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Abstract  
The characteristics of an individual cell might be obscured by focusing on the cells in a group. 
The discoveries that cell populations almost always are heterogeneous in function (White, Spiller 
et al. 2010). Microfluidics is a technique working with fluids, geometrically constrained  on the 
micro scale (Kirby 2009). The development of microfluidics enables an accurate approach which 
can facilitate the understanding of individual cell behavior and lead to the application area of ul-
tra-fast screening, sorting and analysis of varied subpopulations. Microfluidic technologies are 
reinventing conventional molecular biotechnology procedures and enabling the rapid screening 
of single cells/clones.  
 
Droplet microfluidics is a widely used set of techniques, which geometrically restrain fluids into 
accurate sub-milliliter scale (Kirby 2009). Droplet manipulations included fusion, mixing, incu-
bating, sorting, etc. These functionalities could be useful in many assays. We selected and com-
bined the desired functionalities to examine the droplets size changes.  
 
We encapsulated yeast cells in droplets and found that droplets containing yeast cells had shrunk 
whereas the droplets without yeast cells maintained their size, in accordance with the results pub-
lished by Joensson et al. We made a hypothesis that osmosis was the major effect responsible for 
droplet size variation. An osmosis model system was designed to examine the two droplet popu-
lations where glucose concentration was the sole varied parameter. A cell-free system similar to 
the osmosis system was designed where one population of droplets contained media supernatant 
which had encountered yeast cells and another population which had not. All tested schemes led 
us to conclude that osmosis induces droplet size change.  
 
The potential of size variation of droplets suggested that droplets could be sorted into sub-
populations by the size based deterministic lateral displacement (DLD) technique. This mecha-
nism may play a vital role in ultra-fast screening and separating of droplets moving forward as it 
could enable separation of droplets by size based on droplet content variations.  
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Chapter 1: Introduction 
 
The heterogeneity among individual cells within an isogenic cell population is a prevalent topic 
(Nolan, Irish et al. 2006). The biological entities variation including gene stochasticity and pro-
tein expression at single cell level were indicated in different systems by implementing numbers 
of techniques (Schena, Shalon et al. 1995; Cai, Friedman et al. 2006). Thus, to analyze cell’s 
constituents one by one with high temporal and spatial resolutions were demanding and develop-
ing a more accurate approach for investigating and measuring of cell-to-cell varieties, and also 
avoid obscured stochasticity masking among averages. Toriello et al’s reported GAPDH gene 
knockdown result which individual Jurkat cells had very different responses when treated with 
the same amount of siRNA, and the result of individual knockdown effectivity could not be un-
derstood by analyzing the averages (Toriello, Douglas et al. 2008).  
 
It is a necessity to measure molecular signature within single cells to fully comprehend the cellu-
lar specificity and complexity. The representative number of copies of the expressed proteins 
could differ from a few to billions by cell-to-cell quantification (Kettman, Coleclough et al. 
2002). However, individual cells still demonstrated distinct heterogeneity, when they were de-
rived from autologous tissue (Liu, Long et al. 2009). Certain tissue micro-environments under 
physiological condition also have to be considered while reinforcing to articulate single cell het-
erogeneity.  
 
The difficulty of proteomics studies at the resolution of single cell level was challenged by the 
extremely limited quantity of proteins in a single cell. Many initiative efforts were employed to 
increase the amount of protein, in contrast to nucleic acid,  no amplification methods have yet 
been invented to overcome this problem. The combination of manipulating a sufficient amount 
of samples and ultra-sensitive method of detecting/screening has been suggested to be a better 
solution to circumvent the bottleneck of low quantity. 
 
Microfluidics has become a well-fitted technical solution to analysis and screening the low-
quantities of single cell proteomics.  In practices, some routine single cell isolation techniques 
were not capably to be adapted to microfluidics devices for manipulating single cells precisely 
and efficiently. A novel droplet microfluidics encapsulation can disperse single cell and allow it 
passing along in a continuous mobile aqueous phase (Emmert-Buck, Bonner et al. 1996). The 
capsulation can generate a pico- and femto- liter volume of droplets with in single cell, also low-
ering the amount of required reagents (Chiu and Lorenz 2009). Recently, high throughput hydro-
dynamic single cell encapsulation scaled to picoliter has been developed and used to perform hy-
drodynamic sorting of cell containing droplets (Joensson, Uhlen et al. 2011). Biomedical re-
search are embracing this novel technique, for instance, has been implemented for droplet con-
tents analysis in single droplet by Mass Spectrometry (Fidalgo, Whyte et al. 2009). 
 
