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Abstract 

Droplet microfluidics is a powerful platform for both fundamental and applied 

biomedical research. The droplets are small in size with a diameter of 1-300 um. Thus, 

they could function as a miniaturized environment for quantitative and qualitative 

analysis. Each droplet composes of water shielded by an immiscible organic shell which 

enables independent control over different droplets. The large surface to volume ratio of 

spherical structure allows rapid mass and heat transfer, which could enable more 

homogeneous chemical reactions. Moreover, since multiple identical droplets could be 

generated simultaneously, parallel analysis for large amount of samples are possible. The 

use of microfluidics brings more power to droplet technology. The precise control over 

the flow allows droplet with preferable size and structure to be generated, which is critical 

for quantitative analysis, homogeneous chemical reaction as well as some in vivo 

applications.  

Nonetheless, generation of stable, monodispersed and well controlled emulsions 

to meet specific biological functions are still challenging.  First of all, to form more 

biocompatible W/O/W DE, the microfluidics devices must be patterned with desired 

surface wettability. W/O emulsion could only form in hydrophobic environment and the 

O/W emulsions could only form in hydrophilic environment. Differential patterning of 

the surface wettability to meet the needs are challenging. Second, DE are stabilized by two 

amphiphilic surfactants, one for the oil phase and the other for the water phase. Selection 
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of appropriate surfactants should hook with specific biological application to ensure 

stability and biocompatibility. Third, the choice of fluid and contents in the fluid will affect 

the viscosity and capillary number of interfacial interaction, and eventually influences the 

droplet formation. The choice of biocompatible medium and buffer must take this into 

consideration. Fourth, the adoption of emulsions for the specific application requires 

optimization of the processing techniques in order to meet the needs for final analysis. For 

instance, control of droplet rupture for content release, modulation of oil phase 

permeability, quantitative analysis of content with flow cytometry, etc.  

In this thesis, we will first demonstrate the design and fabrication of PDMS-based 

devices for automatic and high-throughput DE formation in Chapter 2. In the following 

chapters, we will demonstrate the successful adoption of the microfluidics generated DE 

for different biological applications. In chapter 3, we will illustrate the application of DE 

as a micro-incubator for cellular studies such genetic circuit behavior and performance in 

bacterial cells cultured in DE droplets and formation of 3D mammalian cell spheroid. In 

chapter 4, we will show the successful application of DE as drug carriers for intranasal 

drug delivery. In chapter 5, we showed the application of microfluidics generated DE as 

template for microparticle synthesis and the use of these microparticles as therapeutic 

agents in nucleic acid induced inflammations in autoimmune diseases.  
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1. Background and Overview 

1.1 Overview of General Objectives 

The post-genome era demands for high-throughput platform to achieve efficient 

sample analysis. Miniaturized bioreactors and lab-on-a-chip technologies have since 

generated significant progress in facilitating important high throughput functions with 

additional advantages of cost-effectiveness and high sensitivities. This leads to widely 

application of microfluidics, which deals with manipulation and precise control of small 

quantities of fluids contained in micro-channels of cross-sectional dimensions on the order 

of 10 to 500 µm. Droplet based microfluidics platforms, in particular, has gained 

increasing interest due to their compartmentalized microenvironment separated by 

immiscible oil. Many technological improvement have been made in different areas using 

microdroplet-based platform, including protein purification, DNA separation and 

amplification (PCR) [1], directed evolution and high-throughput sequencing [2]. Highly 

monodisperse (<3% polydispersity) droplets can be generated at frequencies greater than 

10 kHz [3]. Furthermore, with the aid of microfluidics, microdroplets could be fused or 

subdivided, trapped to specific location, or sorted [4]. However, for many applications 

requiring sustained cell culture and analysis, water-in-oil (W/O) single emulsion which 

has the aqueous phase surrounded by an immiscible oil phase is undesirable. It suffers 

from lack of continuous supply of nutrients, desiccation due to evaporation of the oil 

phase, and incompatibility with aqueous phase based analysis such as flow cytometry. 
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These problems could be solved by entrapping W/O droplets in another aqueous phase, 

forming water-in-oil-in-water (W/O/W) double emulsions.  

Although in theory, majority of the studies performed in W/O droplets could be 

readily transformed into W/O/W double emulsions, there are two major technical 

hindrance preventing widely and more advanced application of double emulsions. 1) To 

generate double emulsion droplets, the surface of microfluidics channels has to be 

patterned differently.  W/O droplets requires hydrophobic channel surface whereas O/W 

requires hydrophilic surface. The two most widely used materials for microfluidics chip 

fabrication are glass and polydimethylsiloxane (PDMS).  Glass is easy for chemical coating 

to convert the surface property, but difficult and costly to mould into specific patterns. In 

contrast, PDMS is economic, easy to mould, but difficult for surface chemistry due to its 

chemical inertness. Although there are reports about modifying both materials to have 

differential surface chemistry [5], the process is rather tedious, and difficult to control. A 

more flexible and customized approach has to be developed to achieve wide applications. 

2) Selection of suitable oil phase and oil phase surfactant is critical for double emulsion 

applications.  The oil phase will determine the optical property, chemical permeability, 

biocompatibility of the droplet whereas the surfactant will determine the stability and also 

the biocompatibility. A lot of water immiscible organic solvent could serve as the oil 

phase, but mineral oils and perfluorocarbons are more widely used for their 

biocompatibility. A choice of non-ionic surfactant is generally preferred for biological 
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assays, due to low interference from biomolecules. However, due to the more complex 

structure, stable double emulsion droplets have more stringent requirements for the 

surfactant in terms of molecular weight and chemical composition. Selecting and 

synthesizing suitable surfactant to generate stable emulsions for different applications 

remains a challenge.  

We propose a customized modular microfluidic platform for high throughput 

double emulsion formation with well-controlled characteristics. The overall objective of 

this proposal is to customize microfluidics generated double emulsions according to the 

need in biomedical engineering with an ultimate impact in healthcare development. More 

specifically, the double emulsions will be tailored for applications in cell culture and 

analysis, therapeutic microparticle fabrication as well as drug delivery vehicle for 

controlled release of therapeutics. The following specific aims will be pursued to achieve 

this goal.  

Specific Aim 1: Develop a modular microfluidic platform for high throughput 

double emulsion generation 

a. Empirical optimization of droplet size and formation frequency by altering chip 

dimension and geometry 

b. Convert surface wettability of PDMS chips via chemical coating  

c. Prove the production and control of double emulsion formation 

d. Demonstrate potential chemical permeability of the oil shell 
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Hypothesis for Specific Aim 1: The modular two-chip setup for double emulsion 

production eases the chemical coating of PDMS chips as compared to established one chip setup. 

Moreover, the modular nature enables combination of chips with different dimension and geometry 

to form double emulsions of preferred configurations. It provides more flexibility and convenience 

in controlling properties of double emulsion. Monodispersed double emulsions with desirable size, 

shell thickness, and number of inner cores could be produced. Furthermore, the oil shell of the double 

emulsion could serve as selective membrane for chemical transport, allowing communication 

between inner microenvironment and the external bulk solution.  

Specific Aim 2: Application of microfluidics generated double emulsions for 

cellular studies 

a. Demonstrate the potential application of double emulsion for bacteria cell 

culture and growth and study of inducible gene expression  

b. Leveraging on the selective chemical transport properties, apply double 

emulsion as a platform to study bacteria genetic activities such as inducible gene 

expression and quorum sensing 

c.  Demonstrate the application of double emulsion as a platform to induce stem 

cell spheroid formation, which is an essential process in tissue engineering applications 

Hypothesis for Specific Aim 2: As double emulsion is selectively permeable to small 

molecules, we could potentially modulate genetic activity of cells cultured in the core of double 

emulsion by supplying chemicals in the external aqueous phase. Using fluorescence reporters, gene 
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activation within each droplet could be quantified via flow cytometry. As macromolecules could 

not permeate the oil shell, they will be contained within droplets with a higher effective 

concentration because of the small volume. This may potentially help stem cell spheroid formation 

by enhancing cellular contact and communication.  

Specific Aim 3: Application of microfluidics generated double emulsions to 

prepare uniform microparticles as nucleic acid scavengers  

a. Microparticle preparation  

b. In vitro evaluation of nucleic acid scavenging properties 

c. In vivo evaluation of nucleic acid scavenging properties 

Hypothesis for Specific Aim 3: The central hypothesis in this aim is that microparticles 

coated with positively charged polymers could efficiently scavenge free extracellular nucleic acids 

which are known to induce inflammation. The use of microfluidics generated double emulsions in 

preparing the microparticles produces particles with uniform properties and controllable in size. 

Immobilizing positively charged polymers onto microparticle surface reduces their potential 

toxicity, enhance charge density for efficient nucleic acid scavenging, and prevent cellular uptake 

and receptor encounter. Furthermore, the microparticles could also scavenge nucleic acid bound 

complexes, which could not be easily achieved with free polymers.  

Specific Aim 4: Application of double emulsion as drug delivery vehicle 

a. Characterization of drug encapsulation and release 

b. Intranasal injection of double emulsions and bio-distribution study 
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Hypothesis for Specific Aim 4:  Perfluorocarbons used to form double emulsions 

possess high vapor pressure, making them evaporate easily when exposed to air or heat.  

Intranasal administration of perfluorocarbon containing double emulsions expose the 

droplets under normal breathing and could potentially break the droplets. By selecting 

the right perfluorocarbon or perfluorocarbon mixture, we could gain control over the 

release profile of the molecules encapsulated inside. The biological and chemical inertness 

of perfluorocarbons provide additional advantage for in vivo applications due to their 

good biocompatibility and low toxicity.  

1.2 Background 

1.2.1 Digital Microfluidics 

Microfluidics, a multidisciplinary field involving fluid mechanics, chemistry, 

biology, and engineering, has emerged to impact many technology development during 

the past two decades. It deals with the manipulation and precise control of small 

quantities of fluids contained in microchannels of cross-sectional dimensions on the order 

of 10 to 500 μm. Flows in microfluidic devices exhibit many attractive features. For 

instance, the enhancement of mass transfers and heat transfers between different phases 

due to the large specific interface areas facilitates homogeneous chemical reaction, and the 

dominant viscous effects resulting in the laminar flow with small Reynolds number 

facilitates the precise control of the flows. Thus, microfluidics has been applied in various 
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fields including biological analysis, synthesis of photonics materials, chemical synthesis, 

and drug delivery systems.  

One subcategory of microfluidics is droplet-based microfluidics, also called digital 

microfluidics. It generates and manipulates discrete droplets with precisely controlled 

volume and composition through shearing between immiscible phases in microchannels. 

Unlike continuous flow systems, these droplets allow independent control of each 

droplet, thus providing microreactors that could be individually transported, mixed and 

analyzed. Moreover, since multiple identical droplets could be generated simultaneously, 

parallel experimentation can be easily achieved, allowing large amounts of sample to be 

analyzed efficiently. Thus, droplet microfluidics offers greater potential for high 

throughput and scalable process than continuous flow systems. Advantages of this 

technology are remarkable: producing monodispersed particles in the nanometer to 

micrometer range, controlling the shape and structure of particles at a new level, and 

generating droplets of diverse materials including aqueous solution, gels, and polymers. 

These droplets can also be used in many other applications, including drug delivery, cell 

growth, DNA or protein synthesis, enzyme assays, cell growth and multi-cellular 

organism growth [6].  

1.2.2 Adaption of digital microfluidics for biological studies 

Miniaturized bioreactor can facilitate biological studies: on one hand, it better 

mimics the micro-scale environment where typical biological events transpire; on the 
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other, it improves the cost-effectiveness and sensitivity of high-throughput cellular 

studies by reducing sample consumption and enhancing signal response due to the small 

volume. For instance, confining cells in a defined array of microwells has enabled 

cultivation of both mammalian and microbial cells to facilitate study of complex biological 

activities such as cell growth and adhesion [7, 8], and quorum-sensitive bacterial growth 

[9-11]. However, such microwell strategy relies on continuous flow for perfusion of 

chemicals and may suffer from cross contamination among wells [12].  Recent 

advancement in nanofabrications has enabled more efficent manupulation of microscale 

volumes, improved the throughput and greatly expanded the options of miniaturization.  

Compartmentalization of biological agents in discrete aqueous droplets dispersed 

in an oil phase is an attractive alternative to the microwell strategy.Typical water-in-oil 

(W/O) droplet has an aqueous volume from femtoliter to nanoliter, each representing an 

isolated micro-reactor or micro-incubator. The maximized surface-to-volume ratio of the 

micro-droplets enables highly efficient mass and heat transfer between the internal and 

external phases [13], resulting in precise and rapid perturbation of the microenvironment 

in the droplet. The application of W/O droplets for biological studies can be traced back 

to 1958, when Nossal and Lederberg isolated single lymph-node cells and maintained 

them in individual microdroplets for a few hours. Antibody production was montinored 

and their ability to inhibit bacteria growth was evaluated. This study leads to the 

groundbreaking discovery that one lymphocyte cell could only produce one particular 
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antibody, also known as the “one-cell-one-antibody” rule [14]. Nonetheless, these 

experiments were extremely labourious, had slow throughput and thus was not adapted 

by the scientific community for general use. Moreover, the conventional W/O emulsions 

prepared in bulk also suffer from polydispersed size distribution, diminishing their 

appeal in many biological applications where reproducibility and quantification are 

paramount. Microfluidics, capable of generating homogeneous and uniform droplets, has 

emerged as an attractive configuration for cell cultivation [15, 16], screening [16], and 

sorting [17]. It has also been shown recently to improve the synthesis of DNA-

nanocomplexes [18], detect single-cell enzyme activity [19] and protein expression levels 

[20]. However, for certain applications requiring sustained cell culture, the W/O scheme 

of an aqueous phase surrounded by an immiscible oil phase is undesirable. It suffers from 

lack of continuous supply of nutrients, desiccation due to evaporation of the oil phase, 

and incompatibility with aqueous phase-based analysis such as flow cytometry.  

