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Abstract 
In this thesis, microfluidic platforms based on aqueous two-phase systems (ATPS) are developed. 

First, it is shown that exploiting affinity partitioning of particles, to the interface of an ATPS, 

enables the generation of particle stabilized water-in-water emulsions within a microfluidic 

platform. The process of droplet coverage is studied, and it is shown that the coverage of the 

droplets can be tuned by varying the size and the concentration of the particles used. Then, it is 

shown that integrating ionic cross-linking of alginate and calcium chloride, within the ATPS, can 

lead to the generation of spiky microparticles. The length of spikes on the microparticles can be 

tuned by changing the concentration of the calcium chloride solution. Particle-stabilized 

emulsions, and the spiky microparticles may have different biotechnological applications, for 

instance, for cell encapsulation, and drug delivery applications respectively. 
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Chapter 1 
 

Concepts and motivations 
 
 
 

 
1.1 Microfluidics 

The field of microfluidics emerged about two decades ago with the rise of micro-electromechanical 

systems (MEMS) and advances in manufacturing micron scale features. This field has enabled the 

manipulation and study of flows at micron level scales,1,2 and microfluidic devices have become 

more accessible as tools, with the advances in microfabrication techniques. In particular, the soft 

lithography technique developed by Xia and Whitesides in 19983 made this platform more 

available to researchers, resulting in expansive growth and a surge of this field ever since. 

 

Microfluidic platforms offer advantages over traditional wet-bench setups. The amount of reagents 

needed to perform a specific chemical/biological analysis, inside a microfluidic chip, is far less 

than the amount required to achieve the same task within a macro-scale setup. The low reagent 

and power consumption would, in turn, make microfluidic devices more cost effective, compared 

to conventional wet-bench configurations, and also would reduce the amount of waste produced.4,5 

Moreover, depending on the application, the design of microfluidic devices can be versatile, 

allowing the integration of parallel operations within a single device.4,5 
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This field has given rise to so-called lab-on-a-chip systems, which are microfluidic devices that 

miniaturize chemical/biological syntheses and analyses within microchannels, that are only a few 

hundreds of microns wide.6 With designing and engineering complex networks of microchannels, 

and integrating external components, researchers have already been able to show a full 

transformation of wet-bench setups into microscale setups. For instance, lab-on-a-chip systems 

have been designed to purify and analyze DNA/RNA samples.7,8 Point-of-care diagnostics devices 

for analysis of physiological fluids at such small scales have been developed.9,10 Furthermore, 

these devices have also been engineered and used for studying biological samples, such as cells, 

at a single cell resolution.11,12 

 

Microfluidics has profoundly changed research and experimentation in the fields of biotechnology 

and biomedicine. The physics of flows at micron scales has enabled biologists to conduct 

experiments and study a variety of biological entities within microfluidic channels, which mimic 

the real physiological environment of these samples.13,14 For instance, it has been shown that 

microfluidic devices could be used to study blood-cell mass transport and cell glucose intake 

within microfluidic channels, which mimic the capillary vessels within human body.15  

 

The physics of flows in microscale is rather different compared to flows in macroscale, and this 

can be captured by studying dimensionless numbers in the field of fluid mechanics. For instance, 

considering Reynolds number 𝑅𝑒 = 	𝜌𝑢𝑙/𝜇 in microscale, where 𝜌 represents fluid density, 𝑢 is 

flow speed, 𝑙 represents the hydraulic diameter of the microchannel, and 𝜇 is the fluid viscosity, it  
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is observed that the viscous effects are much greater than inertial effects in microfluidic platforms, 

resulting in viscosity dominated Stokes flows inside microchannels.4,16  

 

Besides the major role of viscosity, diffusion also becomes an essential driving force for transfer 

of biological molecules, particles and cells within microfluidic platforms. Based on Fick’s second 

law of diffusion, 
=>
=?
= 𝐷

=@>
=A@

 , where 𝐶 is concentration, 𝑡 represents time, 𝐷 is the diffusion 

coefficient, and 𝑥 is the position, it can be inferred that 𝑥# ≈ 𝐷𝑡, which in turn means that the 

transfer of molecules in microchannels is going to be much faster, therefore resulting in efficient 

mass transport, compared to conventional bulk experiments.13,16 Another factor that becomes 

prominent in the micron scale is the importance of the surface area. The micron length scale would 

result in a high surface area to volume ratio, which effectively enhances adsorption and/or 

diffusion of molecules to/from materials within microfluidic platforms.17 

 
 
 
 
 
 

1.2 Droplet Microfluidics 
 
Droplet microfluidics, which is a sub-category of microfluidics, involves the generation of discrete 

monodisperse droplets, that are only a few microns in diameter, using immiscible fluids.18–20 

Compared to continuous-flow microfluidic platforms, droplet microfluidics provide more control 

and versatility, enabling analyses to be done within droplets and moreover, allowing for processes 

to be scaled up easier.18 



Chapter 1                                                      Concepts and motivations 

 4 

 

To generate the droplets, either T-junction, or flow-focusing microfluidic designs can be used. As 

seen in Figure 1(a), a T-junction configuration is a microfluidic channel design in which the 

channel containing the droplet phase (also known as the dispersed phase), intersects with the 

channel that contains the fluid which surrounds the droplet phase (known as the continuous 

phase).21–23  The flow-focusing configuration, on the other hand, is a symmetric design in which 

two streams of the continuous phase shears the dispersed phase, resulting in droplet generation 

(Figure 1(b)).24,25 

 

In flow focusing configurations, droplets form in the continuous phase as the shear stress applied 

from the continuous phase to the dispersed phase overcomes the interfacial stress. The droplet 

pinch-off in any microfluidic system can be characterized by studying the dimensionless Capillary 

number 𝐶𝑎 = 𝜇𝑢
𝛾  , which demonstrates the effect of viscous forces to surface tension forces, where 

𝜇 is the dynamic viscosity of the continuous phase, 𝑢 is the velocity of the continuous phase, and 

𝛾 is the interfacial tension.18,25  

 

Figure 1. Schematics of (a) T-junction and (b) flow-focusing droplet microfluidics systems. 
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Droplet microfluidic platforms have been used in a wide range of applications, such as developing 

droplet-based micro-reactors for chemical synthesis,26 for encapsulation and single-cell 

analysis,27–29 development of synthetic biological samples, such as artificial cells30,31, and creating 

therapeutic and drug delivery vehicles.32,33 Spherical34 and non-spherical microparticles,35 hollow 

microcapsules,36 and double emulsions37 (which are droplets containing smaller droplet 

compartments inside), have been engineered for encapsulation and delivery purposes.  

 

To prevent the droplets from coalescing (merging), chemical surfactants,38 or colloidal particles 39 

can be used to stabilize the droplets against coalescence. Moreover, transforming the droplets to 

solid particles through ionic cross-linking of two different ionic compounds (such as alginate and 

calcium ions),40,41 or UV polymerization (triggering polymerization by shining UV light to a 

droplet containing photo-initiator),42 also results in the stabilization of these carriers.  

 

Conventionally, water-in-oil systems are used to create droplets within microfluidic platforms. 

Water and oil phases are pumped through a tubing into the microfluidic platforms, and as the water 

and oil phase meet at the junction of the microfluidic platform, water droplets form readily, 

surrounded by the oil phase. The high interfacial tension of water-oil systems allows for easy and 

high throughput generation of discrete water droplets, surrounded by the oil phase, without any 

external perturbation of the interface between the two phases.18 For a variety of biotechnological 

applications, reagents and samples would be pre-mixed with the dispersed phase of water, and the 

resulting water droplets would be enriched with the samples. 
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Although water-in-oil droplets can be easily generated, they possess a significant drawback, and 

that is the toxicity of the oil phase surrounding the aqueous droplet phase.43 For the case of cellular 

microencapsulation, the presence of the oil phase around the droplets does not allow for diffusion 

of oxygen and nutrients to the droplet, affecting the viability of biological samples, that are present 

inside the droplet (see Figure 2). Furthermore, for delivery applications to targeted cells and 

tissues, these microcapsules also need to be washed to remove the continuous oil phase. This post-

processing washing step may be carried out outside the microfluidic device, by collecting the 

sample and centrifuging it in bulk,40 or, it can be incorporated within the microfluidic device. For 

instance, Deng et al.44 combined side branches, containing aqueous solutions, to the droplet 

microfluidics platform to move hydrogel beads from the oil phase to the aqueous phase. Extraction 

chambers have been used to isolate gelled microspheres from the toxic oil phase and subsequently 

introduce the cell-containing gelled microspheres to a culture medium.45 Post-processing by 

washing is cumbersome, and may affect and compromise the viability of biological samples 

encapsulated inside the droplet phase.  
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Figure 2. The presence of the oil phase in typical water-in-oil droplet microfluidic platforms 

compromises the viability of biological cargo inside the droplets. Replacing the oil phase with a 

biocompatible aqueous solution resolves the challenges associated with conventional water-in-oil 

droplet microfluidics platforms. 