Cell induced shrinking in droplet microfluidic is a interesting phenomenon. Joensson.et al have 
demonstrated that droplets containing yeast cells shrunk whereas droplets without cells maintain-
ing their sizes(Joensson, Uhlen et al. 2011). To use size differences between the droplets that 
contain yeast cells compared to droplets that did not contain any cells to sort these droplet popu-
lations by the deterministic lateral displacement (DLD) method. This study investigated the 
mechanism of cell-induced droplets shrinking and to get better understand the osmosis effect in-
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duced droplet size changed. The shrinking effect will be important to single cell encapsulation 
enabling fast screening in droplet microfluidics system.  
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Chapter 2: Backgrounds 
 
Droplet Microfluidics 
Droplet microfluidics is dealing with regulation of formation and manipulating mono-dispersion 
of nano- and pico- volume droplets of one fluid phase in a second continuous fluidic phase (Teh, 
Lin et al. 2008). Droplet formation is contributed by stress competition. Surface tension reduce 
the interfacial region when viscous stress increase and drag the interfacing segment downward-
stream (see Fig 1). There are several physical factors dictating the formation of droplets that de-
pendent to the balance between viscous shear force and surface tension in a interface (Taylor 
1934). 

 
Fig 1. The generating dispersed single droplets. From the left, the continuous aqueous stream 
(blue) travels through the horizontal channel of the microfluidic chip. At the intersection, two 
oil-channels (arrows indicate flow direction) break off the aqueous stream and generate drop-
lets.  
 
The breaking up of one liquid phase will form a colloid. Emulsions are colloids, which keep their 
stability by a presented surfactant. Monodispersion defined as a collection of same shape and 
size of particles, is a way to generate the same size of droplets via break-off from an aqueous 
phase into a continuous oil phase at a T-shape intercross junction under pressure-driven flow 
(Thorsen, Roberts et al. 2001). It has been shown that microfluidic devices can produce droplet 
at rate of 0.1 Hz to 10 kHz (Nisisako and Torii 2008). There were a couple of regimes explained 
droplet generations by pressure-driven flow (Fig 2) (Anna, Bontoux et al. 2003). The most com-
mon used for single cell encapsulation is the one broken-up of aqueous phase by co-flow stream.  
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Droplet manipulations 

 
Fig 2. Schematic shows the different regimes of droplet generation. A) B) C) The cross-flowing 
and co-flowing performed droplets break-up. D) Microscope image of flow focusing. E) Droplet 
jetting. (Garstecki, Gitlin et al. 2004) (Figure reprinted from the (Joensson, Uhlen et al. 2011) 
with permission) 
 
-Splitting, fusion, mixing, incubating 
 
A restrict size of droplets is a critical processing of droplet manipulation. The size changes could 
result from the bio-physiological content changes, which were directed for potential application 
of droplets sorting or droplet containing bio-molecules detection in diagnostic applications (Ei-
cher and Merten 2011).  
 
The basic droplet manipulation is splitting, it dependent to the chip geometry and fluids. One of 
the very early tests of droplet splitting has done by Link et al (Link, Anna et al. 2004). The hy-
drodynamic resistance in the output arms of the T channel explains the process of droplet split-
ting.  
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Fusion is really useful for delivering reagent to the droplets. For fusion of droplets, there’re two 
necessities to achieve: droplets-in-contact and disruption of surfactant’s layer. Laser heating (Ba-
roud, Delville et al. 2007) and electric field gradient (Chabert, Dorfman et al. 2005) could disrupt 
the surfactant’s layer. 
 
Droplet mixing is performed by chaotic advection squeezed droplets and transported them onto 
microfluidic channels (Ismagilov, Tice et al. 2003). Incubation are widely use for biologically 
based assays. To exactly control incubation time is the essential and it deals with   battling of hy-
drodynamic resistance in the channel (Brouzes, Medkova et al. 2009). 
 
-Sorting 
 
Basically, to separate two or more populations is accomplished by sorting. Fluorescence acti-
vated cell sorting (FACS) is a most prevalent technique used for cell sorting. It detects the cell in 
an aqueous droplet among a space of air, and sorted out by charging with either side of elec-
trodes based on measure the cells fluorescence signal, and can sort cells at rate of ~70.000 
cells/sec (Bonetta 2005). FACS machine also has been used for sorting polydispersed emulsions 
(Tawfik and Griffiths 1998). 
 
The droplet generation in microfluidics is done by using dielectrophoresis or localizes heating 
(Kim, Lee et al. 2006; Link, Grasland-Mongrain et al. 2006). However, the limitation of 
throughput is dependent on the structure of the Y-junction in the device. An improvement could 
be accomplished by including a bypass channel inaccessible to the droplets at the Y-junction 
(Schindler and Ajdari 2008). 
 
Hydrodynamic effects and a structure based method shed light on new area of separation. Ray-
leigh-Plateau instability is the basic mechanism used for separating droplet in hydrodynamic 
device, like droplet generated by jetting, or employing Y-fork channels and negative pressure 
outlets (Chabert and Viovy 2008; Mazutis and Griffiths 2009). In microfluidic devices, the hy-
drodynamics resistance plays a key role in operation of sorting and other functions.  
 