A solution is to entrap W/O droplets in another aqueous phase, forming water-in-

oil-in-water (W/O/W) double emulsions. The external aqueous phase efficiently prevents 

desiccation and reduces the amount of organic component, and yet retaining the 

advantages of compartmentalization. The oil shell in the W/O/W droplet could function 

as a selective barrier to regulate molecule transport, allowing supply of nutrients or input 

of small inducer molecules from the external phase and retaining macromolecules in the 

internal phase.  



 

10 

1.2.3 Formation of multicellular spheroid for stem cell research 

Cell-cell interaction regulates biological processes such as development, 

homeostasis and disease progression via juxtacrine signaling mediated by direct cell 

contact or communication through functional junctions between cells.  Forming three-

dimensional aggregates of cells in vitro can restore the cell-cell interaction required for 

preserving cellular viability, function and phenotype that are often lost in monolayer 

culture. Moreover, microenvironmental cues such as the size of spheroid and extracellular 

matrix (ECM) also contribute to directing stem cell behavior. As such, there is an interest 

for high-throughput generation of stem cell spheroids along with fine tuning of their 

differentiation potential via controlling their size and exogenous matrix surrounding 

them, which can be useful for screening and therapeutic applications. 

Conventional ways of making spheroids or EB comprise hanging drop, culture in 

suspension and in spinner flask. While hanging drop provides some control over the 

spheroid size, the system is difficult to scale up. Culturing cells in suspension or in spinner 

flask is relative simple but heterogeneity in spheroid size results [21]. Recently the 

research focus has turned to the microwell approach [22], taking advantage of 

microfabrication technique that supports spheroid size control as well as scaling up.  

Nevertheless, the encapsulation of spheroid in matrix scaffold following its formation 

either involves multiple steps or replating [23, 24], complicating the process and possibly 

damaging the spheroids.  
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1.2.4 Microfluidics assisted microparticle synthesis 

Droplet microfluidics provides a robust platform to precisely manipulate fluids. 

However, many biomedical applications require materials that are not in liquid form, but 

rather in the form of solids or gels. Solid particles made from polymeric and biological 

materials are widely used in drug delivery [25-27] and tissue engineering [27]. Various 

methods have been invented to induce phase change inside the droplet to promote 

particle formation (Figure. 1.1). First, photo-initiated polymerization have been used to 

transform soluble polymers into solid particles [28]. This strategy takes advantage of the 

optical transparency of droplet systems. UV light is typically used to activate photo-

initiators in the droplet which causes monomers to cross-link and solidifies the droplets. 

Chemical agents have also been employed to induce polymerization [29]. Chemical 

inducers could be supplied to the droplet after formation through diffusion or droplet 

fusion. In addition to forming particles by polymerization, solvent extraction/evaporation 

methods had been used in combination with droplet microfluidics to create monodisperse 

polymer particles (Figure 1.1). Polymersomes have been created by first forming 

water/oil/water emulsions with diblock polymers dissolved in the oil phase, and then 

removing the solvents in the oil phase through evaporation [30, 31]. This creates a thin 

polymer membrane separating the two water phases. PLGA particles of various sizes have 

also been synthesized using a combination of droplet microfluidics and miniaturized 

solvent extraction/evaporation processes [32].  
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Microparticles are of particular interest for drug delivery for their high drug 

loading level and sustained drug release. To control the release of the drug, it is critical to 

use microparticles with known sizes and size distributions since the rate of drug release 

is directly proportional to particle sizes [33]. Another way to control drug release is to 

optimize the thickness of a shell of a core-shell microparticles. However, conventional 

high-shear emulsification techniques used to fabricate microparticles produces 

microparticles that have a large polydispersity in size, high variability in structure and a 

wide range of encapsulation efficiencies. These problems could be diminished by using 

microfluidics generated double emulsions. In this study, we use the selective permeability 

of the oil shell of double emulsion droplets to control solidification and formation of 

microparticles in the core, which is induced by pH-triggered phase transition of chitosan 

materials followed by in-drop desiccation of particles. 
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Figure 1.1 Schematic illustration of the microfluidics preparation process of various 

drug carriers.  

(a) Nanocomplex. During hydrodynamic flow focusing, precursors self-assemble into 

nanoparticles when precursor-solvent solution is mixed with buffer, in which the 

precursor is poorly soluble. The process occurs in three stages involving nucleation of 

nanoparticles, growth through aggregation and stabilization. (b) 

Microparticle/microsphere. Disperse phase is broken up by the continuous phase to 

form droplets which in turn give rise to microparticles upon solidification. (c) Core-shell 

structure. Sequential encapsulation generates double emulsion after which the shell is 

solidified to produce a shell layer with a liquid core. (d) Janus particle. The disperse 

phase comprises two distinct inputs is broken up by the continuous phase to produce 

particle with two distinct phases. 
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Conventional NP fabrication techniques are prone to polydispersity and batch-to-

batch variations. For instance, the final size of NPs generated by the emulsion-based 

techniques is directly determined by the size of the emulsion droplets, which itself could 

be very heterogeneous in bulk mixing. While heterogeneity remains an insurmountable 

obstacle in bulk preparation of DDS, microfluidics, the manipulation of fluid in 

nano/picoliter scale channels, presents exciting opportunities to improve the fabrication 

and manufacturing of particulate DDS. The general benefits of conducting reaction in 

microfluidics include but not limited to rapid mixing of reagents, homogeneous reaction 

environment, flexibility for multi-step reaction design, enhanced processing accuracy and 

efficiency, better heat transfer due to high surface-to-volume ratio, miniaturization, and 

cost savings from reduced consumption of reagents [34]. In particular, the rapid mixing 

feature, flexibility for multi-step reaction and efficient processing, as we shall see later, 

contribute to the improved fabrication process of particulate DDS in three aspects. First, 

microfluidics is a versatile platform that can be used to synthesize various types of drug 

carriers. Second, microfluidics-aided synthesis exhibits better controllability over the 

physical properties of drug carriers. Third, microfluidic possesses are amenable to scale-

up and on-line quality control, factors important for translation and commercialization. 

Most of the microfluidics devices nowadays are fabricated in either [35] glass or 

polydimethylsiloxane [36] (PDMS). Silicon [37-39], perfluoropolyether [40], polymethyl 

methacrylate (PMMA) [41, 42], polyurethane [43], polycarbonate [44] and stainless steel 
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[45] microfluidics devices are also reported. In the commonest approach, two streams 

containing continuous and disperse phases are infused into two separate inlets, and the 

disperse phase is confined into isolated droplets or narrow stream at T-junction, in flow-

focusing and concentric capillaries. The droplet configuration would produce spherical 

particulate DDS in a discrete manner whereas the focused-stream configuration would 

promote self-assembly at the interface of the two adjacent streams in a continuous 

manner. 

1.2.4.1 Microfluidics as versatile platform for DDS synthesis 

1.2.4.1.a Nano DDS 

Due to the intrinsic limitation of bulk synthesis, the adoption of microfluidics for 

synthesis of nano-sized DDS has become an attractive alternative [38]. Self-assembly of 

liposome in microfluidics system is demonstrated [37-39]. Lipids dissolved in isopropyl 

alcohol (IPA) in the disperse phase is channeled through two streams of buffer solutions 

of continuous phase in a flow-focusing device where dilution of IPA occurs through 

mixing of fluids at the interface. Liposome particles (50-200 nm in diameter) highly 

homogenous in size are precipitated at downstream of the channel. Using the same 

approach, monodisperse PLGA-PEG NPs ranging from 20 to 100 nm have also been 

synthesized [46] [47]. Drugs such as docetaxel and platinum (IV) prodrug have been 

encapsulated as an example. By selecting two immiscible phases containing different 

precursor molecules, lipid-polymer hybrid DDS are prepared in flow focusing device by 



 

16 

dissolving hydrophilic PEG or PNIPAM in aqueous continuous phase and hydrophobic 

lipids in the organic phase. The formation of PLGA/lecithin/PEG NPs (35-180 nm) and 

lipid-PNIPAM (150-300 nm) are reported [48, 49]. Apart from precipitation reaction, 

recently the synthesis of polymer-drug conjugates using microfluidics system has also 

been demonstrated. Heparin–folic acid–retinoic acid (HFR) bioconjugates (100 nm) with 

high drug coupling ratio and uniform size distribution could be produced efficiently after 

thorough mixing of two reactants introduced into a microchannel [40]. Reduced reaction 

time and high drug conjugation efficiency is attained in a single-step assembly reaction. 

While microfluidics facilitates the preparation of nano-sized DDS by rapidly 

mixing the precursor solution with buffer, the fabrication of DNA nanocomplexes such as 

lipoplex or polyplex for nonviral gene delivery of DNA, siRNA could also benefit from 

the same platform [18, 36, 50]. Polyplexes (250 nm) and lipoplexes (200 nm) formed in 

picoliter droplets by using a flow-focusing microfluidics device show smaller size, 

narrower size distribution, lower cytotoxicity, and higher transfection efficiency 

compared to those formed by bulk mixing, demonstrating the appeal of self-assembly in 

a small volume [18, 36]. 

1.2.4.1.b Microparticles / microspheres 

The capability of microfluidics to generate discrete droplets is leveraged to 

fabricate microparticulate DDS. A range of organic (PLA [51, 52] and PLGA [53, 54]) and 

inorganic (chitosan [41, 42], poly(N-isopropylacrylamide) pNIPAAM [55-58], 
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hydrogelator [59], silk protein [60], pectin [44], hydrazide and aldehyde-functionalized 

carbohydrates [61], dextranhydroxyethyl methacrylate (dex-HEMA) [28] and silica [62]) 

materials have been investigated for microparticle formation through generation of liquid 

precursor droplets in microfluidics prior to solidification by solvent extraction or induced 

polymerization. Furthermore, porous microparticles are also fabricated with the help of 

microfluidics to facilitate drug release. The use of poly(ethylene glycol)-b-polylactide 

(PEG–PLA), which is oil-soluble, as gel matrix in O/W emulsion leads to the formation of 

a reverse micelle structure with a small amount of water encapsulated within, creating 

pores upon freeze drying [52]. PEG has also been used as porogens during the formation 

of porous pNIPAAM microparticles [58].  

1.2.4.1.c Core-shell structures 

W/O/W is useful to prepare core-shell structures. However, conventional 

emulsification techniques used to prepare core-shell structure generate droplets with 

great variation in sizes. The possibility of adopting microfluidics for production of core-

shell structure has been explored. Utada et. al. first reported the formation of W/O/W 

double emulsion droplets from a concentric microcapillary device [63]. Such W/O/W 

droplets/capsules could be used to trap and release insulin [64] and antibiotics [65] by 

either diffusion of substances through the oily membrane or disruption of the droplet 

structure under shear stress [66]. Using this method, DDS such as microscale 

polymersomes could be fabricated with precise control over their size [35]. In other 
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studies, microcapsules with alginate, PLA or a polyelectrolyte shell comprising anionic 

platinum NPs and cationic diazoresin, are prepared by forming single emulsion followed 

by ionic crosslinking of the surface of the capsule, solvent evaporation or coating with 

polyelectrolytes [67-69]. 

1.2.4.1.d Smart drug delivery core-shell structures 

Microfluidics has also been used to produce smart capsules for drug delivery. 

Using pNIPAAM along with crosslinker (BIS) as the disperse phase and hexadecane 

containing photoinitiator as the continuous phase, thermosensitive pNIPAAM capsule 

could be generated in a single emulsion system by applying UV light to photopolymerize 

pNIPAAM precursor droplets from outside after the photoinitiators have diffused into 

contact with the monomer [70]. Change of capsule volume is induced by subjecting the 

capsule to different temperatures, a mechanism that could potentially be used to trigger 

the release of drugs. Using the double emulsion approach, thermosensitive microcapsules 

could be made by coating polyacrylamide microgel as the inner core with (pNIPAAM) 

precursor followed by crosslinking to form microgel capsule [71]. A stimulus-responsive 

colloidosome which exhibits 80% decrease in volume when actuated is fabricated by 

assembling pNIPAAM microgels at the interface of W/O emulsion [72]. Moreover, a pH-

responsive capsule can be generated from an O/W/O emulsion template comprising 

chitosan in the middle water phase and oil-soluble crosslinker in the inner oil phase [73]. 