 

 

1.3 Aqueous Two-Phase Systems 
 
Water in-water systems have shown to be a promising and powerful substitute to conventional 

water-in-oil systems within microfluidic platforms. The mild and biocompatible nature of these 

aqueous two-phase systems (ATPS) makes these systems a great to substitute to typical water-in-

oil systems, removing the necessary post-processing washing steps needed for water-in-oil 

systems, 46 and realizing the full potential of droplet microfluidic platforms for biotechnological 

applications. The droplet microfluidics community, realizing the great potential of these all 

aqueous systems, has started to integrate ATPS within droplet microfluidic platforms for a variety 

of biotechnological applications.  
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ATPS is a mixture of two different and incompatible polymeric solutions,47 which has traditionally 

been used for separation and partitioning of different biological samples, such as particles,48 

proteins,49,50 and cells,51,52 based on their affinity to each phase. Some of the factors which may 

affect the affinity partitioning of samples within ATPSs are the molecular weight and 

concentration of the polymers,53 and the difference in hydrophobicity of the two polymeric 

solutions.54 For instance, Albertsson has reported that proteins tend to favor the aqueous polymer 

phase with lower molecular weight.53 Furthermore the importance of hydrophobicity of samples, 

and their correlation to the hydrophobicity of the phase to which they mostly partition to has been 

studied extensively. Specifically, it has been observed that hydrophobic materials tend to partition 

to phases which are more hydrophobic, and hydrophilic samples tend to partition to phases which 

are hydrophilic.54  

 

Figure 3. A representative binodal curve of two incompatible polymer solutions. The 

concentration combinations chosen below the binodal curve result in one homogeneous mixture, 

whereas concentration combinations chosen above the binodal curve result in two distinct phases.  
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These all-aqueous systems are characterized by binodal curves, as seen representatively in Figure 

3. The binodal curve shows that if the chosen concentrations of the two polymer solutions were 

below the binodal curve, the mixture of the two polymer solutions results in a homogeneous one-

phase solution. However, if the concentration combinations are chosen above the binodal curve, 

then the polymeric solutions phase separate, resulting in two distinct phases. The polymer solution 

with the higher density forms at the bottom, whereas the less dense one forms at the top. So, to 

utilize water-in-water droplets within microfluidic platforms, one needs to choose concentration 

combinations above the binodal curve, so that two distinct phases are formed, separated by a 

liquid-liquid interface.  

 

1.4 Overview of the Thesis 
 
In this thesis, ATPSs are used for developing lab-on-a-chip platforms, and generating new 

materials, towards biotechnological applications. Careful tunings of chemical compositions within 

ATPS, and utilizing affinity partitioning of particles and chemical compounds within these 

systems, can lead to development of stabilized water-in-water droplet microfluidic platforms, 

which may have applications for cell encapsulation. Moreover, coupling nonequilibrium ATPSs 

with ionic cross-linking enables generation of spiky microparticles, which may have applications 

as drug delivery vehicles. 

  

In Chapter 2 of this thesis, it is shown that exploiting the affinity partitioning of colloidal particles 

to the interface of an ATPS can lead to generation of water-in-water emulsions that are stable 

against coalescence. These particle-stabilized carriers can then be used for the encapsulation of  
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different biological samples. Specifically, the process of droplet stabilization using colloidal 

particles, within a microfluidic platform, is studied, and the coverage and stability of these all-

aqueous droplets are analyzed. The work presented in Chapter 2 is based on the following article 

published in a peer reviewed journal Langmuir. 	

 

Abbasi, N., Navi, M., Tsai, S. S. H. (2018). Microfluidic generation of particle-stabilized water-

in-water emulsions. Langmuir, 34 (1), 213-218. DOI: 10.1021/acs.langmuir.7b03245 

 

Then, in Chapter 3, it is shown that integrating ionic cross-linking within an ATPS allows for 

generation of spiky microparticles, which can be used for drug delivery applications. The process 

of spike formation on the surface of the droplets is studied, and the correlation of the spike length 

with experimental parameters is analyzed. The work presented Chapter 3 is based on a manuscript, 

which is in preparation for submission to a peer reviewed journal Nature Materials. 

 

Abbasi, N., Navi, M., Tsai, S. S. H. (2018). Spiky microparticle generation by integrating ionic 

cross-linking within an aqueous two-phase system 

 

 

1.5 Author’s Contribution 

The work presented in Chapter 2, Microfluidic generation of particle-stabilized water-in-water 

emulsions, was initiated by the author and Dr. Scott S. H. Tsai. The microfluidic device was 

fabricated by the author and Maryam Navi, and the experimental setup was designed by the author.  
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The chemicals were prepared by the author. The experiments, and data analyses were conducted 

by the author. The author, Maryam Navi and Dr. Scott S. H. Tsai all contributed to discussing the 

results. 

 

As for Chapter 3, the work of generating spiky microparticles by ionic cross-linking within an 

aqueous two-phase system was initiated by the author and Dr. Scott S. H. Tsai. The microfluidic 

device was fabricated by Maryam Navi. The chemicals preparation and experimental setup design 

was done by the author. The author performed the experiments and analyzed the data. The author, 

Maryam Navi and Dr. Scott S. H. Tsai all contributed to discussing the results. 
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Chapter 2 

Microfluidic generation of 
particle-stabilized water-in-
water emulsions 
 

The work presented in this chapter is based on the following article published in a peer reviewed 

journal Langmuir.  

Abbasi, N., Navi, M., Tsai, S. S. H. (2018). Microfluidic generation of particle-stabilized water-

in-water emulsions. Langmuir, 34 (1), 213-218. DOI: 10.1021/acs.langmuir.7b03245 

 

2.1 Abstract 

Herein, a microfluidic platform for generating particle-stabilized water-in-water emulsions is 

presented. The water-in-water system used is based on an aqueous two-phase system of 

polyethylene glycol (PEG) and dextran (DEX). DEX droplets are formed passively, in the 

continuous phase of PEG and carboxylated particle suspension, at a flow focusing junction inside  

a microfluidic device. As DEX droplets travel downstream inside the microchannel, carboxylated 

particles that are in the continuous phase partition to the interface of the DEX droplets, due to their 

affinity to the interface of PEG and DEX. As the DEX droplets become covered with carboxylated  
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particles, they become stabilized against coalescence. The coverage and stability of the emulsions, 

while tuning the concentration and the size of the carboxylated particles, are studied downstream  

inside the reservoir of the microfluidic device. These particle-stabilized water-in-water emulsions 

showcase good particle adsorption under shear, while being flowed through narrow microchannels. 

The intrinsic biocompatibility advantages of particle-stabilized water-in-water emulsions make 

them a good alternative to traditional particle-stabilized water-in-oil emulsions. To illustrate a 

biotechnological application of this platform, a proof-of-principle of cell encapsulation using this 

system is shown, which with further development, may be used for immunoisolation of cells for 

transplantation purposes.  