Kirchhoff’s laws for electric circuit:  ΔP=Rfluid Q.   
 
The Rfluid is defined as the ratio of pressure loss to volumetric flow. The flow rate (in the chan-
nel) is Q. Q is proportional to the ΔP (applied pressure drop). 
 
The sum of in-chip pressure is limited and determined by the maximum size of one single po-
lymeric device. Physicochemical inter-bonding will disconnect when the excessive pressure   
recorded.  
 
Hydrodynamic droplet separation modules have great advantages for sorting droplets based on 
size, since it does not need any voltage input, or laser/electric measurement. This robust sorting 
method used Deterministic lateral displacement (DLD) technology, which is a structure-
dependent separation by particle size (Huang, Cox et al. 2004). Joensson et al utilized this 
method to sort out different size of droplets (Joensson, Uhlen et al. 2011).  A laminar flow run-
ning through a tilted pillar array structure formed a hydrodynamic environment, it necessary and 
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useful for DLD method to perform particles separation according to the variation of particle 
sizes.  
 
The tilted pillar array was organized to perform hydrodynamic sorting.  The equal row spacing 
was structured and allowing the droplet, which its size smaller than the critical diameter (Dc) 
will follow the direction of the vertical laminar stream. Whereas the droplets that sizes greater 
than Dc will be redirected to the lane of tilted pillar (see Fig 3). The separation resolution of 
DLD was 0.9-8µm in solid particles. (Huang, Cox et al. 2004; Inglis, Davis et al. 2006). The ar-
ray’s period was defined by the row shift fraction: ε = d / w. 
 
The ε is the row shift fraction. Each row of pillar is shifted horizontally with respect to the previ-
ous row by d. The d represented the distance of each row of pillars is shifted. Two adjacent pil-
lars in the same row, there is a w measured the distance from center to center of two adjacent pil-
lars. To separate the particles, the critical diameter is described as equation shown here: 
                                                                    DC = 2ηGε 
Dc is the distance between two adjacent pillars alined in the same row. The η is a non-unit 
parameter. If η bigger than 1, it means that a parabolic flow is formed in the pillar array, which is 
the result from pressure driven flow. G is the gap width of the pillar array.  

Fig 3. A) Illustration of a DLD array (top view). The circular shapes represented pillars. Solid 
black line represents the laminar flow, flow direction marked by a dark arrow. Particles are 
smaller than the critical diameter (Dc), will direct and follow direction of the green dash line. 
Whereas the particle larger than the Dc will be deflected at each pillar row, result in that it fol-
lows a tilt of array (the pink dash line). B) The array design of DLD device showing the pillar 
distance (w), pillar width (G) and shift distance (d).  Image reprinted with permission from HN 
Joensson 2011 
 
 
Droplet based single cell encapsulation and Poisson distribution occupancy 
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To encapsulate single Saccharomyces cerevisiae yeast cell in single droplet is a crucial process 
for rapid screening. Yeast cells are characterized by budding growth; the budding yeast cells at-
tached to their mother cells and keep growing. This growth profile presented as a thick group of 
cell clumps causing difficulties in performing single cell assays. The process with encapsulation 
of cells in droplets results in a number of droplet populations.  
 
The Poisson distribution is used to build a model that explained the different fractions of droplet 
containing numbers of yeast cell/cells. Poisson is the statistics method used to predict the distri-
bution of the fractions of droplets containing certain numbers of cells.  
 
The equation is:  f (k; λ) = (λk e -λ) / (k!)  
 
Where λ is the mean value of cells per droplet, f is the frequency by which a vessel will be occu-
pied by cells (k) objects given a mean-value of objects per vessel.   
 
As the Poisson distribution used to interpreted the statistics of cell occupancy in droplet,  it has 
been shown to be  impossible to gain a uniform population of single cell in single droplets, not 
even as a dominant proportion given a random distribution of cells (Huebner, Srisa-Art et al. 
2007). 
 
To circumvent the Poisson distribution cell occupancy, many technical practices were developed 
to improve the single cell assay in ultra-throughput injection by operating inertial effects in nar-
row channels (Toner, Edd et al. 2008). However, to allow single cell droplet microfluidics follow 
Poisson distribution cell occupancy is not an essential problem according to most of reports. To a 
certain extent, non-cell droplet could be taken into account as an internal control in the experi-
mental assay. Single cell droplet analysis has been served ranges of biomedical applications, 
such as drug screening (Brouzes, Medkova et al. 2009), DNA sequencing (Tewhey, Warner et al. 
2009). 
 
Polydimethyl	  Siloxane 
PDMS is widely use polymeric organic silicon material, it consist of numbers of monomer -
Si(CH3)2O-. There are several useful features of PDMS which are utilized in fabrication of 
droplet micofluidics chip, namely, inert chemically, transparent in the wavelength region of UV-
visible, non-toxic and elasticity. PDMS is non-permeable to water, however is permeable to gas-
es. It is also a cost-effective material (Becker and Locascio 2002). 
 