Chitosan is crosslinked at the inner O/W interface as the inner oil contacts with the middle 
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chitosan layer during transition in the microfluidics device. The chitosan capsules 

displays an acid-sensitive burst release of cargo from the inner core by decomposition of 

the shell layer. Monodisperse polymersomes are fabricated using the similar approach in 

W/O/W emulsion when PEG-b-PLA adsorbs at the oil–water interfaces. The encapsulation 

and triggered release upon osmotic shock of 4000 Da dextran molecules is described. 

Finally, a “smart” magnetic field-sensitive drug delivery device is constructed with high 

molecular weight chitosan embedded with magnetite particles as the capsule layer [74]. 

The release of drug (aspirin in this case) from the inner core is sparked by an AC magnetic 

field that causes the compression and extension oscillation of the capsule, resembling the 

pumping action of drug. The drug release behavior could be tuned by simply varying the 

applied magnetic field.  

1.2.4.1.e Janus particles  

In addition to conventional drug-encapsulated microparticles, Janus particles, 

which have an interesting anisotropic structure and are difficult to prepare by 

conventional methods, could be readily fabricated in microfluidics. Janus particles are 

fabricated by co-injecting two immiscible streams in the disperse phase and solidifying 

droplets generated at T-junction [43]. These particles are attractive since they can be used 

to co-deliver two drugs with distinct properties or a drug and an imaging marker. As a 

demonstration, water soluble (doxorubicin hydrochloride) and water insoluble 
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(paclitaxel) drugs are encapsulated in a single Janus particle. Each drug is separately 

released from the particles [45].  

1.2.4.1.f Multi-shells, chamber particles and microfibers 

Multi-shell and multi-chamber particles, which have been shown to be efficiently 

produced on microfluidics platform, represent novel drug delivery vehicles whose 

potential has yet to be fully explored [75]. A multi-shell particle allows multiple drugs or 

a diagnostic agent along with the drug to be encapsulated at different layers for 

combination drug therapy or theranostics. As an example, a multilayer gas liposphere is 

fabricated in a microfluidics system [76]. The liposphere contains an oil layer incorporated 

with hydrophobic drugs wrapping around a gas core intended as a contrast agent for 

ultrasound imaging. The lipid-PEG layer in exterior can be functionalized for targeted 

delivery. Multi-shell particles could prove useful in cancer therapy where combination 

drug therapy is more effective to eradicate tumor cells and as theranostic agents where 

the site of drug delivery can be pinpointed by imaging [47]. A multi-chamber particle can 

serve similar functions by encapsulating more than one inner sphere within a particle. A 

thermosensitive hydrogel encapsulating multiple inner oil droplets is fabricated by 

microfluidics, and the release of both hydrophobic (carried by the oil phase) and 

hydrophilic molecules (associated with the aqueous hydrogel phase) is demonstrated [51]. 

Furthermore, microfluidics system allows precise control of the composition of inner 

spheres [77]. 
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Another potential DDS that can be fabricated on a microfluidics platform in a 

simple and cost-effective manner is drug-loaded microfibers. Such a fibrous structure can 

be useful in surgical reconstruction where diffusion of drug can improve wound healing 

and minimize scarring [78]. The production of alginate [79, 80], PLA [78], an amphiphilic 

copolymer [81] and poly(ethylene glycol) diacrylate (PEG-DA) [82] fibers have been 

reported by flowing a precursor solution into microchannels under laminar flow 

conditions to induce fiber formation by crosslinking, precipitation or polymerization, 

respectively. Among them, alginate fibres encapsulating silver NPs are successfully 

fabricated for application as wound dressing to stimulate healing while inhibiting 

microorganism growth [80]. The tensile strength of fibers, drug loading efficiency and 

degradation properties are parameters that need to be optimized to present its appeal as 

a novel DDS. 

1.2.4.2 Microfluidics offers precise control over drug carrier synthesis 

In addition to its versatile nature, microfluidics platform offers another advantage 

over existing processing methods by exhibiting high degree of control of DDS preparation 

in five aspects: particle size, shape, and shell thickness of capsule, drug loading efficiency 

and release rate. The following sections illustrate how the precise control is achieved in 

each aspect. 

1.2.4.2.a Control of particle size 
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The most important benefit of using microfluidics to fabricate particulate DDS is 

the ability to precisely control particle size. The NPs or microparticles generated from 

microfluidics platform typically have a narrower size distribution than those acquired by 

conventional methods [46, 54]. By two ways can microfluidics platform facilitate the 

fabrication of monodisperse particles. a) Using a T-junction or flow-focusing device, the 

breakup of the disperse phase by the continuous phase is periodic and predictable, 

leading to discrete and consistently sized droplets formed at the junction. The size of 

droplets can be conveniently controlled via altering the flow rates of continuous and 

disperse phases. These droplets subsequently are solidified to give microspheres or 

undergo further encapsulation to generate uniform core-shell structure. In the case of 

nanocomplex synthesis, it is hypothesized that the charge neutralization between the 

cationic gene carrier and the negatively charged nucleic acid would be more complete by 

confining the two components in picoliter droplet, yielding nanocomplexes more uniform 

and compact while exhausting any unreacted cationic gene carrier that is often cytotoxic. 

b) In hydrodynamic focusing, the fluid stream to be mixed flowing along the central 

microfluidics channel is confined into a narrow stream after encountering two adjacent 

streams at higher flow rates. The diblock copolymers or lipids dissolved in solvent self 

assembles as solubility decreases via solvent dilution through mixing with buffer in 

adjacent streams, the process of which takes place in micron scale. In theory, the efficiency 

of mixing by diffusion is length dependent. In reactors with a characteristic length scale 
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larger than 1mm, mixing by diffusion is inefficient whereas mixing time drops 

significantly as diffusion distance falls below 100 um [34]. Microfluidics channels, usually 

designed with width of 100 um or less, represent an efficient and readily accessible reactor 

for rapid mixing of fluids. The three stages of carrier fabrication by self-assembly 

(nucleation, growth through aggregation and stabilization after a characteristic 

aggregation time scale) are well controlled in the microfluidics channel, resulting in 

carriers with highly reduced polydispersity. 

1.2.4.2.b Control of particle shape 

In addition to particle size, the effect of particle shape on drug carrier performance 

has recently gained more attention because of its influence on tissue biodistribution and 

endocytic uptake [83, 84]. Conventional soft lithography can be used to fabricate non-

spherical particles but the throughput is limited by the mold size. Using a combined 

microscope projection lithography and microfluidics approach, however, the fabrication 

process for non-spherical objects could be rendered continuous which obviously appeals 

to clinical translation and product manufacturing [85]. In this approach, a mask with 

desired features is inserted in the microscope to generate a mask-defined UV light beam 

projection on the monomer stream flowing in a PDMS microfluidics device above. 

Particles with desired shape are polymerized and advect along the unpolymerized 

monomer stream to make way for subsequent polymerization to occur. Particles with a 

variety of shapes can be efficiently generated. These examples showcase another attractive 
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feature of microfluidics-aided drug carrier synthesis, one that can be leveraged to mass 

produce drug carriers with various shapes to optimize their biological performance. 

1.2.4.2.c Control of particle shell thickness  

In microcapsule, the shell represents a diffusion barrier to control the sustained 

release from the capsule. The drug release profile associated with microcapsules of 

varying shell thickness would be inhomogeneous, which would be undesirable if 

uncontrolled. In the double emulsion approach, the thickness of the capsule shell can be 

easily controlled via optimizing the design of microfluidics device or simply altering the 

flow rate adopted in the encapsulation process. PLA microcapsules with a shell thickness 

as thin as 80 nm could be reproducibly and effectively produced on microfluidics 

platform, which is otherwise not achievable in bulk preparation process [86]. The precise 

control of the capsule shell thickness afforded by microfluidics enables tuning of the drug 

release profile of microcapsules for different controlled drug release applications. 

1.2.4.2.d Control of drug loading efficiency 

Compared with conventional fabrication methods for microspheres which 

resulted in a drug encapsulation efficiency (EE) of 50-90% [87], several studies that looked 

into drug loading efficiency associated with a microfluidics approach consistently 

reported an EE of 95% or greater [42, 87]. This is a direct result of generating isolated 

emulsion droplets during microparticle or microcapsule synthesis where no drug is lost 

from the droplets. In the case of nano DDS synthesis, one study reported an EE of 21-45% 
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for PLGA-PEG NPs fabricated in bulk (emulsification-solvent diffusion) while a 

microfluidics approach achieved an EE of 28-51% [46]. This could be explained by the 

effect of different mixing rates. When the mixing rate is slow, the time scale of NP 

assembly is smaller than the time scale of solvent diffusion. Thus in bulk mixing NP starts 

assembling when the solvent concentration is still high and results in drugs (e.g. 

docetaxel) escaping the encapsulation process. In the microfluidics approach the time 

scales of the two processes are comparable and hence more drugs can be encapsulated 

within the carrier. This advantage would be of particular importance when one deals with 

expensive drugs.  

1.2.4.2.a Control of drug release rate 

While the successful demonstration of microfluidics-aided fabrication of different 

types of delivery vehicles is prevalent, there has been little effort devoted to systematically 

characterizing the drug release kinetics profile of the particles generated from a 

microfluidics versus the conventional approach. The study carried out by Q. Xu et. al. 

compared the kinetics of drug release of PLGA microparticles generated from the two 

approaches [54]. The monodisperse particles prepared using microfluidics release drug 

more slowly and have a smaller initial burst effect than those observed in conventional 

polydisperse particles. The authors attributed the effect to more uniform drug distribution 

in the microfluidics-produced particles; hence drug release by degradation of the former 

would be more gradual. Similarly, Karnik et. al. reported the microfluidic-aided self-
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assembled PLGA-PEG NPs had slower and smaller initial burst of drug release than those 

fabricated by conventional approaches [46]. Again rapid mixing pertaining to 

microfluidics approach may lead to a more uniform drug distribution inside the particles 

so that drug release is steadier by uniform degradation of the particles. These studies serve 

to justify the use of microfluidics over conventional approaches in controlling the drug 

release rate. 
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 1.2.5 Cell death and inflammation  

Surgery, radiation, and chemotherapy constitute the major therapeutic modalities 

for cancer therapy. All three strategies activate stress-sensing signal pathways that kill 

cancer cells through necrosis, a pro-inflammatory form of cell death. Thus, in most cases, 

cancer therapies are inevitably complicated by local or systematic inflammation triggered 

by massive tissue injury and cancer cell death. Besides causing pain and agony to patients, 

mounting evidences suggest that therapy-induced inflammation (TIF) reduces overall 

efficacy of the treatment and shortens survival [88]. Local inflammation induced by cancer 

cell death releases pro-inflammatory cytokines, which activate pro-survival genes in 

residual cancer cells and render them resistant to subsequent therapy. For instance, 

androgen ablation causes cell death in prostate cancer and leads to an initial tumor 

regression, but it would subsequently trigger an inflammatory response that accelerates 

tumor growth [89]. In another case, combined therapy of melphalan and tumor-necrosis 

factor (TNF-α) results in 80% tumor removal, but does not prolong survival for patients 

suffering advanced melanomas of the limbs due to severe inflammatory responses [90]. 

Hence inhibition of TIF may be an effective approach to improve current cancer treatment.  

Cell death-induced inflammation is triggered by damage-associated molecular 

patterns (DAMPs), which are typically contained in cellular compartments and invisible 

to the immune system. A major and perhaps the most potent DAMPs that activate innate 

immune response are nucleic acids (NA), including genomic DNA, mRNA, ribosomal 



 

28 

RNA, and mitochondria DNA, either in their free form or protein-bound. These 

pathogenic nucleic acids (NAs) activate innate immune system via pattern-recognition 

Toll-like receptors (TLRs). Unlike other TLRs, nucleic acid-sensing TLRs are localized 

primarily in endosomal compartments and recognize DNAs or RNAs from pathogens or 

damaged cells. This difference in subcellular localization is critical for the self-tolerance of 

TLRs. Activation of NA-binding TLRs requires acidification of the endolysosomal 

compartment. Compounds blocking endosome activation, such as chloroquine, could 

completely inhibit CpG-activated TLR9 signaling [91, 92]. Exogenous pathogenic NAs, 

which typically enter the cells via receptor-mediated endocytosis, are recognized by the 

TLRs located on the endosome membrane. Host nucleic acids contained in the cytosol or 

nucleus are usually “invisible” to the TLRs. However, in massive cell death induced by 

cancer therapy, nucleic acids released by the necrotic cells could re-enter other cells via 

endocytosis and activate TLRs. Activation of these receptors ultimately induces high 

levels of inflammatory cytokines such as tumor necrosis factor alpha (TNFα), interleukin-

6 (IL6), and interferons, particularly IFN-alpha [93]. It is hypothesized that these pro-

inflammatory cytokines may promote tumor progression through a molecular signaling 

pathway that involves tumor-promoting transcription factor, NF-κB [94].  

Several anti-inflammatory drugs can reduce tumor incidence, slow down tumor 

progression and prolong survival [95]. These drugs include aspirin and anti-inflammatory 

steroids. Aspirin, for instance, shows preventive function for prostate [96], breast [97] and 
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colon cancers [95]. However, many conventional anti-inflammatory drugs are not deemed 

specific enough and are usually associated with side effects that preclude their long-term 

administration except in high risk individuals. Several oligodeoxynucleotide-based 

agents have been developed to inhibit TLR activation [98]. However, direct targeting of 

TLR receptors would not be effective because of the high redundancy of the TLRs. 

