact angle 

θ (°) 
Reference 

water 72 [5] 55 Paper 3 (SI) 

DMEM 72 [6] 43 Paper 3 (SI) 

DMEM + 10% FBS 52 [6] 41 Paper 3 (SI) 

FC-40 16 Appendix A 0 Measurement 

 

Table 2 presents the predicted liquid/liquid/solid contact angle based on calculation 

with Equation (7). The measured contact angles are taken from the Supplementary 

Information of Paper 3 (Figure S1). 
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Table 2 Calculated and measured contact angles of different liquids on a Petri dish surface, immersed 

in FC-40 

Liquid (immersed in 

FC-40) 
Calculated cos-1 θ  

Calculated contact 

angle θ (°) 

Measured contact 

angle θ (°) 

water 0.48 61 78 

DMEM 0.89 27 64 

DMEM + 10% FBS 1.10 - 73 

 

In Table 2, the calculated values of the contact angle are well below the measured 

value. We suggest several reasons for this. First, since the drops are deposited after the Petri 

dish is filled with FC-40, the liquid has to displace the FC-40 to reach equilibrium. 

Therefore, the measured contact angle values are closer to the advancing contact angle 

values. This argument is supported by the fact that the measured water advancing contact 

angle is ~80° (Figure S1, Paper 3), close to the measured contact angle 78°. The calculated 

contact angle is an equilibrium value which is between the receding and advancing contact 

angle values. Second, as discussed in Paper 3, contact line pinning due to molecule 

adsorption can prevent spreading. Due to this pinning effect, the contact angle of DMEM + 

10% FBS in air (Table 1) is presumably overestimated, which in turn affects the calculation 

of predicted contact angle in Table 2 (here the liquid is predicted to spread). Since contact 

line pinning prevents spreading, the measured contact angle of this liquid also becomes 

higher. 
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