 

2.2 Introduction 

Using colloidal particles to stabilize droplets against coalescence was first reported in the early 

1900s.55,56 Since then, particle-stabilized emulsions (so-called Pickering Emulsions) have been 

exploited in a variety of different fields. Some of the biotechnological applications of particle-

stabilized emulsions include drug encapsulation and drug delivery.57–59 The deposition of particles 

onto liquid-liquid interfaces is also utilized for the realization of new structures and materials. For 

example, hollow colloidosomes, based on water-in-oil emulsions, are produced to serve as 

immunoisolation agents,60,61 and porous silica is made by using stabilized emulsions as a 

template.62 Particle-stabilization of both oil-in-water and water-in-oil emulsions is studied 

extensively, and particles based on iron,63 protein,64 silica,65 latex,66 and cellulose67 are all effective 

stabilizing agents for oil-in-water and water-in-oil systems.  
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The conventional method of producing particle-stabilized emulsions is bulk emulsification, which 

involves mixing and stirring immiscible liquids with colloidal particles. This method of 

emulsification results in the generation of highly polydisperse droplets with different degrees of 

coverage, thus making it an unsuitable method for size-controlled emulsification.68 

 

The advent of microfluidics in the past two decades is enabling the generation of highly 

monodisperse and functionalized water-in-oil and oil-in-water emulsions in a controlled 

fashion.21,24,69 As a result,  researchers are using microfluidics to generate monodisperse particle-

stabilized emulsions.70–72 

 

However, due to the toxicity of the organic oil phase, traditional particle-stabilized water-in-oil 

emulsions are not suitable for direct use in biotechnological applications, such as immunoisolation 

and drug delivery. An additional washing step is required to remove the oil phase from the particle-

stabilized droplets, prior to their use.60,73 For example, in the generation of hollow colloidosomes, 

the water-in-oil emulsions are washed and then transferred to an aqueous environment.60 Although 

washing with an oil-soluble solution lightens the toxicity of the system, the shear stress caused by 

the washing flow may damage the assembly and the fine structure of the colloidal particles on the 

interface.73   

 

Replacing the toxic organic continuous phase with a biocompatible fluid helps to eliminate the 

washing steps. This is a major reason why particle-stabilized water-in-water emulsions are 

desirable. Such water-in-water emulsions are based on aqueous-two-phase systems (ATPS), which  
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are comprised of two incompatible polymeric aqueous solutions. ATPS have been traditionally 

used as separation platforms for cells and macromolecules, based on their affinity partitioning and 

biocompatibility.74 The mild environment of ATPS, which is due to their high water content, helps  

maintain the viability of biological samples.75–78 The biocompatibility of ATPS makes them 

suitable candidates for making particle-stabilized emulsions for biotechnological applications. 

Nevertheless, the ultra-low interfacial tension of ATPS makes it challenging to generate water-in-

water emulsions using conventional microfluidic platforms, where syringe pumps are used to 

introduce the solutions.79  As a result, a variety of active methods are proposed to realize 

microfluidic generation of water-in-water emulsions.80–85 Recently, our group also introduced a 

passive microfluidic platform, that exploits the weak hydrostatic pressure difference of fluid 

columns from liquid-filled pipette tips inserted at the inlets of the dispersed and the continuous 

phases, to generate water-in-water droplets.86  

 

In addition to generating water-in-water emulsions, realization of particle-stabilized water-in-

water emulsions depends on the affinity of the selected particles to the fluid-fluid interface. The 

partitioning of particles within an ATPS depends highly on the surface interaction between the 

particles and the two aqueous phases. For example, emulsions of dextran-in-methylcellulose and 

dextran-in-polyethylene oxide can be stabilized by fat73 and protein particles,87,88 respectively, 

using bulk emulsification. Recently, Tsukamoto et al. reported affinity partitioning of carboxylated 

particles to the interface of an ATPS of polyethylene glycol (PEG) and dextran (DEX) within a 

microfluidic co-flow system.48 

 



Chapter 2                   Particle-stabilized water-in-water emulsions 

 16 

 

In this chapter, passive microfluidic platform 86 and the recently demonstrated affinity partitioning 

of carboxylated particles in the ATPS of PEG and DEX is utilized,48 to generate particle-stabilized 

water-in-water emulsions. This is the first microfluidic implementation to generate particle-

stabilized water-in-water emulsions. DEX droplets are formed at a flow focusing junction, in a  

continuous phase of PEG and carboxylated particles. As the DEX droplets travel downstream, 

carboxylated particles gradually cover the outer surface of the droplets by partitioning to the 

interface of the PEG and DEX phases. The effects of the size and concentration of the carboxylated 

particle suspension, on the coverage and stability of the particle-stabilized DEX droplets, is 

studied. Finally, it is shown that the particle-stabilized water-in-water emulsions can be used to 

encapsulate cells, demonstrating the potential biotechnological application of this approach for 

cellular immunoisolation. 

 

2.3 Experimental methods 

2.3.1 Chemicals 

To prepare the ATPS, the protocol developed by Atefi et al.89 is followed. Stock solutions of PEG 

10 w/v% (PEG; Mw 35k, Sigma Aldrich, St. Louis, MO, USA) and DEX 12.8 w/v% (DEX, Mw 

500k, Pharmacosmos, Holbaek, Denmark) are prepared in deionized (DI) water. These two stock 

solutions are mixed together inside a FalconTM tube (BD Medical, Franklin Lakes, NJ, USA) and 

the mixture is left to phase separate over a course of 24 hours. Then, the top phase (equilibrated 

PEG phase) and bottom phase (equilibrated DEX phase) are separated and transferred to separate 

FalconTM tubes, using syringes (BD Medical, Franklin Lakes, NJ, USA). The interfacial tension  
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of the ATPS, as reported by Atefi et al.,89 is 𝛾 = 0.082 mN m-1. The dynamic viscosities of the 

DEX and PEG phase are 𝜇345 = 65.1 mPa s and 𝜇647 = 15.0 mPa s, respectively at room 

temperature (T = 20°C).90 

 

2.3.2 Microparticle suspension 

To make our particle suspension, Polybead® carboxylate microsphere solutions of diameter d = 1, 

d = 6 and 10 µm (Polysciences, Inc., Warrington, PA, USA) are used. Based on the particle 

solutions’ data sheet, these carboxylated particles are negatively charged. To prepare the particle 

solution, 1 and 10 µL of the d = 1 µm diameter carboxylated microsphere, 10.8, 86.6, 108 and 173 

µL of the d = 6 µm diameter carboxylated microsphere solution, and 50, 100, 200 and 600 µL of 

the d = 10 µm diameter carboxylated microsphere solution, are added to 1 mL of phase separated 

PEG inside a safe-lock tube (Eppendorf, Hamburg, Germany) separately. After vigorously mixing 

the particles with PEG, the particle suspensions are centrifuged, and the carrier liquid is removed 

using a pipette. Then, 1 mL of phase separated PEG is added to the washed carboxylated particles 

to complete the particle suspensions. These different microparticle suspensions are used in order 

to observe the effect microparticles’ size and concentration on the coverage and the stability of the 

DEX droplets. 

 

2.3.3 Cells 

Acute Myeloid Leukemia (AML) cells are used in cell encapsulation experiments. Cells are 

cultured in Minimum Essential Medium (MEM) with 10% fetal bovine serum (FBS). After culture, 

cells are incubated inside a T-25 flask, at 37 °C with 5 % CO2. After a day of incubation, cells are  
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taken out from the T-25 flask (Thermo Scientific, Waltham, MA, USA) and transferred to a 

FalconTM tube. Next, the cells are centrifuged to form a pellet at the bottom of the FalconTM tube.  

Finally, after discarding the MEM solution, the cells are re-suspended in 1 mL of phase separated 

DEX solution. 

 

To demonstrate the biocompatibility of the ATPS, a live/dead viability/cytotoxicity kit 

(LIVE/DEAD® viability/cytotoxicity kit for mammalian cells, Molecular ProbesTM, Eugene, OR, 

USA) is used to label AML cells. The viability of AML cells is monitored for up to 48 hours, in 

three different environments: Minimum Essential Medium (MEM Alpha 1×, Gibco® by Life 

TechnologiesTM, Carlsbad, CA, USA) with 10 v/v% fetal bovine serum (FBS, Wisent Inc., QC, 

Canada), 12.8 w/v% DEX in MEM and FBS, and 12.8 w/v% DEX in phosphate buffered saline 

(PBS, MULTICELL, Wisent Inc., QC, Canada). AML cells are first cultured in MEM, with 10 

v/v% FBS. After culture, the cell suspension is divided between three different flasks, media is 

removed from all three flasks, and the cells are seeded in fresh media, 12.8 w/v% DEX in MEM 

and 12.8 w/v% DEX in PBS, respectively. Using the protocol provided by Molecular ProbesTM, 

AML cells from each flask are stained with calcein and ethidium homodimer-1, and view the cell 

samples under fluorescence microscope. 

 

2.3.4 Device fabrication 

Standard soft lithography technique is used to make microfluidic devices.3 To make a patterned 

photomask, microchannel design is prepared on a computer-aided design (CAD) software  
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(AutoCAD 2016, Autodesk, Inc., San Rafael, CA, USA) and then, the design is printed on a 

transparency sheet (CAD/ART Services Inc., Bandon, OR, USA). 