Presence of other non-TLR nucleic acid sensors in the cytoplasm, such as RIG-1, MDA5, 

PKR and DAI can also be activated by pathogenic NAs and lead to type I IFN production 

[99]. Moreover, since TLRs are essential for host defense, inhibition may lead to immune 

suppression as exemplified by studies showing that mice deficient in TLR signaling are 

more susceptible to viral infection [100]. Therefore, we hypothesize that an effective and 

novel strategy to control TIF would be to block TLR activation by scavenging the 

pathogenic NAs released by damaged cancer cells.  
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2. Designing and fabrication of PDMS-chips for double 
emulsion generation 

Microemulsions represent an attractive platform for both fundamental and 

applied biomedical research as individual droplets could function as millions of 

compartmentalized micro-reactors that are amenable to high-throughput screening and 

online monitoring. Nonetheless, generation of stable, monodispersed, and well controlled 

emulsions are still challenging with conventional bulk preparation.  Here, we employed 

PDMS-based microfluidics techniques to control and manipulate droplet formation. We 

demonstrated the optimization of device dimensions and surfactant concentrations for 

effective and controlled emulsion generation. By modulating the surface wettability of 

PDMS chips with geometrical control, we demonstrated formation of W/O/W DE in one 

chip. We further improved the DE formation with a two-chip setup which offered more 

flexibility in controlling the size and dimensions of DE formed.   
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2.1 Introduction 

Droplet microfluidics is the generation of discrete droplets with micro-devices. It 

is a powerful platform for applications in various fields.  For instance, water-in-oil (w/o) 

droplets is one of the commonly used miniaturized incubators for manipulation of single 

gene, cell or organism [16, 101-103]. The mini-incubators can maintain local concentration 

of reagents at an effective level, allowing reduced sample consumption [102]. Each droplet 

compose of water shielded by an immiscible organic shell, allow us to achieve 

independent control over different droplets. The large surface to volume ratio of spherical 

structure, allows rapid mass and heat transfer [104], which could enable more 

homogeneous chemical reactions. Moreover, since multiple identical droplets could be 

generated simultaneously, parallel analysis for large amount of samples are possible. The 

use of microfluidics brings more power to droplet technology. The precise control over 

the flow allows droplet with preferable size and structure to be generated, and the 

droplets will be very uniform, which is critical for quantitative analysis, homogeneous 

chemical reaction as well as some in vivo applications.  

The application of W/O droplets for biological studies can be traced back to 1958, 

when Nossal and Lederberg isolated single lymph-node cells and maintained them in 

individual microdroplets for a few hours. Antibody production was monitored and their 

ability to inhibit bacteria growth was evaluated. This study leads to the groundbreaking 

discovery that one lymphocyte cell could only produce one particular antibody, also 
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known as the “one-cell-one-antibody” rule [14]. Nonetheless, these experiments were 

extremely labourious, had slow throughput and thus was not adapted by the scientific 

community for general use. Moreover, the conventional W/O emulsions prepared in bulk 

also suffer from polydispersed size distribution, diminishing their appeal in many 

biological applications where reproducibility and quantification are paramount. 

Microfluidics, capable of generating homogeneous and uniform droplets, has emerged as 

an attractive configuration for cell cultivation [15, 16], screening [16], and sorting [17]. It 

has also been shown recently to improve the synthesis of DNA-nanocomplexes [18], 

detect single-cell enzyme activity [19] and protein expression levels [20]. However, for 

certain applications requiring sustained cell culture, the W/O scheme of an aqueous phase 

surrounded by an immiscible oil phase is undesirable. It suffers from lack of continuous 

supply of nutrients, desiccation due to evaporation of the oil phase, and incompatibility 

with aqueous phase-based analysis such as flow cytometry. 

A solution is to entrap W/O droplets in another aqueous phase, forming water-in-

oil-in-water (W/O/W) double emulsions. The external aqueous phase efficiently prevents 

desiccation and reduces the amount of organic component, and yet retaining the 

advantages of compartmentalization. The oil shell in the W/O/W droplet could function 

as a selective barrier to regulate molecule transport, allowing supply of nutrients or input 

of small inducer molecules from the external phase and retaining macromolecules in the 

internal phase. In this study, PDMS-based microfluidic chips were fabricated to generate 
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stable and monodispersed double emulsions. Fluorinated oil was used as the organic 

phase over conventional hydrocarbon oil because of its improved oxygen permeability 

[105]. Fluoropolyether (PFPE)-polyethylene glycol (PEG) was synthesized as an organic 

phase surfactant for their low cellular toxicity and reduced protein adsorption at the 

interface [16]. We will demonstrate the fabrication and optimization of the device for W/O 

emulsion formation, chemical conversion of surface wettability of PDMS chips as well as 

the formation of W/O/W DE with one-chip and two-chip setup.  
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2.2 Materials and Methods  

2.2.1 Fabrication of PDMS chips 

The pattern for microfluidics channels was designed with Autodesk AutoCAD 

2008. The pattern was printed onto a transparency film by a high resolution printer with 

20,000 d.p.i. and minimal feature of 15 μm (CAD/Art Services, Inc., Bandon, OR). 

Patterned silicon mold was prepared from SU-8 3025 and SU-8 3035 (MicroChem, 

Newton, MA) negative photoresist following manufacturer’s protocol. PDMS pre-

polymer and a cross-linker (Sylgard 184 Silicon Elastomer Kit, Dow Corning, Midland, 

MI) was used in recommended ratio of 10:1. The mixture was poured on top of patterned 

silicon wafer and degassed.  After curing at 75°C for 1 hour, PDMS was cut and peeled off 

the wafers. Inlets and outlets were punched as through holes (Hole puncher, Technical 

Innovations, Brazoria, TX). A cover slide was bonded with the chip to close the channels 

after oxygen plasma treatment for 30 s at 20 W (Plasma Asher, Quorum Technologies, 

West Sussex, RH).  

2.2.2 Coating PDMS chips 

To change the wettability of PDMS chips for double emulsion formation, the chips 

were coated following a two-step sol-gel coating procedure. Briefly, 

tetraethylorthosilicate (TEOS), methyltriethoxysilane (MTES), (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)-triethoxysilane, trifluoroethanol and 3-(trimethoxysilyl )-

propylmethacrylate were mixed at 2:1:4:1 volume ratio to form the sol-gel solution. 0.5 ml 



 

35 

sol-gel was mixed with 0.9 ml methanol, 0.9 ml trifluoroethanol and 0.1 ml HCl solution 

(pH = 2). The mixture were heated at 85°C for 2 minutes to pre-convert various silane 

monomers to oligomers. The activated sol-gel solution was immediately filled to PDMS 

chips after plasma bonding and the device was placed on a hotplate set to 180°C for 1 

minute. In the next step, sol-gel PDMS chips were coated with polyacrylic acid (PAA) via 

thermal initiated reaction. 500 µl de-ionized water, 200 µ l acrylic acid, 100 µ l ammonium 

persulfate (10 wt %), and 16 µ l tetramethylethylenediamine (TEMED) were mixed and 

injected constantly to PDMS channels at 20 µl/min. The chip was placed on a hotplate set 

at 80°C for six minutes and then rinsed with de-ionized water.  

2.2.3 Simplified coating PDMS chips 

A simplified coating strategy was adopted to convert surface wettability of the 

PDMS chips [106]. The PDMS microchannel was rinsed with 10% v/v benzophenone 

(dissolved in acetone) for 30 s. The channel was then washed with ∼100 channel volumes 

of water for 2 min at 22 °C. A solution of acrylic acid monomers (10% total monomer 

concentration in water), NaIO4 (0.5 mM), and benzyl alcohol (0.5 wt %) was loaded into 

the channel, which was then irradiated with ultraviolet light with total exposure of 1000uJ 

in energy or about 5 minutes with a 365nm light source. The channel was then washed 

extensively with water. 
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2.2.4 Surfactant synthesis 

PFPE-PEG surfactant was synthesized as previously described [107]. Briefly, 5 g 

Krytox 157FSH (DuPont, Wilmington, DE) was dissolved in 10 ml HFE7100 (3M,  St.  Paul,  

MN) and reacted with  0.5 ml SOCl2 under Argon purge overnight at 40°C. The product 

was concentrated on a rotary evaporator to remove solvent and excessive SOCl2. The 

product was then reacted with 0.3 g NH2-PEG-NH2 (Sigma, St. Louis, MO), after 

dissolving in 10ml HFE7100 and 6 ml benzotrifluoride (Sigma, St. Louis, MO), the reaction 

was purged by Argon and kept at 60°C overnight. After the product was cooled to RT, the 

mixture was concentrated on a rotary evaporator and then dried in vacuum to yield the 

surfactant.  

2.2.5 Double emulsion formation 

Water or appropriate aqueous buffer were entrapped in the inner phase. 2 wt% 

PFPE-PEG surfactant in HFE7500 (3M,  St.  Paul,  MN) was used as the organic phase, and 

2 wt % pluoronic F-127 (Sigma, St. Louis, MO) was used as the outer continuous phase. 

Three syringe pumps (PHD2000, Harvard Apparatus, Holliston, MA) were used to 

control the flow rates of the three phases, which were 3 µ l/min, 5 µ l/min and 52 µl/min 

from the inside to the outside, respectively.  
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2.3 Results 

2.3.1 Chip design and fabrication 

Microfluidic chips were fabricated with a standard soft lithographic protocol using 

poly (dimethyl siloxane) (PDMS) (Figure 2. 1). In the microfluidics channels, the dispersed 

and continuous phase converged on a narrow nozzle (Figure 2. 2A) that was specially 

designed to create a focused shear, leading to discrete droplet generation. The angle of 

nozzle widening affects droplet size and generation frequency (Figure 2. 2A). A wider 

angle of nozzle opening forms larger W/O emulsion droplets and with lower frequency. 

With fixed channel dimensions, the depth of the channels determines the aspect ratio of 

the pattern which also affected the droplet formation. As shown in Figure 2B, low aspect 

ratio resulted in less efficient droplet formation due to the influence and pressure from 

the channel surface. However, high aspect ratio may result in less sheer pressure to 

generate droplets. Thus, the aspect ratio has to be carefully optimized for optimal droplet 

formation.  Finally, droplet size and formation rate can be easily manipulated by changing 

the flow rate of the inner aqueous phase and the continuous phase (Figure 2. 2C). 

Increasing the flow rate of the inner phase caused faster droplet formation and droplets 

with larger diameter whereas increasing the flow rate of the continuous phase caused 

smaller and slower droplet formation. 
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Figure 2.1 Fabrication of PDMS chips by soft lithography. 

 A silica master mold was prepared by negative photolithography method. The mold 

was then used to direct PDMS chip formation. Cured PDMS microfluidics channels were 

bonded to a cover glass using oxygen plasma.  
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Figure 2.2 Influence of chip geometry and dimension on droplet formation.  

A) Impact of nozzle widening angle on droplet size and generation frequency; B) Impact 

of channel depth on droplet size and generation frequency; C) Effect of flow rate of the 

aqueous phase and oil phase on droplet formation.  
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2.3.2 Chip surface modification by chemical coating 

To minimize interaction of these discrete droplets with the channel wall, water-in-

oil (W/O) droplets and oil-in-water (O/W) droplets were formed in hydrophobic and 

hydrophilic channels, respectively. Various materials, such as poly(acrylic acid) (PAA) 

[108], poly(vinyl alcohol) (PVA) [108] and poly(ethylene glycol) (PEG) [109] were 

previously reported to confer the naturally hydrophobic PDMS channels a hydrophilic 

surface. Differential wettability on an integrated single chip was previously achieved by 

either photo-masking [110] or flow-confinement [111] of reactive coating materials to 

specified regions in the microchip. Here, PDMS chips were rendered hydrophilic by 

coating of acrylic acid following a two-step sol-gel method (Figure 2. 3).  

In the first step, different alkoxy silane monomers, tetraethylorthosilicate (TEOS), 

methyltriethoxysilane (MTES), (heptadecafluoro-1,1,2,2-tetrahydrodecyl)-triethoxysilane, 

trifluoroethanol and 3-(trimethoxysilyl)-propylmethacrylate were mixed at 2:1:4:1 

volume ratio to form the sol-gel solution. As these chemical precursors could swell and 

dissolve PDMS, to prevent swelling, we pre-convert the alkoxysilane monomers to 

oligomers. Oligomerizations can be initiated by supplying acids to the mixture. Thickness 

of the chemical coating could be controlled by diluting the oligomer solution with 

methanol. The activated sol-gel solution is immediately fed to PDMS channels after 

plasma bonding and heated to high temperature (180 °C). As this is well above the boiling 

temperature of the solvents, solvents blows out of the channels, leaving a uniform layer 
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of sol-gel on the surface. The degree of oligomerization is the determining factor of the 

coating and the success of the next step coating. Insufficient oligmerization will cause 

channel swelling and uneven deposition whereas over oligomerization causes 

precipitation and clogging of the channels. To optimize for the best oligomerization 

condition, the monomers are allowed to react for different time periods and the coating 

process applied multiple times. Successful coating of PDMS channel with sol-gel create a 

thin glass layer, which prevents chemical diffusion from the channels. This is used to 

evaluate the degree of surface coating. 50 µM Rhodamine B is injected into the channels 

and incubated for 5 minutes before visualizing under a fluorescence microscope. For 

uncoated chips, the dye diffuse out the channel within 5 min. Well-dispersed fluorescence 

signal distribution within the channels indicate uniform coating. 30 minutes of 

oligomerization is determined to be the best coating condition (Figure 2. 4).  