Pseudo surfactant  
Surfactant is needed to reduce the surface tension and stabilize droplets. Holtze et al performed a 
series of experiment to evaluate the biocompatibility of surfactants for water-in-fluorocarbon 
emulsions. Krytox is a perfluorinated polyehters (PFPE) based surfactant (Fig 4), but it has an 
ionic group and this charged group may interact with oppositely charges biomolecules. This 
might be an obstacle in respect of interaction between charged group when assays with 
biomolecules are used in combination with krytox stabilized droplets. 
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Fig 4. The chemical structure of PEG-PFPE surfactant. Entire structure of amphiphilic di-block 
co-polymer PEG-PFPE biocompatible surfactant. (Coutersy of Joensson et al)	  
 
Chapter 3: Materials and methods 
 
Reagents  
Chip manufacturing reagents: Polydimethyl Siloxane Sylgard 184 (Dow Corning), Polyethere-
therketone, PEEK tubing (Zeus and Upchurch), Glass slides (Corning).  
 
Cell culture reagents: Yeast Extract (BD), Peptone (BD) and D-glucose (Sigma Aldrich). 
 
Emulsifying reagents: Hydrofluoroether oil HFE-7500 (3M) with 0.5% EA surfactant (Rain-
Dance Technologies) a PEG–PFPE amphiphilic block copolymer (Anna, Bontoux et al. 2003). 
Fluorinert FC-40 (3M) with 2% PFPE-PEG block-copolymer surfactant.    
 
Buffers reagents: PBS (EMD), Fatty acid free Bovine Serum Albumin, BSA (Sigma Aldrich), 
and Pluronic F68 (Cellgro, Mediatech).  
 
Labeling reagents: Carboxyl-Fluorescein (Merck). 
 
Pseudo	  surfactant	  test 
FC40 oil with Krytox had been shaken together with aqueous BSA (fetal bovine serum) solution 
to examine emulsion stability. These experiments seemed to indicate that decently stable emul-
sions were generated at all conditions (Krytox 0-10% and BSA 0-10%) except for when krytox 
concentration was 0%. The series of concentration of components were listed in Table 1. 
 
A range of Krytox concentrations in FC40 oil and a range of concentrations of aqueous BSA 
were used to generate droplets on a standard droplet generation chip. The properties and the sta-
bility of the generated droplets were evaluated. 
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Krytox % BSA % 

2.5 3 

2.5 0.5 

5 0 

5 0.05 

5 0.5 

10 0.2 
Table1.	  A	  range	  of	  Krytox	  and	  BSA	  concentrations	  were	  employed	  to	  test	  the	  stability	  of	  drop-
lets. 
 
All concentrations are given as w/w. An oil flow rate of 600µL/hour and an aqueous phase flow 
of 50µL/hour were used to generate the droplets that were re-injected. Other flow rates were test-
ed sporadically and appeared to give similar results. 
 
Microfluidic	  chips 
The soft lithography technique was mainly used to fabricate the droplet microfluidics device. A 
master as a mold by fabricated on a 4″ silicon wafer. The SU-8 (MicroChem) positive relief 
structure was placed on the top of wafer, was formed the structure of channel via negative SU-8 
photoresist formulation. A mixture of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) 
and curing agent mixed at a 10:1 (w/w) ratio, is put onto the master mold. This is degassed to get 
rid of air bubbles followed by incubation at 65 °C for more than 45 minutes to cross-link the 
substances.  
 
The crosslinked PDMS was cut off and a Harris Uni-Core biopsy punch (Ted Pella) was used to 
make 0.75 mm inlet and outlet ports. These ports allow for external tubings to be connected to 
the channel for sample convection and collection. The hole-making might result in a few pieces 
of PDMS fragments. To remove these fragments, scotch tape (3M) was used to scrub a couple of 
times on the surface.  
 
One microscope slide (Corning) and one polymerized PDMS is placed in the oxygen plasma 
chamber. Note, for the polymerized PDMS, the channel’s side has to face up in order to makethe 
channel hydrophilic. This is then exposed to oxygen plasma (PlasmaLab 80, Oxford Instruments) 
for 60s. The PDMS is irreversibly sealed to a glass microscope slide to the PDMS by oxygen 
plasma bonding. This droplet microfluidics device was assembled according to Fig 5. 
 
A surface treatment is done by treated a coating agent (Aquapel, PPG Industries), and flushed 
throughout the microchannel surface. The height of channel is 30 µm. 
 
There were two types of microfluidic chips designed for droplet shrinking experiments. They are 
a pair of similar functional circuits: droplets generation and re-injection. The droplet generation 
chip consisted of four functional connective parts: one oil inlet, one aqueous inlet, one collection 
outlet and one waste outlet. In the re-injection chip, the aqueous inlet was replaced by an emul-
sion inlet, and collect outlet was used for sample collection. Fig 6 demonstrated the design of the 
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chips schematically. Joensson. et al designed the master by AutoCAD 2010 (Autodesk, Inc. 
USA) and we used the same master to make the chips for all the experiments (Joensson, Uhlen et 
al. 2011).  