 

To fabricate the microchannel features, a 4-inch diameter silicon wafer (UniversityWafer, Inc., 

Boston, MA, USA) is used. SU-8 2050 photoresist (Microchem, Newton, MA, USA) is spin-

coated on the silicon wafer. The spin-coated wafer is exposed to UV light through the patterned 

photomask, to create the microchannel patterns. At the end, the unexposed photoresist is removed 

by washing the wafer with a developer solution, to complete the fabrication of the silicon master 

mold.  

 

The silicon master mold is filled with a 10:1 ratio mixture of polydimethylsiloxane (PDMS) resin 

to curing agent (Sylgard 184, Dow Corning, Midland, MI, USA), and left in the oven to cure for 2 

hours. Then, the PDMS slab is cut from the master, and 1 mm and 4 mm diameter biopsy punches 

(IntegraMiltex, Inc., Rietheim-Weilheim, Germany) are used for making inlets and outlet, 

respectively. To complete the device fabrication, oxygen plasma treatment (Harrick Plasma, 

Ithaca, NY, USA) is used in order to bond the PDMS slab to a glass slide. 

 

2.3.4 Experimental setup 

Experimental images and videos are captured using an inverted microscope (IX71, Olympus Corp., 

Tokyo, Japan) with a connected high-speed camera (Miro M110, Vision Research, Wayne, NJ, 

USA) (Figure 4 (a)). ImageJTM software is used to process videos and images. 
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A passive water-in-water droplet generation approach is used to infuse the liquids into the 

microfluidic device, and to make emulsions.86 DEX, and the suspension of carboxylated particles 

in PEG, are filled into separate 200 µL pipette tips, and subsequently inserted into their respective  

inlets on the microfluidic device (Figure 4(b)). The liquid column heights used for DEX, and the 

solution of PEG and suspended carboxylated particles, are 2.5 and 3.5 cm, respectively. This set 

of column heights is selected to ensure hydrostatic pressures that cause generation of monodisperse 

DEX droplets in the dripping regime. The flow speed established is also low enough to lead to the 

partitioning of carboxylated particles to the surface of the DEX droplets within the microfluidic 

device. 

 

As seen in Figure 4(c), the microfluidic device is comprised of two inlets and one outlet. The inlet 

channels converge at a flow focusing junction, and connect to the main channel through an orifice, 

which is 30 µm wide. The main channel, which is a long serpentine channel, is connected to a  

large circular reservoir near the outlet. All channel heights h = 50 µm. The flow of the DEX phase 

converges with the flow of the suspension of carboxylated particles in PEG, and DEX droplets 

with a diameter of D = 50 µm are generated (Figure 4(d)). As DEX droplets travel downstream 

through the serpentine channel, carboxylated particles in the continuous phase gradually partition 

to the outer surface of the DEX droplets. 
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Figure 4. (a) An inverted microscope and a high-speed camera are used to monitor experiments 

and record videos. (b) Experimental setup of the microfluidic system, with pipette tips inserted at 

the inlets for infusion of the fluids into the chip. (c) Schematic diagram of the microfluidic device. 

A patterned PDMS slab is bonded to a glass slide, using a plasma chamber. (d) Schematic diagram 

of the flow-focusing junction of the microfluidic device. The droplets are generated at a flow-

focusing junction with an orifice. 
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2.4 Results and discussion 

Figure 5 shows time-series experimental images of particles partitioning to the interface of the 

DEX droplets, for different concentrations of d = 10 µm diameter carboxylated particles. 

Generally, it is observed that particle coverage on the DEX droplets increases with the amount of 

time the droplets spend in the serpentine microchannel, and higher particle concentrations result 

in more complete droplet coverage. The number of particles partitioning to the outer surface of the 

droplets is counted, for different particle sizes and different particle concentrations, from the 

moment the droplets are generated (which corresponds to time t = 0 s) until they reach the reservoir 

(t ≈ 450 s). The degree of droplet coverage is defined as 𝑁𝑑#/4𝐷#, as the ratio of N, the number 

of particles partitioned to the droplet, to 4𝐷#/𝑑#, the maximum number of particles that the surface 

area of the droplet can geometrically accommodate. Here, it is assumed that each carboxylated 

particle, of diameter d, covers a surface area equal to 𝜋𝑑#/4. 
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Figure 5. Time-series images of DEX droplets being covered with d = 10 µm diameter 

carboxylated particles, at different particle concentrations, in the serpentine region of the 

microfluidic device. Higher particle concentrations result in faster coverage of the DEX droplets. 

Scale bar indicates 50 µm. 
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How well the carboxylated particles cover and remain on the interface of the DEX droplets is 

primarily affected by the competition between several physical phenomena. The binding energy 

or Gibbs desorption free energy ∆𝐺 = 𝛾𝑑#(1 − 𝑐𝑜𝑠𝜃)#/4,91 tends to keep the particles on the 

liquid-liquid interface. The polar interactions of water molecules across the interface of DEX and 

PEG affect the adsorption of the particle on the interface of the droplet. The Gibbs desorption free 

energy is opposed by energies that try to pull the particles away from the liquid-liquid interface, 

including the thermal energy 𝑘𝑇, which is related to the random Brownian motion of carboxylated 

microparticles, the Stokes’ drag-based shear energy on the particle 6𝜋𝜇647𝑢𝑑𝐷/2,92 and the 

electrostatic repulsion energy between the charged carboxylated particles and the liquid-liquid 

interface. Here, θ is the contact angle between the liquid-liquid interface and the particle surface, 

Boltzmann’s constant 𝑘 = 1.38 × 10-23 m2 kg s-2 K-1, and temperature 𝑇 = 293.15 K. The droplet 

flow speed 𝑢 = 6.1 µm s-1 is kept constant in our experiments by careful tuning of the hydrostatic 

liquid column heights. The characteristic length used for defining the Stokes’ drag-based shear 

energy is defined as the diameter of the DEX droplet, D. Specifically, the Stokes’ drag based shear 

energy is defined here as the drag force exerted on a carboxylated particle on the interface of the 

DEX droplet as the droplet is traveling the distance D, at flow speed u. 

 

It is known that an electrostatic repulsion energy exists between charged particles and oil-water 

interfaces, which affects the partitioning of charged particles onto the interfaces.72 This 

electrostatic repulsion increases with the difference in the dielectric constants of the two phases 

that form the liquid-liquid interface.93 However, in our experiments with water-in-water 

emulsions, the carboxylated particles do not experience significant electrostatic repulsion forces  
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from the liquid-liquid interface because the dielectric constants of both PEG and DEX phases, at 

such low polymer concentrations, are very close to that of water.94,95 Therefore, electrostatic 

repulsion is neglected in the analysis. 

 

To better understand how the remaining phenomena affect the ability of particles to remain on the 

liquid-liquid interface, the orders-of-magnitude of each energy are compared to one another. 

Keeping the particles on the interface is the Gibbs free energy of desorption ∆𝐺 = 𝑂(10-18) J, 

where it is assumed that the two liquid phases have approximately the same degree of wetting on 

the particle surface, so the contact angle 𝜃 = 90º. The thermal energy 𝑘𝑇 = 𝑂(10-21) J, and the 

shear energy 6𝜋𝜇647𝑢𝑑𝐷/2	= 𝑂(10-18) J. Therefore, the thermal energy has a negligible effect on 

how well the carboxylated particles remain on the interface of the DEX droplets, and it is found 

that the competition between the binding and shear energies is what governs whether partitioned 

particles stay on the interface of the water-in-water droplets. 

 

Using an order-of-magnitude estimation, by equating the two most dominant energies, the shear 

energy 6𝜋𝜇647𝑢𝑑𝐷/2 and the binding energy 𝛾𝑑#(1 − 𝑐𝑜𝑠𝜃)#/4, it is found that the critical 

carboxylated particle diameter dc = 𝑂(1) µm, below which carboxylated particles do not stay 

attached to the droplet interface. Carboxylated particles that are smaller than dc = 𝑂(1) µm 

experience a higher shear energy than the binding energy and as a result, can easily get washed 

away from the surface of the DEX droplets. On the other hand, particles that have diameters greater 

than dc = 𝑂(1) µm possess higher binding energy, compared to shear energy. Therefore, they stay 

on the surface of the DEX droplets. 
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Figure 6 is a plot of the droplet coverage 𝑁𝑑#/4𝐷# versus the particle number concentration C.  