In the next step, sol-gel PDMS chips were coated with polyacrylic acid (PAA) via 

thermal initiated reaction with ammonium persulfate as an initiator and 

tetramethylethylenediamine (TEMED) as cross-linker. The coated channels were rinsed 

with deionized water to remove unreacted chemicals. Surface hydrophilicity was 

confirmed by water contact angle measurement, which changed from 105° to 22° after 

coating. 
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Figure 2.3Schematic illustration of chemical conversion of the PDMS surface 

wettability. 

PDMS were first etched with oxygen plasma to expose surface hydroxyl groups. 

Different alkoxy silane monomers were then added as a sol-gel solution to all 

polymerization and grafting to the surface. Methacrylate active group were also 

incorporated into the alkoxy silane network during this polycondensatoin process. 

Acrylic acid monomers were then introduced to the surface with initiators and catalyst 

to allow polymerization and formation of a thin polyacrylate layer.  

 



 

43 

 

 

 

Figure 2.4 Optimization of alkoxysilane oligomerization for sol-gel coating. 

The time indicates reaction time for oligomerization. And the number indicates number 

of times the chips are coated. Uncoated PDMS channel had Rhodamine B diffused into 

the walls. In coated PDMS channel, diffusion of Rhodamine B was prevented, leaving a 

light layer of dye on the surface of the coating. 
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2.3.3 one-chip formation of DE 

We first tried to differentially coat a single PDMS chip by chemical confinement in 

order to generate W/O/W in one device. Here, glycerol was used as an innert fluid to 

physically confine the chemical treatment that changes surface wettability in selected 

region of the PDMS chip (Figure 2. 5A). The PDMS chip were first treated with the Sol-

gel solution to graft the active group, methacrylate. After that, a physical interface is 

formed by flowing glycerol from the inner aqueous phase inlet, and the acrylic acid from 

the outlet. The other inlets were blocked with a plastic stopper. Due to the viscosity of 

glycerol, acrylic acid solution were confined to the blue part of the chip (Figure 2. 5A), 

thus the chemical reaction was also confined in that region. As a result, only the blue part 

of the PDMS chip were converted hydrophilic.   

After successfully coating of the surface, we used the chip to generate W/O/W DE. 

To form stable DE, the surfactant concentration in the shell component (fluorocarbon oil) 

is critical. Stability of the DE formed was greatly influenced by the concentration of the 

surfactant. And 0.1% krytox in the oil gave the best outcome (Figure 2. 5B). Formation of 

the double emulsion was also affected by the relative flow rates of different phases (Figure 

2. 5C). 
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Figure 2.5 One chip formation of double emulsion. 

A) Chip design and coating. Hydrophobic chip were functionalized by a thin layer of Sol-

Gel, which contains active acrylamide groups. A glycerol and acrylic solution interface 

was formed by flowing the glycerol from the aqueous phase inlet and flowing acrylic acid 

solution from the outlet. The inlet for the oil phase and external aqueous phase was 

blocked. Polymerization of acrylic acid was thus restricted to the blue region of chip where 

W/O droplets will encounter the external aqueous phase and form the W/O/W double 

emulsion. B) Formation of DE was influenced by the concentration of surfactant in the oil 

phase. C) DE formation was affected by the relative flow rates of different phases. 
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2.3.4 Two-chip formation of DE 

Spatial differential coating of a single PDMS chip was tedious as illustrated earlier. 

It was also difficult to control the formation of DE due to the interplay of different phases 

in one chip. To ease the coating process and offer more flexibility for DE formation, we 

used a two-chip setup (Figure 2. 6A). To achieve consistent and monodispersed double 

emulsion formation, chip 1 was fabricated to have an overall height of 25 µm, and a width 

of 15 µm at the narrowest point of the nozzle; chip 2 was made to be 50 µm in height and 

50 µm in width at the narrowest point. This design ensured droplets formed from chip 1 

were within appropriate size range to be encapsulated in chip 2.  

A schematic illustration of the device to form W/O/W double emulsion is shown 

in Figure 5A. Deionized water is used as inner aqueous phase. 2 wt % PFPE-PEG 

surfactant in HFE7500 is used as the organic phase, and 2 wt % pluoronic F-127 in 

deionized water servers as the outer continuous phase. Three syringe pumps are 

employed to control the flow rates of the three phases. By altering the continuous phase 

flow rate, we could control the size and number W/O droplets encapsulated in one double 

emulsion drop (Figure 2. 6B). Moreover, we could also manipulate the shell thickness of 

the oil phase by altering flow rates of the three phases (Figure 2. 6C).  
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Figure 2.6 Chip design and double emulsion generation. 

A) A schematic of a two-chip setup for double emulsion formation. W/O droplets were 

firstly formed in an untreated PDMS channel (Chip 1) and then fed to a hydrophilic 

treated channel (Chip 2) to generate W/O/W double emulsion droplets; B) Number of W/O 

droplets encapsulated into double emulsion was modulated by the flow rate of 

continuous phase (water). C) Double emulsions with different shell thickness.  (Scale bar: 

100 μm).  
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2.4 Discussions 

2.4.1 Design of microfluidic chips for emulsion formation 

Microfluidics has recently emerged as an attractive strategy for the generation of 

well-controlled microemulsions [112-114]. When designing microfluidic device for 

emulsion generations, some of the most critical factors are the dimension and patterning 

of the device and the choice of the fluids and surfactants for aqueous and oil phase. We 

have demonstrated in our own study that the size and shape of nozzle strongly influences 

the size and frequency of the droplets formed. We also showed the importance of surface 

wettability, surfactant concentration as well as the relative flow rates in determining the 

final droplet formation.  

Droplet formation in microfluidic devices are determined by a dimensionless 

number parameter, named the capillary number, Ca. It determines whether droplets will 

break at the interface between immiscible phase or form a laminar flow. The capillary 

number is given as Ca= gv/c. where g is the viscosity of the continuous phase, v is the 

velocity of the continuous phase and c is the interfacial tension (surface energy) between 

the immiscible phases. The interfacial tension is further determined by the relative 

viscosity of two phases and the use of surfactant. Above a threshold level Ca, droplets 

break off will occur.  

We used a flow-focusing device to facilitate droplet formation. This design utilize 

the symmetric shearing by the continuous phase on the dispersed phase and it allows 
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more controlled and stable generation of droplets. We used fluorinated oil as the oil phase 

due to their minimal damage to the PDMS polymers [115]. Moreover, it has minimal 

interaction with biomolecules and high solubility of oxygen, making it particular 

appealing for biological applications [16, 116].  

2.4.2 Surface wettability of PDMS devices 

Surface wettability of the channels are critical for the formation of emulsions. To 

prevent the emulsions from adhering to the channel surface, W/O emulsions are formed 

in hydrophobic channels and O/W emulsions are formed in hydrophilic surface. 

Silanization and siliconization are used to make channel surface more hydrophobic [117]. 

Oxygen plasma and coating of hydrophilic polymers are used to make the surface 

hydrophilic temporarily. To convert the surface wettability permanently, chemical 

grafting to the PDMS surface is necessary. This is achieved with a sol-gel chemistry in our 

study. This sol-gel coating not only allows further grafting of hydrophilic polymers onto 

the channel surface, but also provide a chemically resistant glass layer to protect the 

surface from corrosion by aggressive organic solvent. Nonetheless, the multi-step process 

for this sol-gel coating is tedious for routine applications. To ease the coating process, we 

adapted a faster and more effective surface-directed graft polymerization method. In this 

approach, a photo-initiator was adsorbed onto the PDMS surface by swelling the channel 

mildly with organic solvent. Free photo-initiators was then removed from the lumen of 

the channels by rinsing with water. During the grafting step, acrylic acid monomers and 
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catalyst were injected to the channels and allowed for polymerization. As the photo-

initiator was absorbed into the PDMS chips, polymerization initiate at the PDMS surface 

and forming a thin layer of polyacrylate film at the surface. This simplified method is fast 

and easy to adapt to any microfluidic device and used in all our subsequent studies to 

generate DE.  

2.4.3 Microfluidics assisted DE formation 

DE are drops of one fluid contained inside drops of another, immiscible fluid. They 

are useful platforms to compartmentalize active ingredients such as nutrients, cosmetics 

and drugs. Different methods have been invented to prepare DE. The conventional bulk 

preparation, which usually involve harsh mechanical conditions such as high frequency 

ultrasound or high speed vortexing, produces emulsions with large size variations, 

inconsistent loading levels of materials [118]. It is difficult to encapsulate biological 

molecules or living cells because of the harsh condition. To improve DE preparation, we 

used microfluidics to facilitate the control of size, composition and monodispersity of the 

emulsions. With the improved two-chip setup, we could control the size and morphology 

of DE by optimizing the dimensions of the connecting chips.  

W/O/W DE is a more appealing platform than W/O single emulsions for biological 

applications for several reasons. The presence of the external aqueous phase effectively 

prevents desiccation of the oil phase. It also makes the DE more compatible with biological 

instrument, such as FACS, which requires the aqueous solution for analysis. The oil layer 



 

51 

forming the shell of DE functions as a selective barrier to regulate small chemical transport 

and enables potential supply of nutrients or input of chemical inducer molecules. The DE 

could thus function as micro-incubators for cell cultivation and analysis.  

2.5 Conclusions 

We have designed and optimized PDMS-based microfluidics device for W/O 

emulsion formation. We also demonstrated the successful conversion of surface 

wettability of PDMS channels with chemical grafting of hydrophilic polymers. With both 

single-chip and two-chip setup, we showed controllable double emulsion formation. This 

chapter established the basic technique used for our subsequent studies.  
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3. DE as programmable microenvironment for cellular 
studies 

Quantification of bacterial gene expression and population dynamics are critical 

for developing a mechanistic understanding of bacterial physiology and for evaluating 

and optimizing performance of engineered gene circuits. Studies in bulk culture are 

usually not scalable and require large quantity of reagents. Microfluidics-generated 

water-in-oil (W/O) single emulsion droplet systems, in contrast, provide uniform, well 

defined and discrete microenvironment for cell culture, screening, and sorting. However, 

these single emulsion droplets are incapable of continuous supply of nutrient molecule 

and are not compatible with aqueous phase-based analysis. A solution is to entrap W/O 

droplets in another aqueous phase, forming water-in-oil-in-water (W/O/W) double 

emulsions. The external aqueous phase efficiently prevents desiccation and reduces the 

amount of organic component, and yet retaining the advantages of compartmentalization. 

The internal environment can also be programmed dynamically without the need of 

rupturing the droplets. In this study, we explore the potential application of W/O/W 

double emulsion droplets for cell cultivation, genetic activation and study of more 

complicated biological events such as bacteria quorum-sensing as an example. The 

integration of single cell encapsulation and high throughput analysis by flow cytometry, 

provides a highly versatile platform for synthetic biology while manipulation of genetic 

library and high-throughput functional screening is in demand.  
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3.1 Introduction 

The post-genome era demands for high-throughput platform to achieve efficient 

sample analysis. Miniaturized bioreactors and lab-on-a-chip technologies have since 

generated significant progress in facilitating important high throughput functions with 

additional advantages of cost-effectiveness and high sensitivities. Droplet based 

microfluidics platforms, in particular, has gained increasing interest due to their 

compartmentalized microenvironment separated by immiscible oil. Highly monodisperse 

(<3% polydispersity) droplets can be generated at frequencies greater than 10 kHz [3].  

Miniaturized bioreactor can facilitate biological studies: on one hand, it better 

mimics the micro-scale environment where typical biological events transpire; on the 

other, it improves the cost-effectiveness and sensitivity of high-throughput cellular 

studies by reducing sample consumption and enhancing signal response due to the small 

volume. For instance, confining cells in a defined array of microwells has enabled 

cultivation of both mammalian and microbial cells to facilitate study of complex biological 

activities such as cell growth and adhesion [7, 8], and quorum-sensitive bacterial growth 

[9-11]. However, such microwell strategy relies on continuous flow for perfusion of 

chemicals and may suffer from cross contamination among wells [12].  Recent 

advancement in nanofabrications has enabled more efficent manupulation of microscale 

volumes, improved the throughput and greatly expanded the options of miniaturization.  
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Compartmentalization of biological agents in discrete aqueous droplets dispersed 

in an oil phase is an attractive alternative to the microwell strategy.Typical water-in-oil 

(W/O) droplet has an aqueous volume from femtoliter to nanoliter, each representing an 

isolated micro-reactor or micro-incubator. The maximized surface-to-volume ratio of the 

micro-droplets enables highly efficient mass and heat transfer between the internal and 

external phases [13], resulting in precise and rapid perturbation of the microenvironment 

in the droplet. The application of W/O droplets for biological studies can be traced back 

to 1958, when Nossal and Lederberg isolated single lymph-node cells and maintained 

them in individual microdroplets for a few hours. Antibody production was montinored 

and their ability to inhibit bacteria growth was evaluated. This study leads to the 

groundbreaking discovery that one lymphocyte cell could only produce one particular 

antibody, also known as the “one-cell-one-antibody” rule [14]. Nonetheless, these 

experiments were extremely labourious, had slow throughput and thus was not adapted 

by the scientific community for general use. Moreover, the conventional W/O emulsions 

prepared in bulk also suffer from polydispersed size distribution, diminishing their 

appeal in many biological applications where reproducibility and quantification are 

paramount. Microfluidics, capable of generating homogeneous and uniform droplets, has 

emerged as an attractive configuration for cell cultivation [15, 16], screening [16], and 

sorting [17]. It has also been shown recently to improve the synthesis of DNA-

nanocomplexes [18], detect single-cell enzyme activity [19] and protein expression levels 
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[20]. However, for certain applications requiring sustained cell culture, the W/O scheme 

of an aqueous phase surrounded by an immiscible oil phase is undesirable. It suffers from 

lack of continuous supply of nutrients, desiccation due to evaporation of the oil phase, 

and incompatibility with aqueous phase-based analysis such as flow cytometry.  