Fig 5. Schematic view shows the pre-bonding process of droplet microfluidics device. PDMS and 
glass slide were irreversibly bonded using oxygen plasma. The drawing is neither to scale, nor to 
the actual chip design.  
 
 
Cell culture and media 
Two Saccharomyces cerevisiae strains UV0 and NC were cultured in YPD medium (0.01 g/ml 
Yeast Extract, 0.02 g/ml peptone and 0.02 g/ml D-glucose) at 30°C respectively. The YPD me-
dia was autoclaved.  There were two type of glucose based medium used for the osmosis ex-
periment, one is YPD, another one is YPD-glucose. For detection purpose, we added 1µM fluo-
rescein into the YPD media and mixed properly. YPD-glucose media (0.01g/ml Yeast Extract, 
0.02g/ml peptone) was used without any labeling agent.  
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Figure6. A shows the droplet generation chip, and B is the droplet re-injection chip schemati-
cally.  In the generation chip, the oil inlet that flank out by the nozzle is 15µm wide, the aqueous 
inlet pointing to the nozzle is 30µm wide,, the waste outlet share the same width as the oil inlet’s 
main channel, the collect outlet channel increased to 200µm.  The laser detection spot is located 
before analysis spot and after the nozzle. The figure is not to scale. (Figures reprinted from 
(Joensson, Samuels et al. 2009)) 
 
Droplet station experimental setup 
Two cell population analyses by osmosis shrinking tests were performed in the droplet station. 
The droplet station is an integrated laboratory platform, it comprise several major functional ap-
paratuses: syringe pump and optical equipment. 
 
The syringe pump (neMESYS, Centoni Gmbh and PhD 2000, Harvard Apparatus) is used for 
sample injection, re-injection and droplet emulsion collection. Two types of media were used to 
perform aqueous droplet generation via syringe pump. The pump provides a constant flow rate. 
A stream line carrier fluid of fluorocarbon-oil-surfactant was driven by actuated pressure.  
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Figure7. Schematic shows the drawing of optical setup. 
 
The microfluidic devices were placed on an inverted microscope (IX50 Olympus). Images were 
acquired and recording through a CCD camera (Stingray, Allied Vision Tech). And both of the 
10x and 40x objectives (Olympus) were used to inspecting droplets. The excitation signal main-
tained through a installed 491 nm (50 mW) laser (Cobolt AB). In order to collect the fluores-
cence signal, the 40x objective was used for collection. The collected signals were split into two 
distinct beams of different wavelengths by two different photomultiplier tubes (PMT) (Ha-
mamatsu). The schematic optical setup was shown in Fig 7. The home-made program was writ-
ten by Joensson in Labview (National Instruments) software and assigned to do data analysis 
(Joensson, Uhlen et al. 2011).    
 
Droplet generation 
HFE (HFE-7500, 3M) was commercially available products that have inertness dielectric proper-
ties of perfluorocarbon (PFCs) and perfluoropolyethers (PFPEs). It was use together with 0.5% 
(w/w) EA surfactant (RainDance Technologies), and a PEG–PFPE amphiphilic block copolymer  
in the whole set of experiments (Holtze, Rowat et al. 2008). 
 
The flow rates used were 150 µl/h aqueous solutions (YPD medium and YPD-glucose medium) 
at the aqueous inlet and 850 µl/h oil at the oil inlet for the droplet generation; this will produce 
the same size 32 µm for the droplets at the beginning of generation. The YPD droplets were gen-
erated for 20 minutes, and the YPD-glucose droplet was generated for 14 minutes.  
 
Single cell for encapsulation  
Droplets were generated from YPD media containing S.cerevisiae at a concentration of 7.1x107 

cells per ml. The yeast cells were collected by centrifugation (2500 rpm) and resuspended in 
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phosphate buffered saline (PBS). 1 ml PBS containing yeast cells was transferred to an Eppen-
dorf tube, and kept them in a beaker filled with ice. A sonication process was done by use low 
intensity (amplitude #1, energy: 40% which equals to 190 W) treated cells for 20s in the sonica-
tor (Heat Systems-Ultrasonic, Farmingdale) (Goihman-Yahr M 1979). 
 
Droplet shrinking characterization 
The two populations of droplet emulsions were collected in the same syringe (BD) by the collec-
tion outlet at a flow rate of 950 µl/h, and the collection syringe was kept in an incubator at 30°C 
for 16 h. Droplets were re-injected into the re-injection chip, and dispersed by oil. All the drop-
lets individually passed through a laser analysis spot at a constant flow rate. PMTs started to col-
lect the emitted fluorescent when a single droplet passed the spot.  
 