Based on the results shown on Figure 6, particles of both diameters d = 10 µm and d = 6 µm stay 

on the surface of DEX droplets. This observation is consistent with the order-of-magnitude  

 

estimation of the critical particle diameter, dc = 𝑂(1) µm, above which particles remain on the 

interface. It is found that droplet coverage increases monotonically with particle concentration for 

both particle sizes. As particle concentration increases, the chance of a particle colliding with the  

surface of the DEX droplets increases. The increase in particle-interface collisions increases the 

coverage of the DEX droplets.  

 

Moreover, using larger d = 10 µm diameter particles results in better coverage, compared to 

stabilizing with the smaller d = 6 µm diameter particles. The lower DEX droplet coverage obtained 

with d = 6 µm diameter particles is an indication that this particle diameter is near the 

critical particle diameter dc, below which shear stresses overcome the particle-interface binding 

energy, and particles detach from the droplet interface more easily. 

 

Carboxylated particles with diameter d = 1 µm diameter with particle number concentration C = 

4.55×107 particles mL-1 and C = 4.55×108 particles mL-1 are also used. These particles do not 

remain on the interface of the DEX droplets. Carboxylated particles that interact with the surface 

of the DEX droplets are washed away soon after, indicating that the shear energy on the particles 

is greater than the particles’ binding energy to the DEX droplet interface. This observation further 
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demonstrates that the actual value of the critical carboxylated particle diameter, dc, lies between 1 

– 6 µm. 

 

It is noted that in the current microfluidic geometry setup, the DEX droplets cannot achieve a 

complete droplet coverage 𝑁𝑑#/4𝐷#	= 1, because the generated droplet diameter D is the same as 

the channel height h. Since the carboxylated particles cannot partition to areas of the droplet that  

are in contact with the PDMS (i.e. the top and bottom surfaces), a maximum droplet coverage 

𝑁𝑑#/4𝐷#	≈ 0.75 is observed. 
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Figure 6. Plot of droplet coverage 𝑁𝑑#/4𝐷#	 versus carboxylated particle number concentration 

C in the PEG phase. The coverage of the DEX droplets increases with the particle concentration 

and particle size. Scale bars indicate 50 µm. 
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At the end of the microchannel, the DEX droplets flow into a large reservoir (see Figure 4), where 

the stability of particle-stabilized droplets against coalescence is quantified. As the DEX droplets 

enter the reservoir, they slow down and as a result, droplets come in contact with one another. To 

quantify the amount of coalescence taking place in the reservoir, the diameter of the DEX droplet 

entering the reservoir, Di, is measured and compared with the diameter of the droplet exiting the 

reservoir Df. The DEX droplets travel inside the reservoir for about t = 450 s. 

 

Figure 7(a) shows a plot of the diameter ratio, Df /Di, versus the coverage 𝑁𝑑#/4𝐷# . As the 

coverage of the DEX droplets increases, Df /Di decreases, meaning that the droplets are becoming 

stable against coalescence and preserving their size. Figure 7(b) shows that for a given particle 

concentration, larger particle size results in lower incidences of coalescence.   
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Figure 7. (a) Plot of the final to initial droplet diameter ratio Df /Di versus droplet coverage 

𝑁𝑑#/4𝐷#. As expected, an increase in droplet coverage 𝑁𝑑#/4𝐷# results in a decrease in the 

diameter ratio Df /Di indicating that droplets become stabilized against coalescence. (b) Plot of the 

final to initial droplet diameter Df /Di versus particle concentration C. (c) Inset shows a time-series 

of images of two particle-stabilized DEX droplets inside the reservoir of the microfluidic device. 

Despite being in contact over the course of 450 s, the two droplets do not coalesce. Scale bar 

indicates 50 µm. 
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These particle-stabilized water-in-water emulsions also exhibit the ability to retain particle 

coverage under shear. Figure 8 shows a time-series of images of a single particle-stabilized 

emulsion squeezing through a small microchannel construction, inside the reservoir of the 

microfluidic device. Despite the low free energy of desorption of the particles, only a small number 

of particles desorb from the DEX droplet surface while the droplet squeezes through the 

constriction. The particle aggregation observed in Figure 8 can be attributed to the binding energy 

between the particles, as a result of the presence of PEG molecules inside the particle suspension.96  

 

 

Figure 8. Time-series images of a particle-stabilized DEX droplet squeezing and flowing through 

a narrow constriction, which is located inside the reservoir of the microfluidic device. Stabilizing 

particles have diameter d = 10 µm. Most particles remain on the droplet as the droplet exits the 

narrow constriction and return to a spherical shape. The scale bar indicates 50 µm.   

 

As a proof-of-concept example of the biotechnological application of this system, AML cells are 

encapsulated using this platform, in a water-in-water DEX droplet that is stabilized by d = 10 µm 

diameter carboxylated particles. Figure 9 shows the encapsulation of an AML cell inside a particle-

stabilized DEX droplet. The biocompatibility of these ATPS-based particle-stabilized emulsions 

make them a good alternative to water-in-oil emulsions for cell-encapsulation and 

immunoisolation purposes, and other biotechnological applications. Based on our AML cells  
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Figure 9. Time series images of a single particle- stabilized DEX droplet encapsulating an AML 

cell. The particles are 10 µm in diameter. Scale bar indicates 20 µm. 

 
viability studies (see Figure 10), the presence of DEX does not impinge on the viability of the 

AML cells. 
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Figure 10. Fluorescence images of (a) live and (b) dead cells stained with calcein AM (green) and 

ethidium homodimer-1 (red), respectively. (c) The addition of DEX to a suspension of cells in 

MEM does not reduce the viability of the AML cells. The lack of nutrients in the solution of 12.8 

w/v% DEX in PBS may be the cause of the lower AML cells viability observed in (c). Scale bar 

indicates 50 µm. 
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2.5 Conclusions 

In this chapter, a microfluidic platform is presented that enables the generation and stabilization 

of water-in-water emulsions, using carboxylated particles. A flow-focusing microfluidic device is 

used to generate water-in-water emulsions of DEX-in-PEG. Carboxylated particles that are 

suspended in the continuous phase of PEG gradually partition to the outer surface of DEX droplets, 

and over time, they cover the droplets. Changes in the particle size and the particle concentration 

affect the coverage and stability of the DEX droplets. Owing to their intrinsic biocompatibility, 

particle-stabilized water-in-water emulsions are a good alternative for traditional particle-

stabilized water-in-oil emulsions. These emulsions could be utilized in a variety of 

biotechnological applications, such as cell encapsulation and drug delivery. 
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Chapter 3 

Spiky microparticle 
generation by integrating 
ionic cross-linking within an 
aqueous two-phase system 
 

The work presented in this chapter is based on a manuscript, which is in preparation for submission 

to a peer reviewed journal Nature Materials. 

Abbasi, N., Navi, M., Tsai, S. S. H. (2018). Spiky microparticle generation by integrating ionic 

cross-linking within an aqueous two-phase system 

 

3.1 Abstract 

Non-spherical microparticles have shown to be more effective, compared to round microparticles, 

at controlled release or adsorption of different macromolecules. Therefore, generating 

nonspherical particles, which possess a high surface area to volume ratio, is highly desirable. 

Herein, a new method of generating spiky microparticles, based on the ionic cross-linking of 

alginate and calcium chloride (CaCl2) within an aqueous two-phase system (ATPS) of dextran  
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(DEX) and polyethylene glycol (PEG), is presented. First, a thread of DEX-alginate is formed, 

surrounded by a dispersed phase of PEG, inside a flow-focusing microfluidic device. The thread 

of DEX-alginate breaks up into droplets, due to Rayleigh-Plateau instability, inside the outlet 

tubing of the microfluidic device. The emulsions then flow into a bath of PEG and CaCl2. The 

PEG that flows into the bath with the droplets delays the polymerization of the DEX-alginate 

droplets by slowly allowing the calcium chloride to diffuse through. As the emulsions flow into 

the bath, which contains the PEG with calcium chloride, the emulsion system goes out of chemical 

equilibrium. To reach a new chemical equilibrium, water molecules from the DEX-alginate 

droplets start to diffuse out slowly, and combined with gelation due to the presence of calcium 

chloride in the surrounding phase, form spikes. The slow diffusion of calcium chloride towards 

the droplets triggers the polymerization of the droplets. Over time, polymerized spiky 

microparticles are generated inside the PEG-calcium chloride bath. It is observed that the length 

of the spikes across the microparticles can be tuned by varying the concentration of PEG in the 

bath (CPEG). As we increase the concentration of the PEG inside the bath, the final length of spikes 

decreases. These spiky microparticles may find use in different biotechnological applications, for 

example, as drug delivery vehicles. 