A solution is to entrap W/O droplets in another aqueous phase, forming water-in-

oil-in-water (W/O/W) double emulsions. The external aqueous phase efficiently prevents 

desiccation and reduces the amount of organic component, and yet retaining the 

advantages of compartmentalization. The oil shell in the W/O/W droplet could function 

as a selective barrier to regulate molecule transport, allowing supply of nutrients or input 

of small inducer molecules from the external phase and retaining macromolecules in the 

internal phase. In this study, PDMS-based microfluidic chips were fabricated to generate 

stable and monodispersed double emulsions. Fluorinated oil was used as the organic 

phase over conventional hydrocarbon oil because of its improved oxygen permeability 

[105]. Fluoropolyether (PFPE)-polyethylene glycol (PEG) was synthesized as an organic 

phase surfactant for their low cellular toxicity and reduced protein adsorption at the 

interface [16]. We encapsulated bacteria carrying an inducible reporter gene to 

demonstrate that the microenvironment of the droplets could be easily controlled by 

chemical diffusion, which in turn triggered the reporter gene expression. Furthermore, we 

entrapped engineered bacteria in the droplets to observe oscillations of bacterial density 
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programmed by a synthetic gene circuit. This study demonstrates the advantages and 

potential application of double emulsion for the study of complex biological processes.  

3.2 Materials and Methods 

3.2.1 Encapsulation of bacterial in DE droplets 

DE was generated as described in the previous chapter. Bacteria in M9 growth 

medium or fluorescence dye (50 µM for rhodamine B, 1 mg/ml for rhodamine B labeled 

BSA) in PBS were entrapped in the inner phase. 2 wt% Pico-Surf TM1 surfactant (Dolomite 

Microfluidics, Charlestown, MA) in HFE7500 (3M,  St.  Paul,  MN) was used as the organic 

phase, and 2 wt % pluoronic F-127 (Sigma, St. Louis, MO) was used as the outer 

continuous phase. Three syringe pumps (PHD2000, Harvard Apparatus, Holliston, MA) 

were used to control the flow rates of the three phases, which were 3 µ l/min, 5 µ l/min and 

52 µ l/min from the inside to the outside, respectively.  

3.2.2 Partition coefficient determination 

Water (inner aqueous phase) or water with 2% F127 (outer aquesou phase) 

containing 50 µM of rhodamine B is added gentally and dropwise on top of HFE7500 

containing 2% PFPE-PEG surfactant. The solution was then left on an orbital shaker 

operating at 100 rpm for 24 hours to allow partition of chemical into the organic phase. 

Vigourous vortexing was avoided to prevent emulsion formation. After that, amount of 

Rhodamine B left in the aqueous phase was determined by intrapolating from a standard 

curve of rhodamine B. Rhodamine B concentration in the oil phase was thus determined 
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by the difference before and after incubation. Partition coefficient was calculated by the 

following formula:  

Partition coefficient = (Initial rhodamine B concentration – rhodamine B 

concentration after incubation)/ Initial rhodamine B concentration. 

3.2.3 Plasmid preparation 

The construction of the ePOP circuit is detailed in our prevous publication [119]. 

Briefly, the vector was constructed by inserting lux box fragment (140 bp upstream of luxI 

in V. fischeri) and E gene coding sequence from ΦX174 into host vector pLuxRI2. Each 

fragment was independently PCR-amplified and then combined by overlap PCR reaction. 

The fused fragment was inserted into host vector at AatII site.  Due to a mutation in the 

circuit, the LuxR/LuxI quorum-sensing module is dysfunctional. Instead, the circuit 

generated population-level oscillations due to a cell density-mediated plasmid 

amplification. 

3.2.4 Fluorescence microscope 

Droplets containing fluorescence-bearing bacteria were suspended in a 96-well 

plate and examined by Nikon Eclipse TE2000-U fluorescence inverted microscope. 

Fluorescence intensity was analyzed by Image J. For each sample, about 20 droplets were 

analysed to obtain average fluorescence intensity per droplet.  
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3.2.5 Flow cytometry analysis 

E.coli constitutively expressing GFP were diluted in PBS buffer and encapsulated 

in the double emulsion droplets. Equal number of droplets were then suspended in PBS 

solution or M9 growth medium for comparison of cell growth over time by flow 

cytometry  (FACSCanto II, BD Biosciences, Franklin Lakes, NJ).  The FSC/SSC was gated 

with empty droplets and free bacteria to specifically determine the population of droplets 

with bacteria encapsulated.  A 405 nm laser was chosen as the excitation and green 

fluorescence was recorded. More than 10000 droplets were measured each time to ensure 

reliable statistics. FlowJo (v.7.6, Tree Star, Ashland) was used to analyze the data. As  the 

inner aqueous phase contained only PBS  which offered little nutrients supply for bacterial 

growth, any observed difference between bacterial growth between these two groups was 

attribuited to nutrient transport across the oil layer.  

3.2.6 Culture and formation of hMSC spheroid in DE 

Bone marrow–derived hMSCs were kindly provided by Tulane University Health 

Sciences Center. The culture medium used was α-minimum essential medium with fetal 

bovine serum (20%) and penicillin/streptomycin (1%) at 37°C and 5% CO2. The 3–5 th 

passages of the hMSCs were used in this study. To encapsulate hMSC in DE droplets, 

hMSC were trypsinized and suspended at (2, 5, 10, 20* 106 cell/mL) in culture medium 

supplemented with Pluronic F-127 (1 wt%) (Sigma-Aldrich, St. Louis, MO). The flow rates 

of three phases (inner aqueous: middle oil: outer aqueous) were set at 5:10:25 μL/min 
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respectively. The droplets were collected and transferred to 24-well plates for subsequent 

culture and analysis. 

The frequency of spheroid formation was determined by counting the number of 

DE droplets containing a spheroid from the pool of 50–150 droplets each time. The hMSC 

spheroids were released from the DE droplets using a droplet releasing agent 

(1H,1H,2H,2H-Perfluoro-1-octanol from Sigma-Aldrich, St. Louis, MO). In a sterilized 

microcentrifuge tube, the droplet releasing agent (50 μL), PBS (200 μL) and DE droplets 

(variable volume) were added sequentially and left at room temperature for two minutes. 

The aqueous phase was then retrieved which contained released hMSC spheroids. The 

retrieval yield was determined by counting the number of intact droplets remained after 

the droplet release process using an initial droplet number of 100–300. The viability of 

hMSC spheroids was determined qualitatively by staining the spheroids with calcein AM 

and propidium iodide. The area of live cell (green) was divided by the total area of 

spheroids (green + red) to determine the ratios of live cell area in the spheroids. The hMSC 

spheroids were cultured on either TCPS or ultra-low attachment multiwell plate (Corning, 

Tewksbury, MA) to determine cell migration from the spheroids.The released spheroids 

and hMSC culture on TCPS were cultured in adipogenic differentiation medium (Lonza, 

Walkersville, MD) for 7 days before fixed with paraformaldehyde (4%) and stained with 

Oil Red O solution (Sigma-Aldrich, St. Louis, MO). For immunostaining, 

paraformaldehyde-fixed hMSC spheroids were stained with collagen type I (Abcam, 
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Cambridge, MA) and laminin (Abcam, Cambridge, MA) antibodies. Different Alexa Fluor 

secondary antibodies (Abcam, Cambridge, MA) were used to obtain fluorescent colors. 

The stained samples were analyzed under an inverted confocal microscope (Zeiss LSM 

510) available at Duke Light Microscopy Core Facility. 

3.3 Results and discussions 

3.3.1 Selective chemical transport across oil layer of DE 

DE were formed using similar device described in the previous chapter. The two-

chip setup is illustrated in Figure 3.1. The oil layer in the W/O/W scheme serves as a 

selective membrane, through which small chemicals or molecules may diffuse in or out, 

rendering double emulsion an adjustable micro-incubator for cellular studies. For 

instance, growth of cells could be sustained via diffusion of small nutrient molecules and 

cell phenotype could be modulated by chemically induced gene expression. To show the 

selectivity of the transport across the oil layer, we encapusated a small fluorescent 

molecule, Rhodamine B, and BSA (67 Kda) labeled by Rhodamine B inside the droplets. 

Free dye molecules diffused out rapidly whereas the protein was trapped inside the 

droplets for more than 24 hours (Figure 3.2). Given the low viscosity (0.77cSt for HFE7500 

and 1.01cSt for water)  and thickness (~10 µm) of the organic layer, permeability of 

chemicals is primarily determined by the partition coefficient from the inner aqeous phase 

to the organic phase, and from the organic phase to the outer aqueous phase, which was 

0.153 and 0.177 respectively for Rhodamine B according to experimental measurement. 
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Partition coeffcient for Rhodamine B-labeled BSA could not be determined, as no 

measurable partition occured in the time course of the exeriment.  
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Figure 3.1 A schematic illustration of the two-chip setup for DE formation. 

 

Figure 3.2 Selective chemical transport across the oil phase of DE.  

Diffusion of rhodamine B (A) and rhodamine B labeled BSA (B) from the core of double 

emulsion measured by change of fluorescence intensity per droplet. r is the distance 

from the center of emulsion. 
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3.3.2 Controlling droplet microenvironment via chemical diffusion 

Inducible gene expression was chosen as one example to show the potential 

application of double emulsion as a pertubable microenvironment for cellular study. We 

encapsulated E.coli cells (MC4100Z1 cells) carrying a green fluorescence protein (GFP) 

gene controlled by a TetR-regulated promoter (Figure 3.3A). In MC4100Z1 cells, which 

constitutively expresses the TetR protein, GFP expression is inducible by a small chemical, 

anhydrotetracycline (aTC). Initially the inner aqueous phase consisted of bacteria in 

growth medium without aTC. Upon collection of the double emulsion droplets, aTC was 

added to the external aqueous phase. GFP expression became detectable one hour after 

aTC addition (Figure 3. 3B), which was not detectable in the control. To observe GFP 

expression over time, a diluted population of bacteria bearing the same plamid was 

encapsulated in the double emulsion  and subsequently suspended in medium solution 

containing aTC. Relative GFP expression level increased over time (Figure 3.4A and 3.4B), 

which was both contributed by increased GFP expression per cell (indicated by brighter 

bacteria cells), and bacteria growth over time. We also noted that the GFP expression was 

suppressed when the external medium was replaced with medium without aTC.  
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Figure 3.3 aTC diffusion and activation of GFP expression. 

A) Schematic illustration of the experiment design. GFP was expressed under aTC 

dependent promoter. Bacteria carry this expressing vector was encapsulated in the core 

without aTC. aTc was then added to the external medium, which diffuse into core of 

droplets to activate GFP expression; B) Fluorescence microscope images of droplets 

containing bacteria without aTC addition (top panel) and with aTC addition (bottom 

panel). Images were taken 1 h after cell encapsulation. (Scale bar: 100 μm). 
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Figure 3.4 aTC dependent GFP activation.  

A) Fluorescence microscope image showing GFP expression over time after aTC addition; 

B) Relative GFP level per droplet after aTC addition as a function of time; C) Relative GFP 

level per droplet as a function of aTC concentration (Data were taken 2 h after aTC 

addition). (Scale bar: 100 μm). 
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The rapid appearance of GFP signal in the bacterial cells suggests effective 

transport of aTC across the oil shell, which is consistent with our earlier note that the 

organic layer is permeable to small chemical dye.  To further study the induction of GFP 

expression by aTC diffusion, bacteria-containing droplets were suspended in medium 

with various aTC concentrations.  Fluorescence intensity per droplet was quantitated two 

hours after aTC addition.  At low aTC concentrations, a concentration-dependent 

activation of GFP was seen (Figure 3.4C). At high aTC concentrations, however, GFP 

expression reached a plateau, indicating all bacterial cells were activated at their 

maximum gene expression limit. Noticeably, even at an extremely low aTC concentration, 

0.05 µg/ml, the system was still able to achieve almost 80% of the maximum gene 

expression. This observation further confirms that aTC transport across the droplet was 

rather rapid.  