Droplet generation pictures  
Fig 8 shows an image of a large section in the droplet generation chip, recorded by the software 
(Stingray, Allied Vision Tech). 
 
We collected fluorescence data by acquired a set of raw trace of PMT voltage for a certain ap-
plied gain voltage. This gain voltage setting was kept constant during in the entire experiment. A 
threshold could be adjusted according to the lowest allowed-to-collect droplet fluorescence. 
While acquired data, the gain was kept without any changed between experiments. The length of 
data acquisition was counted as second, 60s of data (the software was programmed to acquire 
100,000 data point/ sec for measuring the width of droplet) was collected in every single experi-
ment. Coalesced droplets and paring droplets fluorescent signals were fully recorded during ac-
quiring raw data, but was processed as out-of-gain data afterward. Droplets size measurement 
performed by camera (Stingray, Allied Vision Tech) captured the pictures while running droplet 
generation and using Image J (National Institutes of Health, USA) software to measure the 
recorded pictures. 

Figure8. Large view of a droplet generation circuit demonstrating YPD media containing 32 
µm of diameter droplets were being generated. 
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Data	  collection	  and	  analysis	  
We used two approaches to measure the droplet size. The one was laser-induced fluorescence 
detection that is measured the time of a droplet to pass through the laser analysis spot at a con-
stant speed, the time proportional to the droplet width. Another one was microscopy imaging.  
 
Fluorescence data were converted into electrical signal by PMT, and collected as a raw trace of 
PMT voltage for a certain applied gain voltage. The gain voltage keeps the same in whole ex-
periments. The detection of droplets performed by set a threshold for a minimum allows droplet 
fluorescence.  
 
Data that such as droplets coalesced and paired-droplets passed the detection were taken into ac-
count as out-of-major droplet population, for convenience, were excluded in the analysis.  
 
 
Chapter 4: Results and discussion       
 
Pseudo surfactant: 
 
Krytox	  2.5%	  and	  BSA	  3%	  
Observations: 
A few of channel wetting event were evident during drop generation. (See Fig A) 
 
The aqueous phase wet the hydrophobic channel walls.  This is thought to be because the protein 
sticks to the surface and makes it more hydrophilic. The phenomena will eventually compromise 
the stability of the drop generation and drop processing on the chip and is therefore to be avoid-
ed.  
	  
	  
	  
	  
	  	  
	  
	  
	  
	  
	  
	  
	  
Fig A Channel Wetting at drop generation for               Fig B Distorting for Krytox 2.5% and BSA 3%. 
K 2.5% and BSA 3% 
	  
When drops entered a wide channel, heavy deformation of droplets was observed. They lined up 
like pancakes close to each other. This phenomenon will hereafter be referred to as “distorting”. 
(See Fig B) 
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Upon being subjected to stress in the flow pattern drops were deformed into banana-like shapes 
and satellites were released (See Fig C.) 
 
 
 
 
 
 
 
 
 
 
 
 
	  
	  
	  
	  
	  
	  
Drops seemed moderately stable on re-injection. Both larger drops and satellites were observed 
but most drops seem to retain their most of their volume. (See Fig D) 
	  
Krytox	  5%	  and	  BSA	  0.5%	  
Rational:  
 
Krytox concentration was increased to provide better stabilization of the droplets and BSA con-
centration was reduced to wetting of the walls, distorting and drop deformation. 
Observation: 
Droplet generation worked well. Less wetting of walls were observed and the generation is 
thought to be more stable over time than it was for the 3% BSA case. (See Fig E) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig E. Droplet generation for 5% Krytox 0.5% BSA         Fig F. Moderate distorting for 5% Krytox and 0.5% BSA 
	  

  

  

Fig C. Krytox 3% BSA 2.5% used for 
droplets generating and being collecting. 
Some droplets are deformed and many 
satellites droplets are evidenced.  

Fig D. Reinjected droplets, moderately 
stable to coalescence but many deforma-
tions and satellites. 
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When drops entered the wide channel, distorting phenomenon was observed. Drops were not de-
formed to the same extent as in the previous experiment. (See Fig F) However, drops were prone 
to break apart when subjected to stress. In some occasions many satellite droplets were gener-
ated. (see Fig G) 
 
 
 
 
 
 
 
 
 
 
	  
Fig G. Satellites after droplet generation for                     Fig H. Re-injected droplets, 5% Krytox and 0.5% BSA 5% 
Krytox 0.5% BSA 
	  
Drops seemed more stable on re-injection. Many satellites and some coalesced drops were how-
ever observed, but the majority of drops had retained their round shape and size. (See Fig H) 
	  
Krytox	  5%	  and	  BSA	  0%	  
Rational: 
The need for protein to stabilize the droplets was evaluated. 
Observations: 
Droplet generation worked well 
 
No distorting was observed and drops seemed more resistant to deformation. i.e., they retained 
their round shape. 
 
However, drops were not very stable and coalescence was observed even before re-injection.  
 