 

3.2 Introduction 

Microparticles have been utilized in a variety of different fields, such as in the development of 

biomaterials for drug delivery applications. The encapsulation of drugs within polymeric 

microparticles is desirable because therapeutic agents can be sustained and protected inside the 
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microparticles for a long time, before their release, which in turn ensures a reduction in the amount 

of drug needed. 97–99 

 

The design of microparticles as drug delivery vehicles involves considering different design 

parameters. Chemical properties of microparticles, and their effects on degradation,100 as well as 

the surface chemistry of the microparticles and the resulting interaction with targeted cells and 

tissues have been studied extensively.101,102 Material selection for the microparticles is essential, 

since it not only affects the particles’ biodegradability and the uptake mechanism, it also limits the 

types of therapeutic drugs which can be encapsulated within the microparticles.103 The materials 

used for generating microparticles include polylactic acid (PLA),104–107 polyglycolic acid 

(PGA),108 copolymers of PLA and PGA (PLGA),109,110 PEG,111 polyethylene oxide (PEO),112,113 

and DEX.114–116 

 

Besides chemical properties, the physical properties of microparticles, such as microparticle size, 

impact the functionality and performance of these particles as delivery vehicles. The size of the 

microparticles influences the degradation of the carrier,117 and moreover, it affects the diffusion of 

the vehicles in blood vessels and airways, ultimately, impacting the adhesion of the microparticles 

to targeted tissues.118,119 

 

One physical design parameter, which has not been explored much in the literature, is the delivery 

vehicles’ shape.99 In nature, there are plenty of examples of particles where function and 

performance rely heavily on their shape, such as with spiky pollen grains.120 Recent studies in the  
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literature have shown that non-spherical microparticles are more beneficial, compared to their 

spherical counterparts, for drug delivery purposes.121 Specifically, the high surface area to volume 

ratio of non-spherical microparticles allows for better attachment, and also changes the 

internalization of the microparticles into the targeted cells and tissues.99,119  

 

Researchers have developed a variety of different methods for generating non-spherical 

microparticles for drug delivery purposes. These techniques utilize droplet microfluidics,122–124 

photopolymerization,125–127 lithography integrated within microfluidics,128–131 and 

electrospray.132,133 The challenges associated with generating more complex non-spherical 

microparticles has motivated some researchers to utilize natural microparticles as delivery 

vehicles. One such natural microparticle is pollen grains.120 The spikes across the surface of pollen 

grains provide a much higher surface area to volume ratio, compared to other synthetic non-

spherical microparticles.  

 

Although pollen grains are promising for drug delivery applications, post-processing steps 

required to extract the pollen grains are cumbersome, requiring harsh chemical processing.120,134,135 

Furthermore, loading drugs into pollen grain microparticles,120 and functionalizing the surface of 

these microparticles is challenging,136 Manipulating physical features of natural pollen grains, such 

as spike length and particle diameter core, is not possible. Given the tremendous physical attributes 

of pollen microparticles, and their spike features, it is desirable to be able to generate synthetic 

microparticles with spikes across their surface, whose spike lengths could be tuned and 

furthermore, be easily functionalized with different reagents. Current techniques of generating  
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pollen-like microparticles involve utilizing natural pollens as templates, through sol-gel 

coating,137,138 which limits tuning of different chemical and physical characteristics of the 

microparticles. 

 

In this chapter, inspired by the spiky morphology of pollen micrograins, a novel and facile 

technique for generating pollen-like spiky microparticles is presented. Here, all-biocompatible 

spiky microparticles are generated through ionic cross-linking of alginate and CaCl2, within an 

ATPS of DEX and PEG. Droplets of DEX-alginate, surrounded by PEG, are formed within a 

microfluidic device. To trigger the polymerization, spike growth across the DEX-alginate droplets, 

the emulsions are flowed into a polymerization bath of PEG-CaCl2. Spikes form across the DEX-

alginate droplets due to the sudden instability caused across the DEX-PEG interface. Over time, 

the spikes grow, until all of the alginate from the droplet phase cross-link with the CaCl2 in the 

PEG-CaCl2 bath, halting the spike growth. The effects of changes in the polymerization bath’s 

CPEG, and CaCl2 concentration, on the spike growth, are explored independently from one another. 

It is shown that the length of the spikes across the DEX-alginate droplets can be tuned by varying 

the concentration of the PEG inside the polymerization bath. 

 

3.3 Experimental methods  

3.3.1 Chemical preparations 

To ensure that the ATPS is in equilibrium, alginate needs to be premixed with DEX and PEG 

phases, before phase separation. Furthermore, the concentrations of the PEG and DEX phases need  



Chapter 3                                           Spiky microparticle generation 

 40 

 

to be chosen such that alginate partitions mostly to the droplet phase, in this case, the DEX phase. 

To find the most optimal concentration of DEX and PEG, three different ATPSs are made. All 

three ATPSs are prepared with PEG 10 w/v% stock solution (PEG; Mw 35k, Sigma Aldrich, St. 

Louis, MO, USA), while the DEX concentration is varied from 10 w/v% to 30 w/v% (DEX, Mw 

500k, Pharmacosmos, Holbaek, Denmark). Equal volumes of the DEX and PEG stock solutions 

are made for each system, in deionized (DI) water, and mixed inside a FalconTM tube (BD Medical, 

Franklin Lakes, NJ, USA). Subsequently, 1 w/v% alginate (Alginic acid sodium salt, Sigma 

Aldrich, St. Louis, MO, USA) is added to each ATPS, and left to phase separate for 48 hours. 

After phase separation, the top phase (equilibrated PEG phase) and the bottom phase (equilibrated 

DEX phase) are separated and transferred to separate FalconTM tubes for each ATPS. It is observed 

that as the DEX concentration increases (given fixed PEG concentration of 10 w/v%), the amount 

of alginate partitioning to the DEX phase increases. Therefore, the ATPS of PEG 10 w/v% and 

DEX 30 w/v% is chosen for droplet generation.  

 

A mixture of PEG stock solution (PEG; Mw 35k, Sigma Aldrich, St. Louis, MO, USA) and CaCl2 

(CaCl2 dihydrate, Sigma Aldrich, St. Louis, MO, USA) is used in the polymerization bath. To 

study the effect of changes in CPEG on spike growth, stock solutions of PEG 10, 15, 20 and 30 

w/v%, each with 2 w/v% CaCl2, are prepared in DI water. Moreover, stock solutions of PEG 10 

w/v% with 2, 8, 10 and 20 w/v% CaCl2 are prepared to explore the effects of changes in CaCl2 

concentration on the spike growth.  
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3.3.2 Device fabrication 

Standard soft lithography technique is used to fabricate the flow-focusing microfluidic device.3 

The flow-focusing microfluidic design, with two inlets and one outlet, is drawn on a computer-

aided design (CAD) software (AutoCAD 2016, Autodesk, Inc., San Rafael, CA, USA). Then, this  

design is used to print a patterned photomask, on a transparency sheet (CAD/ART Services Inc., 

Bandon, OR, USA). 

 

To generate the microfluidic channel mold, SU-8 2050 photoresist (Microchem, Newton, MA, 

USA) is spin coated on a 4-inch diameter silicon wafer (UniversityWafer, Inc., Boston, MA, USA) 

and subsequently exposed to UV light through the patterned photomask. The patterns are 

developed by immersing the wafer inside developer solution (UniversityWafer, Inc., Boston, MA, 

USA). 

 

Once the mold is ready, it is filled with a 10:1 ratio mixture of polydimethylsiloxane (PDMS) resin 

and curing agent (Sylgard 184, Dow Corning, Midland, MI, USA). The mixture of the PDMS resin 

and curing agent inside the mold is left in a 70° oven, for an hour. Once the mixture cures, the 

PDMS slabs are cut out from the mold. A 1 mm diameter biopsy punch is used for making two 

inlets, and one outlet. Finally, the PDMS slap is bonded to a glass slide, through oxygen plasma 

treatment (Harrick Plasma, Ithaca, NY, USA). 
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3.3.3 Experimental setup 

The experiments are monitored through an inverted microscope (AX10, Carl Zeiss AG, 

Oberkochen, Germany), and a high-speed camera (Miro M110, Vision Research, Wayne, NJ, 

USA). To process experimental images, the ImageJTM software is used. 