3.3.3 Characterization of bacterial growth and nutrient transport by 
flow cytometry 

We also observed significant bacterial growth in the double emulsion (Figure 

3.5A). To further understand bacteria growth in emulsion droplets, we encapsulated  

approximately 50 bacteria cells per 250pl droplet and compared their proliferation curve  

to the bulk culture environment.  Interestingly, the bacterial growth rate appeared to  

inversely correlate with the culture volume given the same starting cell density (Figure 

3.5B). This might be attributed to the more efficient gas transport that benefits bacterial 

growth in  the smaller culture volume. The culture in 50 μL had a much shallower depth 
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of medium in the culture dish than the 2 mL culture. The 250 pL droplet in turn had a 

much higher surface-to-volume (S/V) ratio than the culture dish format. 

To demonstrate ready transport of nutrient into the core through the oil layer, we 

suspended bacteria in PBS and enapsulated them in the droplets. Constitutive GFP-

expressing bacteria, those with GFP constantly “ON”, were used so that relative GFP 

fluorescence intensity was only dependent on the total cell number per droplet. These 

emulsions were then transferred to bacteria growth medium or PBS solution. Because PBS 

provides little nutrients to the bacteria, the growth of bacteria in PBS would be slowed if 

not completely inhibited without additional nutrient supply. GFP signal change would 

correlate with bacteria growth. We assayed GFP intensity per droplet by flow cytometry. 

Droplets suspended in medium showed a much higher GFP level as compared to those in 

PBS at four hours and 24 hours (Figure 3.6). This again shows that double emulsion is a 

programmable micro-environment for biological studies by allowing transport of some 

chemical inducers and small nutrient molecules into the droplet. More importantly, the 

ability of assaying droplets in aqueous phase by flow cytometry opens up the possibility 

of high throughput screening and sorting.  
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Figure 3.5 Use of w/o emulsion for bacteria cell culture.  

(A) Confocal images of GFP expressing E. coli cultured in w/o emulsion droplets (250 pL) 

collected in a drop-trap; (B) their corresponding proliferation rate and comparison with 

conventional batch/bulk culture (50 μL or 2 mL) (n = 5). 

 

A B 
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Figure 3.6  Bacteria growth monitored by flow cytometry.  

Constitutive GFP-expressing bacteria was diluted to PBS solution, and encapsulated in 

double emulsion droplets. These droplets were then suspended to PBS solution (left) or 

medium solution (right) to compare bacteria growth over time. 
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3.3.4 DE as microenvironment to study cellular dynamics 

A major challenge in system biology and synthetic biology is to precisely control 

and quantitatively measure cellular processes. To this end, a small volume, uniformity, 

and tunability of a microfluidics-generated double emulsion droplet offers an attractive 

vehicle. To show this, we used engineered E.coli cells (MC4100 cells) programmed by a 

synthetic suicide circuit (the ePop circuit) [18]. The ePop circuit encodes a lysis protein, E 

protein, which is expressed at sufficiently high cell densities due to cell density-mediated 

plasmid amplification.  Expression of E protein causes lysis of a subpopulation of cells 

and cell density reduction, which consequently turns off E protein expression. Transient 

silencing of E protein allows growth recovery, and the cycle repeats. To faciliate 

quantification of cell density inside droplets, we introduced a GFP reporter into these 

bacteria and use GFP intensity as a surrogate of the cell density. 

When these bacteria were encapsulated in double emulsion droplets, two cycles of 

oscillations were observed during overnight culture (Figure 6). Oscillation was monitored 

via tracking changes in GFP expression over time using a fluorescence microscope. The 

number of bacteria and GFP expression decreased to a minimal level after 8 hours in the 

droplets, and grew back to the maximum at about 14 hours. It took another 3 hours for 

the bacterial population to revert to its minimal. A consistent pattern of relatively slow 

growth and fast decay was observed when compared to previous results conducted in 

conventional culture condition [119]. 
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In addition to characterization of synthetic gene circuits, enzymatic assays could 

be performed by supplying the substrate to external medium at any time and assay the 

enzyme level inside the droplets. Cellular response to various toxins and drugs could also 

be studied, and different chemicals could be applied sequentially to analyze cellular 

responses in a miniaturized environment. Moreover, retention of macromolecules within 

the aqueous core may also be advantageous in some studies where accumulation of a high 

concentration of macromolecules is required, for instance, cell-cell signaling involved in 

stem cell differentiation or antigen-dependent dendritic cell activation. 

3.3.5 Rapid hMSC spheroid formation in DE 

To explore the potential use of DE for mammalian cell study and tissue 

engineering, we encapsulate human mesenchymal stem cell (hMSC) inside the droplets. 

Due to the strong hydrophobicity of the oil shell, hMSC grew near the core of the droplets, 

and formed aggregated 3D spheroid. This process takes approximately 150 mins (Figure. 

3.8A), which is faster than other reported methods. We speculate this is due to the micro-

scale confinement that promoted cell-cell interaction. The percentage of spheroid 

formation in the droplets was nearly 100%. Compact spheroids could be retrieved after 

six hours post-encapsulation with the aid of a droplet releasing agent. The release 

efficiency was above 95% and high cell viability was maintained during the process. 

Staining of extracellular matrix (ECM) proteins, collagen 1 and laminin indicated complex 

ECM network formation (Figure 3.8B), mimicking the situation in vivo. When alginate-
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RGD was used as support matrix for hMSC spheroid formation in DE droplets, we 

observed increased α5β1 integrin expression. Moreover, Alizarin red staining for calcium 

ions showed drastic increase in calcium deposition, suggesting osteogenic differentiation.  

3.4 Conclusions 

In conclusion, we have demonstrated efficient production of well-controlled 

double emulsions using a modular two-chip design. The selectively-permeable oil barrier 

creates a discrete microenvironment whose aqueous core could be well defined and 

precisely modulated for cell cultivation and study of biological activities that requires 

communication with an external aqueous environment. The ability to induce genetic 

activity without rupturing the droplets make it a valuable tool for genetic engineering 

especially when sequential activation of gene expression is required. The coupling of 

single cell encapsulation and flow cytometry analysis is essential for high-throughput 

functional screening. 
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Figure 3.7 Quorum-sensing activity in double emulsion microenvironment.  

A) GFP fluorescence intensity per droplet over time. B) Fluorescence microscope images 

showing change of GFP-expressing bacteria population over time. GFP-expressing 

bacteria were co-cultured with bacteria-expressing quorum-sensing circuit. When the 

bacteria population reached a threshold density around 5 h, the quorum-sensing 

bacteria released lytic protein to kill the bacteria in the droplets. The depletion caused 

the reduction of lytic protein expression and recovery of bacteria growth. (Scale bar: 50 

μm).  

 

Figure 3.8 Rapid multicellular spheroid formation in double emulsions.  

A) hMSC cells grow near the center of double emulsions to avoid the hydrophobic 

environment near the shell. Cell aggregation, and division leads to compact spheroid 

formation after 150 mins. B) Live and dead staining of spheroids recovered from double 

emulsion droplets.  

A B 
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4. Microfluidics generated DE as potential drug carrier 

The use of microemulsions as drug delivery vehicle has been attractive for 

researchers and pharmaceutical companies because of the high loading capacity, 

improved thermodynamic stability and ease of manufacturing. With the help of 

microfluidics, the process of making DE were made more moderate to allow the 

encapsulation of vulnerable bioactive molecules which usually could not survive the 

harsh condition used to form DE in bulk. The fluorocarbon oil containing DE is more 

advantageous as drug carriers as the oil is highly biocompatible which vaporize easily 

and could be excreted by the lung. In this study, we formed DE with fluorocarbon oils 

which has different vapor pressures. We hypothesize these emulsions will have different 

in vivo stability when delivered via the intranasal route and thus different release kinetics. 

This may have potential to be generalized to deliver a wide variety of molecules such as 

protein, nucleic acids and even cells for different therapeutic applications.  

4.1 Introduction 

We have demonstrated in the previous chapter that the application of DE as micro-

incubator for cellular studies. A more intriguing and native application of DE is their use 

in drug delivery. Emulsions have been used as potential drug carriers since 1980s [120]. 

They present a versatile system with enhanced drug solubilization, good thermodynamic 

stability and ease of manufacturing. They could be delivered via several routes, such as 

topical use [121], oral use [122], parenteral use [123] and cosmetics [124]. The microfluidics 
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generated DE possess many promising features as a protective drug carrier. They are 

uniform in structure and has controllable size. They can achieve high loading level with 

high efficiency and the thin oil shell is semipermeable for certain molecules thus can be 

used for controlled and sustained drug delivery. Macromolecules encapsulated inside 

could be released by triggered rupture of the emulsion. Containing only liquid phase, the 

DE is very deformable and thus would not clog airways or blood vessels. Moreover, the 

perfluorocarbon used as the oil phase is also suitable for drug delivery purpose. Being 

both hydrophobic and lipophobic, they are biologically inert as they do not interact with 

any biological substances. Thus, they would not stick to the tissue or organs. The 

fluorocarbon oil have high vapor pressure, making them evaporate easily when exposed 

to air, and can be excreted through lungs. Several PFC is clinically approved to be used as 

oxygen carrier for their high oxygen loading level [105]. PFC based single or double 

emulsions are widely used in drug delivery. Perfluorocarbons with wide range of vapor 

pressures are available in the market. Specifically, HFE 7000, HFE 7100, HFE 7200 and 

HFE 7500 with vapor pressure 484, 202, 109 and 16 mmHg (Table 4.1) respectively, will be 

used in the study to produce DE droplets with different stability at room temperature. 

Combination of these perfluorocarbon oil phases enables optimization of the best 

formulation for controlled release. 

Pulmonary alveoli is an attractive non-invasive administration site for systemic 

drug and gene delivery owing to a large absorptive area (100 m2) and a thin absorptive 
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mucosa (~0.15 µm) [125]. However, alveolar delivery of macromolecules such as peptides 

and proteins via nasal administration remain a big challenge. If delivered in aqueous 

form, they need to be used in unreasonably large volumes to spill over the upper 

respiratory tract and risk of death from choking. If delivered in aerosol form (either in 

aerosolized liquid or powder), the density and size of aerosolized droplets/particles are 

inappropriate leading to premature exhalation or accumulation in the upper respiratory 

tract [126]. Despite advanced fabrication techniques to synthesize particles with the more 

suitable shapes, sizes and densities, harsh manufacturing conditions limit their use to 

encapsulating small lipophilic molecular drugs but not fragile hydrophilic biologics. 

Herein we hypothesize that by encapsulating biologics (e.g. peptides/proteins/gene) in 

water-perfluorocarbon-water (w/PFC/w) double emulsion formulations, we can achieve 

a nasal delivery platform technology that will be broadly applicable to all biologics. We 

believe w/PFC/w double emulsion droplets are optimal nasal delivery systems. Table 4.2 

summarizes the rationale that correlates, in a point-by-point manner, specific w/PFC/w 

double emulsion properties with expected delivery mechanisms. In particular, we are 

interested in the concepts of (1) the drug being absorbed into the body while leaving the 

carrier behind (2) rapid in-situ excretion of the drug carrier (3) orthogonal application of 

a clinically accepted material. 
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Table 4-1 Boiling point and vapor pressure of fluorocarbon oils.  

 

Table 4-2 Rationale for PFC Double Emulsion Based Nasally Administered Drug 

Delivery System 

Properties of DE Mechanism of Enhancements 

Both hydrophobic and 
lipophobic [127] 

PFCs will not be absorbed into the pulmonary circulation and remain 
outside the body until it is excreted. Unlike any other delivery systems, 
only the payload but not the carrier enters into body.  

Microns in size 
Will not be prematurely exhaled. Micron sizes facilitate passage through 
mucus layers without obstruction [128]. 

High vapor pressure 
Breathing mechanism of the lungs facilitate rapid vaporization of PFCs 
leading to efficient rupture of the emulsion and release of payload.  

PFC with different vapor 
pressures are available 

Controlled drug release from PFC double emulsions can be engineered 
to achieve user defined patterns.  

Deformable  
“Non-stick” and deformable double emulsion will slide along mucus 
through the filtration system of the conduction zone of the lungs with 
negligible accumulation in the upper respiratory tract.  

PFC can be excreted 
through the lungs [129] 

PFC is expected to be cleared without mediating on-site toxicity due to 
accumulation, increasing the safety of the system.    

Some PFC is 
clinically approved as 
oxygen carriers [130]. 

Examples of clinically approved PFCs include Perfluoro-2-
methylpentane and perfluoromethylcyclohexane 
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4.2 Materials and Methods 

4.2.1 Generation of DE droplets 

The two PDMS chips used to form DE was modulated slightly to make smaller 

emulsions. Specifically, at the focusing nozzle, the inlet channel was narrowed towards 

the nozzle, with a length of 500 μm and the narrowest point with 15 μm width for the first 

chip. The second chip was made 35 μm at the nozzle.  

Carboxylated F127 was used as surfactant for external water phase. Various 

fluorocarbon oils, HFE7500, HFE7200 and HFE7100 were used to form the DE droplets 

encapsulating the same dye. A dye or drug was encapsulated in the DE as described 

before. To study the impact of external buffer on drug release from the DE droplets, the 

DE with drugs inside were incubated in different buffers. And release was evaluated by 

a fluorescence nanodrop.  