Drops were not stable at all upon re-injection 
	  
Krytox	  5%	  and	  BSA	  0.05%	  
Rational: 
Low limit of needed protein concentration sought. 
 
Observations: 
Droplet generation worked well 
 
Some distorting was observed(less than for 0.5% BSA case).  
 
While the drops were more stable than with 0% BSA they were clearly less stable than 0.5% 
BSA. In addition to finding more coalesced droplets in the re-injected fraction, there was also 
more spontaneous coalescence during droplet generation for the 0.05% BSA case compared to 
0.5% BSA. (See Fig I) 
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Fig I. Reinjected droplets with 5% Krytox and 0.05% BSA 
	  
Krytox	  10%	  and	  BSA	  0.2%	  
Rational: 
To see if increased surfactant could compensate for lower BSA concentration and allow for a 
system that is both stable and does not contain too much protein. 
 
Observations: 
Droplet generation worked well. 
 
Heavy distorting was observed. Drops were easily deformed or split. Many satellites were seen. 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig J. Distortions and satellites after droplet                Fig K. Reinjection of droplets for Krytox 10%  
generation for Krytox 10% and BSA 0,2%                    and BSA 0,2% 
	  
Drops appeared to be reasonable stable to coalescence. However, there was some size variation 
and a lot of satellites and deformed droplets were observed. (See Fig J&K) 
	  
Krytox	  2.5%	  and	  BSA	  0.5%	  
Rational: 
To see if some of the problems (satellites, deformation etc.) could be avoided by lowering the 
surfactant concentration.  
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Observations: 
Droplet generation worked well. 
 
Slight distorting was observed. Drops were not deformed or split. No satellites. 
 
Drops appeared to be stable to coalescence. The stability was comparable to that of 5% krytox 
0.5% BSA or possibly even better. 
 
 
 
 
 
 
 
 
 
 
 
 
Figures L & M. Reinjection of droplets with 2.5% Krytox and 0.5% BSA. Experiment 1 
	  
Drops were quite stable upon reinjection. A few coalesced and blobs were observed but the bulk 
of the drops could handle reinjection well. (See fig L & M) 
 
An additional experiment was performed with Krytox 2.5% and BSA 0.5% to validate system. 
Results of rerun were the similar to the first run. (See fig N& O) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig N. Reinjection from experiment 2.      Fig O. Reinjection from experiment 2 onto  
       new chip 
The reinjection seemed to work well, but on one occasion when junk got stuck in the reinjection 
inlet and the drops were subjected to higher pressure their stability was clearly compromised. 
(see Fig P) 
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Fig P. Reinjection of 2.5% Krytox 0.5% BSA after junk had been stuck to injection inlet. 
 
The optimal results were achieved, Krytox 2.5% and 0.5% protein. Generated droplets appeared 
to be stable and the system worked quite well. However, the quality of the emulsion is likely in-
ferior to the EA surfactant.  
 
Also, no long-term stability experiments of the generated emulsion have been performed. The 
further test will subject to examine biocompatibility. 
 
Injection and minimization of aggregated cell clumps  
A single yeast cell optimization protocol was developed to avoid yeast cell clumps. Due to the 
cell concentration of injection is a crucial to allow encapsulation of a single cell to the droplet, 
we calculated the proper concentration for the injection by the following equation: 
 
Number of cell for injection= injection volume (1mL) / single droplet volume (14 pL) = 7.1x107 
                          
To understand the growth profile of the yeast cell we been used, the growth curve was plotted in 
order to identify the stable linear range. Data are not presented.  
 
The examination of sonication was checked by microscopy images captured from the system. 
The sonic wave seemingly helped to get a more isolated form of single yeast cells (see Fig 9). 
The sonicating effect probably varies with cell size, number of buddings, and cell age, etc. Stud-
ies have shown applied specific dyes to inspect the cell’s viability after sonication (Dias, Mes-
quita et al. 2004). In our studies, the viability was evaluated by inoculating the sonicated yeast 
cells to the YPD agar plate for incubation over night at 30°C. 
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Fig 9. The left panel shows yeast cells without sonication treatment, and the right panel show the 
sonicated yeast cells.  
 
Optimization of single cell encapsulation  
As the sonication method was used to reduce cell aggregation, we also injected the sonicated 
yeast cells for generating single yeast cell droplets. The results (see Fig 10) indicating the 
sonication do effect and reduce the amount of cell clumps. This will positively facilitate the sin-
gle cell analysis in droplet microfluidics.   
Fig 10. Single yeast cell was eencapsulated and generated single cell perdroplet at a rate of 850 

µl/h in the oil phase and at a rate of 150 µl/h in the aqueous phase. The picture was captured in 
the collection channel of the generation circuit by 10x objective of microscope. 
 