 

Syringe pumps (Harvard Apparatus, Holliston, MA, USA) are used to flow the dispersed phase of 

DEX-alginate, and the continuous phase of PEG, into the flow-focusing microfluidic device, 

through tubings (1/32” ID 3/32” OD Tygon Tubing, Saint-Gobain, Malvern, PA, USA). The 

dispersed phase of DEX-alginate flows at a flow rate of 1 µl min-1, and the continuous phase of 

PEG is pumped at a flow rate of 20 µl min-1. Due to the low interfacial tension of the ATPS, a long 

thread of DEX-alginate is formed, surrounded by the PEG phase inside the microfluidic device. 

The thread breaks off, due to the Rayleigh-Plateau instability of the ATPS,79 inside the tubing 

connected to the outlet; forming droplets of DEX-alginate in the continuous phase of PEG. We 

observe that the diameter of the DEX-alginate droplets, d, ranges from 50-80 µm. 

 

As seen in Figure 11, the emulsions formed inside the outlet tubing flow into a polymerization 

bath (60mm × 15mm polystyrene petri dish, Fisher Scientific, NH, USA) filled with PEG-CaCl2 

solution for 30 s. Then, the outlet tubing is removed from the polymerization bath, and the DEX-

alginate droplets, in a bulb of PEG (intermediate PEG phase), are observed in the solution of PEG-

CaCl2 (outer PEG phase), as they grow spikes over time.  
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Figure 11. Schematic diagram of the experimental setup. A flow-focusing microfluidic device 

is used to generate emulsions of DEX-alginate in the continuous phase of PEG. The DEX-

alginate droplets, which are generated inside the outlet tubing, flow into a bath of PEG-CaCl2 

solution, for 30 s. Then, the flows of DEX-alginate and PEG are stopped, the outlet tubing is 

disconnected from the PEG-CaCl2 bath, and the bath of PEG-CaCl2 is placed on an inverted 

microscope, to observe the polymerization and growth of spikes across the DEX-alginate 

droplets over time. The scale bar indicates 50 µm. 
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3.4 Results and discussion 

The process of spike formation on the DEX-alginate droplets is governed mainly by a combination 

of diffusion, electrostatic transport, and the simultaneous ionic cross-linking of alginate and 

calcium ions (as shown in Figure 12). The DEX-alginate droplets, surrounded by PEG, flow into 

the bath of PEG-CaCl2. A small bulb of PEG (intermediate PEG phase), containing the DEX-

alginate droplets, forms inside the PEG-CaCl2 bath (outer PEG phase). The concentration gradient 

between the outer PEG phase and intermediate PEG phase drives the water and CaCl2 molecules 

across the two PEG phases.  

 

As the PEG solution in the bulb, and the PEG-CaCl2 form a homogenous mixture, the DEX-

alginate droplets go out of chemical equilibrium with their surrounding phase. To reach a new 

chemical equilibrium, water molecules from the DEX-alginate droplets leave the droplets, in the 

form of fingers. Simultaneously, as the water molecules from the DEX-alginate droplet are the 

leaving the droplet core, the fingers come in contact with the surrounding homogeneous mixture 

of PEG-CaCl2. The presence of CaCl2 around the DEX-alginate droplets triggers ionic 

polymerization between carbonate ions from the alginate, and the calcium ions from CaCl2. This, 

in turn, hinders growth of the fingers and overtime, results in the termination of growth and allows 

for the generation of polymerized spiky microparticles. 

 

Interestingly, it is found that the growth of the spikes across DEX-alginate droplets is highly 

dependent on the presence of alginate molecules in the DEX-alginate droplets’ surrounding 

continuous PEG phase. The ATPS of DEX and PEG, with alginate only added after phase  
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separation to the DEX phase, in the dispersed phase, does not produce spikes across the DEX 

droplets, nor do the droplets become polymerized (even after monitoring them for 24 hours). This 

is an indication that the presence of the alginate not only in the droplet phase, but also in the 

dispersed phase of PEG, is crucial for the spike growth across droplets, and their subsequent 

polymerization. This can be explained by the electrostatic interactions between the alginate 

molecules present in the intermediate PEG phase, and the CaCl2 molecules present in the outer 

PEG phase. This electrostatic interaction draws the CaCl2 molecules towards the intermediate PEG 

phase, triggering the polymerization with simultaneous instability across the DEX-alginate 

droplets. 
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Figure 12. Process of spike formation across a DEX-alginate droplet. a) The DEX-alginate droplet 

reaches the polymerization bath of PEG-CaCl2. Water molecules diffuse between the PEG-CaCl2 

solution, and the intermediate PEG phase, resulting in a homogeneous mixture. b) The DEX-

alginate droplet goes out of equilibrium with its surrounding, so to reach a new equilibrium, water 

molecules from the DEX-alginate droplet migrate outside. c) Water molecules flow out from the 

DEX-alginate droplets in the form of fingers. The simultaneous ionic cross linking of alginate in 

the droplets and fingers, and the CaCl2 in the surrounding PEG phase results in polymerization of 

the spiky DEX-alginate particles.  
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Figure 13(a) represents time-series images of a DEX-alginate droplet inside the polymerization 

bath of 20 w/v% PEG – 2 w/v% CaCl2. Time t = 0 represents the time at which the flow of the 

emulsions to the bath is stopped. The spikes start to grow across the DEX droplet’s surface, with 

the highest growth rate at the beginning. With time, the growth rate decreases, until the spike 

growth terminates. Spike growth across DEX-alginate droplets in the polymerization bath of 20 

w/v% PEG – 2 w/v% CaCl2 terminates at t = 100 minutes. 

 

Two different parameters are tuned, independently from one another, to explore the spike growth 

across the DEX-alginate droplets: CPEG, and the concentration of the CaCl2 in the polymerization 

bath. The final length of the spikes on the DEX-alginate particles can be tuned by varying only the 

concentration of the PEG used in the PEG-CaCl2 solution inside the bath, whereas the CaCl2 

concentration does not have any impact on the spike growth. As seen in Figure 12(b), the increase 

in CPEG from 10 w/v% to 30 w/v%, while keeping the CaCl2 concentration at 2 w/v%, results in 

shorter final spike lengths. This can be explained by considering the diffusion of CaCl2 molecules 

within the polymerization bath. The concentration gradient between the PEG-CaCl2 solution in the 

bath and the intermediate PEG phase increases with the increase of CPEG, from 10 w/v% to 30 

w/v%. This higher concentration gradient results in a greater flux of CaCl2 molecules migrating 

towards to the DEX-alginate droplets. Therefore, the spike growth gets halted at a faster rate, as a 

result of ionic crosslinking of alginate and calcium ions. 
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Figure 13. (a) Time-series images of a 30 w/v% DEX - 1 w/v% alginate droplet inside a bath 

of 20 w/v% PEG - 2 w/v% CaCl2. With increasing time, the droplet starts to polymerize, spikes 

form over its surface and grow until the spike growth reaches a stable length at time t = 100 

minutes. (b) The final-state images of DEX-alginate particles, in different polymerization baths. 

With a fixed 2 w/v% CaCl2 concentration, the final spike length of particles decreases with 

increasing CPEG inside the bath. Scale bars indicate 50 µm. 
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Figure 14(a) shows the log-log plot of the normalized spike length 𝑙/𝑑 (where 𝑙 is the spike length) 

versus time t, for different polymerization bath compositions. The spike formation across the DEX-

alginate droplets starts off with a high growth rate and with time, the growth rate decreases, until 

it reaches a plateau. The increase in CPEG from 10 w/v% to 30 w/v%, while keeping the CaCl2 

concentration constant at 2 w/v% (Figure 14 (a), solid circle data points), results in a decrease 

of spike growth rate and, produces particles with shorter spikes. The longest spikes (𝑙/𝑑 ≈	1.7) 

produced formed in a polymerization bath of 10 w/v% PEG - 2w/v% CaCl2, and the shortest 

spikes (𝑙/𝑑 ≈ 0.45) are produced in the most viscous polymerization bath, containing 30 w/v% 

PEG – 2w/v% CaCl2.  

 

From Fick’s second law of diffusion it is found that 𝑙 ≈ 𝐷𝑡 , where 𝑙 is the diffusion length 

(in this case the spike length) and 𝐷 is the diffusion coefficient, therefore, 𝑙~𝑡S/#.13 The data 

series presented in Figure 14(a), at early times, follow a line indicated by a slope of ½, which 

is evidence that diffusion likely governs spike growth generation across the DEX-alginate 

droplets at early stages. Another observation is that the final length of spikes decreases with 

increasing CPEG in the PEG – CaCl2 bath. Here, as the concentration of the PEG inside the PEG 

- CaCl2 increases, the viscosity of the PEG-CaCl2 in the bath increases. The increase in the PEG 

- CaCl2 viscosity results in a decrease of the diffusion coefficient D,139 which can in turn affect 

the spike lengths and result in the generation of shorter spikes.  

 

Quantitatively, it is observed that increasing the CaCl2 concentration from 2 w/v% to 20 w/v%, 

while maintaining the CPEG = 10 w/v%, does not significantly affect the spike growth rate, and  
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the final spike length. Therefore, the primary parameter affecting the spike growth appears to 

be the concentration of the PEG in the bath, CPEG. Figure 14(b) illustrates that the normalized 

final length of spikes 𝑙;/𝑑, decreases with CPEG. As CPEG increases from 10 to 30 w/v%, the 

normalized final length of spikes 𝑙;/𝑑 drops from 1.7 to 0.45. 
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Figure 14. (a) Log–log plot of the normalized spike length l/d versus time t, for different 

polymerization bath compositions. Given fixed CaCl2 concentration in the bath, as CPEG 

increases, the final length of spikes observed across the DEX-alginate particles decreases. 

Further, the spikes’ growth across the DEX-alginate particles reaches a plateau faster when 

surrounded by a more concentrated PEG in the bath. (b) Plot of normalized final spike length lf 

/d versus PEG concentration in the polymerization bath CPEG. The final spike length lf /d 

decreases with the concentration of the PEG solution inside the bath. 

 

 

 

 
 
 
 
 
 



Chapter 3                                           Spiky microparticle generation 

 52 

 

3.5 Conclusions 

In conclusion, a new and facile method of generating non-spherical microparticles, with a high 

surface area to volume ratio, is presented. This method is unique in that it does not require complex 

syntheses or manipulation, yet generates highly controllable, and biocompatible, spiky 

microparticles. Using ATPS, integrated with ionic cross-linking allows for the generation of all-

biocompatible pollen-like microparticles, without the need of additional post processing. It is 

shown that the length of the spikes can be tuned by changing the concentration of the PEG polymer 

present in the polymerization bath. Furthermore, this particle synthesis technique can be used and 

implemented for generating spiky surfaces, and spiky threads, which may find various 

biotechnological applications. 
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Chapter 4 
 

 
Concluding remarks 
 
 
In this thesis, the great potential of ATPS for the development of lab-on-a-chip systems and 

biomaterials is explored. Particle-stabilized emulsions of DEX-in-PEG are shown to be generated 

within a microfluidic platform, which could eventually be used for immunoisolation purposes, and 

spiky microparticles are formed through ionic cross-linking of alginate and calcium chloride, 

within an ATPS of PEG and DEX, which could be used for drug delivery purposes. 

 

ATPS allows for the development of all-biocompatible microfluidic platforms, thereby removing 

the need for additional post processing washing steps. Utilizing the affinity partitioning capability 

of these systems, and careful selection of samples and reagents (such as selection of carboxylated 

particles as stabilizing agents), allows for the development of functional lab-on-a-chip systems. 

Moreover, manipulating the chemical equilibrium conditions of these systems, while integrating 

other chemical reactions, can lead to the generation of novel materials (such as the spiky 

microparticles). 
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Although it is shown that particle-stabilized water-in-water emulsions formed are capable of 

immunoisolation purposes, some improvements are still necessary to make the particle-stabilized 

emulsion system more functional. Integrating a microneedle and utilizing a 3D flow-focusing  

 

microfluidic device allows for generation of droplets that are smaller than the channel height.140 

In the current microfluidic setup, the diameter of droplets which are generated is the same as 

channel height. Therefore, the top and bottom of the droplets touch the walls of the microchannel, 

and as a result, particles cannot cover those areas. Using a needle device, it would then be possible 

to generate particle-stabilized droplets that have a 100% coverage since the droplets smaller than 

the channel height can be formed.  

 

Moreover, once fully-stabilized emulsions are formed, it is possible to remove the core of the 

droplet phase, by introducing an extremely concentrated continuous phase. To reach a new 

chemical equilibrium, water molecules would leave the droplet phase, which in turns results in the 

generation of a hollow microcapsule, similar to hollow colloidosomes formed by water-in-oil 

systems.60,141 

 

For the spiky microparticles, future work may involve integrating release of an encapsulated drug 

within the DEX droplet core, and analyzing the release profile. Moreover, in depth analysis of the 

process which governs the spike formation is required. This can be pursued by integrating 

mathematical modeling, and studying whether or not the experimental data for the spike lengths 

at different experiments, follow the mathematical model. Moreover, using the same chemicals can  
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lead to the generation of textured surfaces, and spiky threads, which may have application in 

biotechnology.  

 

ATPSs possess a great potential. The biocompatible nature of these systems makes them a great 

alternative to conventional water-in-oil droplet microfluidic platforms. As researchers have 

overcome the challenges associated with generating water-in-water emulsions, the future works of 

ATPSs within microfluidic platforms will involve creating systems, and exploiting the affinity 

partitioning of different chemicals within each phase to make platforms functional. For instance, 

integrating other aqueous solutions, such as cell growth media, within the droplet phase of an 

ATPS microfluidic emulsion system allows for generation of more viable cell encapsulation 

vehicles, where the cells would be able to receive their nutrients. Moreover, expanding these 

systems from two to three distinct phases, such as a combination of DEX, Ficoll, and PEG,54 and 

utilizing the affinity partitioning of each of the phases microfluidic platforms, can lead to 

generation of more complex, such as synthetic cells. 
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Appendix 
 
 
 

A1. Order-of-Magnitude Approximations 
 
 
The order-of-magnitude approximation calculation can be found below for the Gibbs desorption 

free energy, thermal energy, and Stokes’ drag-based shear energy below. 

 

Gibbs desorption free energy 
 
The Gibbs desorption free energy can be found by the following: 

∆𝐺 = 𝛾𝑑#(1 − 𝑐𝑜𝑠𝜃)#/4 

Where, 

𝛾 = 0.082 mN m-1 → 𝛾 = O(10-5) N m-1 

Considering the smallest particle size, 

𝑑 = 1 µm → 𝑑 = O(10-6) m 

Considering the largest particle size, 

𝑑 = 10 µm → 𝑑 = O(10-5) m 
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𝜃 = 90 °C 

 

Therefore, the order-of-magnitude approximation can be calculated as the following  

Smallest particle size: 

∆𝐺 = 𝛾𝑑#(1 − 𝑐𝑜𝑠𝜃)#/4 

∆𝐺 =	O(10-5) O(10-12) O(10-1) = O(10-18 ) J 

 

Largest particle size: 

∆𝐺 = 𝛾𝑑#(1 − 𝑐𝑜𝑠𝜃)#/4 

∆𝐺 =	O(10-5) O(10-10) O(10-1) = O(10-16 ) J 

 

Thermal energy 
 
The Gibbs desorption free energy can be found by the following: 

𝑘𝑇 
Where, 

𝑘 = 1.38 × 10-23 m2 kg s-2 K-1 → 𝑘 = O(10-23) m2 kg s-2 K-1 
 

𝑇 = 293.15 K → 𝑇 = O(102) K 

 

Therefore, the order-of-magnitude approximation can be calculated as the following: 

𝑘𝑇 = O(10-23) O(102)	= O(10-21) J 
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Stokes’ drag-based shear energy 
 
 
The Stokes’ drag –based shear energy can be found as the following: 
 

6𝜋𝜇647𝑢𝑑𝐷/2 
Where, 

𝜇647 = 15.0 mPa s → 𝜇647 = O(10-2) Pa s 

𝑢 = 6.1 µm s-1 → 𝑢 = O(10-6) m s-1 

Considering the smallest particle size, 

𝑑 = 1 µm → 𝑑 = O(10-6) m 

Considering the largest particle size, 

𝑑 = 10 µm → 𝑑 = O(10-5) m 

 

𝐷 = 50 µm → 𝐷 = O(10-5) m 

 

Therefore, the order-of-magnitude approximation can be calculated as the following  

Smallest particle size: 

6𝜋𝜇647𝑢𝑑𝐷/2 = O(101) O(10-2) O(10-6) O(10-6) O(10-5) = O(10-18) 
 
 

Largest particle size: 

6𝜋𝜇647𝑢𝑑𝐷/2 = O(101) O(10-2) O(10-6) O(10-5) O(10-5) = O(10-17) 
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