Osmosis induced droplet shrinking 
Osmosis described the solvent molecules moving to a region of higher concentration of solute 
via a selectively permeable membrane (Haynie 2001). In our experiment, solvent (water) in 
lower glucose (YPD-glucose) population transported to the higher glucose (YPD+fluorescein 
droplet) population. As a membrane, the hydrofluoroether play the key role as selective perme-
able membrane among droplets, which enable the water to travel through. The water solubility of 
hydrofluoroether is 49 ppm.  
 
To show a osmosis phenomenon by observing droplet size change, we generated two populations 
of droplets, droplets containing YPD + 1 µM fluorescein and droplet containing YPD-glucose 
(stand for: YPD medium without glucose) media.  
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We observed at the beginning of the incubation (0 h), that most of the droplets are of a narrow 
size distribution. The droplet size was 32 µm diameters on average. For incubation of 16 hours, 
image that displayed droplets containing YPD-glucose media shrunk during the courses of incu-
bation time (Fig 9), whereas droplets containing YPD+fluorescein appear to increase size. The 
flow rate was kept constant at 1000 droplets /sec in the whole experiment.  
 
The raw data was processed to show the width of the droplets. For droplet population that con-
taining YPD+fluorescein, had a mean value of  width, that was 16.54 µs, the standard deviation 
was 1.19 µs; and the droplet population that containing YPD-glucose, had a mean value of the 
width, that was 15 µs,  standard deviation was 0.55 µs. We clearly showed two populations after 
mixing of the two populations and incubation for 16 hours (see Fig 11).  
 
Our assay only measured the droplets size at two time points of 0 h and 16 h, we believed this 
evidence is sufficiently explained for droplet size changes. We ensured that the osmosis is the 
major effect to induce the droplet shrinking.  
 
The increased in size for droplet population in the histogram, was likely due to  one larger size 
droplet was followed directly by one smaller size droplet, hence they are too close and passed the 
laser detector together, then the detection counted both droplets altogether as another population 
of droplets.  As the parabolic flow velocity profile defined that the velocity at the tip area of flow 
greater than the area of edge side (in the pipe geometry) therefore, smaller droplet follows in the 
parabolic pattern, actually, could faster than the bigger size one.  
 
Cell-free system to test osmosis 
Encapsulated yeast cells inside droplets, continued to grow and converted YPD (mainly glucose) 
into water and carbon dioxides. As this happens the glucose concentration will decrease, we de-
signed a cell-free system by cultured yeast cell in YPD media, and centrifuged down the cell. 
The supernatant was used to generate a population of droplets. This population was mixed with a 
population of droplets containing fresh YPD (high glucose concentration). Similar to the osmosis 
standard system, this cell-free system also examined the osmosis due to the change of contents 
between the droplets populations.  
 
We saw that the droplet size changes. The data collection and analysis of these two droplets pop-
ulation were kept the same as osmosis test. The droplet size was measured by the laser-induced 
fluorescence. 
 
We characterized the droplet size by plotted into scatter plot (XY graph). For tracing the 
+Glucose droplet, we added 1 µM fluorescein for labeling this population. Whereas the super-
natant droplet population therefore shown lower fluorescein intensity (0.664) before droplet in-
cubation. The osmosis effect was conducted the water moved from the -Glucose to the +Glucose 
population, result in the fluorescent frequencies in +Glucose droplets decreased. In contrast, the 
size of -Glucose droplet population decreased. The number of droplets (30,000) was kept gener-
ated as the same amount every single experiments (see Fig 12). 
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Fig 11. Characterization of droplets size for droplets containing A)YPD+fluorescein and 
B)YPD-glucose, were incubated these two droplets emulsions together for C)0h and D)16h. In-
spection of size by microscope imaging, picture shown on the right panel. Histograms of relative 
droplet size of >65000 droplets measured as the time of droplet passed by the laser detector spot 
at the flow rate of 1000 µL/h. Scale bar is 50µm, and added by Image J. 
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Fig 12. The right panel shows microscope images of droplets. The first picture is +Glucose, 
stand for droplets generated from YPD+1 µM fluorescein. Second one is the droplets generated 
from supernatant.  The third and fourth pictures shows mixed two droplet populations within dif-
ferent courses of incubation time. On the left panel, there is related XY graph demonstrates the 
proportional droplet size (y axis) and droplet fluorescent frequencies (x axis). The clockwise al-
phabets (A, B, C) in the 4th plot on the left panel represented three population of droplet. A is the 
coalesced (or a big droplet was followed by a small droplet) droplets. B is supernatant droplet 
population. C is the +Glucose droplet population. 
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Conclusions and outlook: 
	  
We hypothesized that osmosis was the major effect induced the droplet size change. The de-
signed three schemes: osmosis model, cell-free, and cell / non-cell system, to examine the osmo-
sis effect. These schemes concluded that the droplets content (i.e., water) transported between 
droplet populations which contained different glucose concentrations. The contents exchanged 
resulted in different size of droplet populations, which suggests that droplets could be sorted by 
sub-population using DLD, potentially increasing screening throughput.  
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