4.2.2 Mass transport across the fluorocarbon oil layer 

To study the mass transport through the oil layer, various dyes (rhodamine B, 

rhodamine 6G, FITC) or dextran conjugated to FITC (MW = 4000 Da & 70000 Da) (50 μM) 

(all obtained from Sigma-Aldrich, St. Louis, MO) (50 μM) were prepared and 

encapsulated in the droplets. Images were taken at various time points using a Nikon 

Eclipse TE2000-U fluorescence inverted microscope fitted with appropriate filters and 

connected to a camera. The optimal exposure time for each dye was determined at time 0 

and the same exposure time was used for the following time points. All other parameters 
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(no binning, same lamp intensity, same brightness/contrast level) were kept the same 

during the course of experiments. The intensity of the core of at least 10 droplets was 

measured at different time points using ImageJ software (NIH). To determine the partition 

coefficient of various molecules, culture medium (with 20% FBS) containing rhodamine 

B, rhoadmine 6G or FITC (50 μM) was added on top of HFE7500 containing Pico-Surf ™ 

1 (1%) in an eppendorf tube. The tube was left on an orbital shaker operating at 100 rpm 

for 24 hr before the fluorescent signal in the aqueous phase was determined by a plate 

reader. The amount of fluorescent dye left in the aqueous phase was determined by 

interpolation from a standard curve. Partition coefficient was calculated by the following 

formula: Partition coefficient = (Initial dye concentration − dye concentration after 

incubation)/Initial dye concentration. 

4.2.3 Intranasal delivery of ICG by DE 

20 week female C57Bl/6 mice were obtained from Jackson Laboratories. 2.5 mg/ml 

ICG in sterilized PBS buffer was encapsulated into DE as described earlier. Sterilized PBS 

buffer with 2% F127 were used as external aqueous phase. DE droplets were stored at 4⁰C 

before usage. Mice were anesthesized with isofluorane in a gas chamber and queued for 

nasal administration. Each time a single mouse was taken out of the chamber, held in 

supine position, nasally administered with 15 μl of DE solution using a P20 pipette (fitted 

with a gel loading tip) and laid back inside the gas chamber in supine position. This 

procedure was repeated again for the side of the nasal. Consequently, each mouse was 



 

80 

handled twice at an interval of approximately 5 minutes for a total of 30 μl DE. Mice were 

rested in the cage to allow ICG to diffuse out. Intranasal injection of the free dye and PBS 

were used a control. ICG bio-distribution was monitored non-invasively at every hour for 

5 hours with an IVIS Caliper 100 Imaging System. To prevent false positive readings, 

Negative controls were always included on the same platform and imaged at the same 

time. Average radiance at the injection site was obtained by the instrument software, and 

compared among groups. 

4.3 Results and discussions 

4.3.1 Release of small molecule dyes from DE 

The high-throughput generation (>20 Hz) of pL-sized DE droplets was carried out 

in two-chip setup as described in our earlier chapters. During droplet generation, a small 

portion of droplets with no inner droplet or more than one inner droplets could be 

generated. The probability of having one droplet co-encapsulated into one oil droplet is 

determined by a few factors, such as the relative flow rates of various phases, the 

dimension and configuration of the device and the presence of junk inside the channels. 

We encapsulated various dyes or dextrans of different molecular weights conjugated with 

fluorescein isothiocyanate (FITC) inside the DE droplets and recorded the intensity of 

dyes in the core over time (Figure 4.1). A molecular weight-dependent diffusion of 

molecules out from the core was observed. Molecules with lower molecular weight (MW 

~ 400 Da) were able to diffuse across the oil layer while larger molecules (MW ~ 70 k Da)  
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Figure 4.1 Diffusion curve of different dyes encapsulated in DE droplets.  

Molecular weight (MW) and partition coefficient (PC) of the dyes are provided in the 

legend. 
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were trapped within the droplets. Among molecules with similar molecular weight, their 

oil/water partition coefficient determines the permeability. Rhodamine 6G, rhodamine B 

and FITC with partition coefficient of 0.87, 0.26 and 0.08 diffused out from the droplets at 

a descending rate respectively. The selective permeability ensures molecules to be 

delivered from the inner aqueous phase into environment for drug release. 

4.3.2 Choice of fluorocarbon oil influenced drug penetration in the 
nasal turbinates 

To test our hypothesis that fluorocarbon oils with different vapor pressure could 

give DE different stability under physiological environment in the nasal turbinate, we 

encapsulated a model far-infrared dye (ICG) into the core of DE composing of two 

different fluorocarbons, HFE7100 and HFE7500. When the DE were injected intranasally. 

The head of the mice were dissected along the airway (Figure 4.2A) to expose the interior 

tissues. The top part contained the nasal turbinate and brains, and the bottom part 

contained the nasal organs and other tissues. In Figure 4.2B, the images on the left showed 

a view from the interior of the organs, which is closer to the injection side. The results on 

the right showed viewing from outside of the organ, which is further away from the 

injection site. As shown in Figure 4.2B, ICG contained in DE formed with HFE7100 

penetrated deeper in the nasal turbinates as evidenced by higher fluorescence intensity in 

the top parts of the right image. This supported our hypothesis that, DE with  
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Figure 4.2 Distribution of ICG after intranasal administration.  

(A) schematic illustration of the injection and dissection of the mice head.  (B)       

Representative IVIS image of the head of mice dissected along the airway. Results 

shown were 24 hours post delivery.    
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HFE7100, which has a higher vapor and less stable in nature, will have faster release 

kinetics than DE formed with HFE7500. 

4.3.3 Release kinetics of ICG from DE with different fluorocarbon oils 

To monitor the different release kinetics of ICG release from DE formed by 

different fluorocarbon oils, ICG encapsulated in DE were injected intranasally. As the DE 

droplets were relatively big (~80 um), intact emulsions had poor diffusivity in the nasal 

turbinates. Drug transportation to other parts of the body was made possible only by the 

rupture of the droplets. Thus, the release kinetics of the drug is solely dependent on the 

in vivo stability of the emulsion. We have monitored the remaining of fluorescence 

intensity at the head of the mice at different time after injection (Figure 4.3A), and the 

results were shown in Figure 4.3B. As the graph plotted the remaining fluorescence 

intensity, lower intensity was correlated with faster release. ICG encapsulated in DE 

droplets showed a slowed down release than the free dye (FD). And HFE7500 containing 

DE showed the slowest release of ICG as the fluorocarbon oil has a lower vapor pressure 

and was more stable in the nasal environment.  

These results support our idea of using fluorocarbon oil based DE as potential 

drug carrier for biological molecules. Water in fluorocarbon single emulsion was used to 

deliver insulin via the intranasal route previously [131]. The plain emulsion did not alter 

lung tissue integrity as histological staining showed no airway inflammatory reaction. 

And mice treated with insulin encapsulated emulsions displayed reduced blood glucose  



 

 

 

Figure 4.3 Release kinectics of ICG from DE containing different fluorocarbon oils.  

(A) IVIS image of entire mice showing biodistribution of ICG after intranasal delivery. (B) Plot of remaining fluorescence at the 

injection site at  different hours after administration. (n=3)  
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levels within 20 mins following the initial administration, suggesting the fast release 

kinetics from the fluorocarbon based emulsions.  

4.3 Conclusions 

We have shown DE could function as a potential drug carrier to encapsulate and 

deliver therapeutic molecules especially for the intranasal delivery. DE formed with 

different fluorocarbon oils showed different in vivo stability based on their vapor pressure. 

HFE7100 which has a higher vapor pressure, formed DE droplets which were less stable 

and released the encapsulated dye molecule faster. In contrast, HFE7500 containing DE, 

which were more stable, showed a slower release profile. We also showed the HFE7100 

containing droplets showed a deeper penetration in the nasal turbinates. These 

preliminary results demonstrated the capability of DE as drug carriers and could be 

further optimized to deliver more vulnerable bioactive molecules such as peptides, 

proteins and nucleic acids.  
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5. Cationic microparticles as nucleic acid scavengers in 
cell death induced inflammation 

Nucleic acids (NA) released from dead or dying cells can be taken up by 

inflammatory cells and activate the innate immunity via toll-like receptors (TLR3, 7, 8 and 

9).  However, inappropriate activation of these TLRs can engender a variety of 

inflammatory and autoimmune disorders. We have previously demonstrated that certain 

NA-binding polymers could inhibit the activation of inflammatory response by NAs and 

improved the survival of mice with acute liver failure caused by CpG-induced 

inflammation. With the knowledge of intracellular localization of NA- recognizing TLRs, 

we further propose immobilizing cationic polymers on microparticles surface to prevent 

their uptake by immune cells. Moreover, immobilized polycations in the form of cationic 

microparticles offer potential advantages of higher charge density and lower systemic 

toxicity. We have shown that these polycations coated microparticles could inhibit 

inflammatory responses activated not only by different forms of NA (ssDNA, dsRNA, 

DNA-antibody complexes), but also that activated by NA in more complex medium such 

as dying cell supernatant and lupus patient plasma. These microparticles reduced 

inflammatory response in the peritoneal space induced by drug treatment. Using a novel 

microfluidics mediated processing technique, we are able to produce uniform 

biocompatible chitosan microparticles which showed similar inhibitory effect towards cell 

death-induced inflammation. This approach represents a novel class of anti-inflammatory 



 

88 

agent, which acts as molecular scavengers to neutralize a variety of inflammatory 

responses activated via various NA or NA-containing complexes. 

5.1 Introduction 

Sterile tissue injury, like microbial infections, could also generate strong immune 

response. Unlike immune response against microbial infection, which is triggered by 

pathogen-associated molecular patterns (PAMP) from foreign organisms, the immune 

response raising from tissue injury is activated by endogenous molecules, termed 

damage-associated molecular patterns (DAMPs). A major DAMP that activates innate 

immune response are nucleic acids (NAs), including genomic DNA, mRNA, ribosomal 

RNA, and mitochondria DNA, either in their free form or protein-bound state. These 

pathogenic NAs activate innate immune system via pattern-recognition toll-like receptors 

(TLR). Unlike other TLRs, NA-sensing TLRs are localized primarily in endosomal 

compartments and recognize DNAs or RNAs from pathogens or damaged cells. This 

difference in subcellular localization is critical for the self-tolerance of innate immunity 

[132]. Host NAs contained in the cytosol or nucleus are “invisible” to the TLRs. However, 

in massive cell death induced by tissue injury, infection, surgery, transplantation or 

chemotherapy, NA released by dying cells could re-enter other cells via endocytosis and 

activate TLRs. Activation of these receptors ultimately induces high levels of 

inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), 

and interferons [93]. Given the potency of TLRs in inducing strong inflammations, 
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improper regulation or activation of TLRs by NAs leads to multiple inflammation and 

autoimmune diseases, such as sepsis [133], rheumatoid arthritis [134], inflammatory 

bowel diseases [135], multiple schlerosis and systemic lupus erythematosus (SLE) [136, 

137]. 

Inhibition of NA-sensing TLRs has been shown to be effective in attenuating 

disease progression in mice. For instance, using a CpG sequence that inhibits TLR9 

activation protected wild type mice from the detrimental immune response in 

polymicrobial sepsis [138]. While both TLR7 and TLR9 are inhibited with an immune-

regulatory sequence (IRS) 954, SLE associated symptoms are ameliorated with decreased 

proteinuria, reduced glomerulonephritis, end-organ damage and increased survival [139].  

However, these receptor specific antagonists are limited in their therapeutic application 

as the TLRs are highly redundant, and multiple types of NAs are involved in TLRs 

associated immune disorders. A better strategy is to scavenge extracellular NAs to 

prevent the local DAMP accumulation. Manipulation of tissue levels of DAMPs by 

sequestering them from TLRs recognition presents an upstream resolution of the immune 

activation signaling cascade.   

We have previously shown that systematic administration of free cationic 

polymers, termed NA- binding polymers (NABPs), such as PAMAM-G3 

(polyamidoamine-generation 3) could significantly improve survival of mice with acute 

liver failure caused by CpG-induced inflammation [140]. We hypothesize that these 



 

90 

NABPs can similarly provide therapeutic effect against cell death-induced inflammation 

by scavenging the NAs released from damaged cells. However, given the intracellular 

location of NA-recognizing TLRs, we propose to deliver NABP in immobilized form as 

cationic microparticles instead of the soluble polymers. Using our previously established 

microfluidic setup, we fabricated biocompatible cationic microparticles with uniform 

properties. We demonstrated that these cationic microparticles were effective in 

neutralizing a wide variety of NA-containing endogenous ligands.   

5.2 Materials and methods 

5.2.1 Preparation of dying cell supernatant 

Cells were seeded at 500,000 cells/ml and cultured at 37°C and 5% CO2 in the 

appropriate complete growth media according to the supplier. When the cell density 

reached about 80% confluence, cells were washed with PBS and cultured in serum- and 

antibiotic- free OptiMEM (Invitrogen, Carlsbad, CA). Doxorubicin and Staurosporine 

(Sigma Aldrich, St Louis, MO) dissolved in PBS were added at specified concentrations. 

After 2 hours, treated cells were washed 5 times with PBS to remove excessive drugs in 

the culture medium. Fresh OptiMEM was then added to the treated cells. 24 hours after 

drug treatment, cell suspension was collected and centrifuged at 500 rpm for 5 minutes to 

remove large cell debris. The supernatant was directly used for subsequent analysis.  
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For the nuclease degradation of NAs, DNase I (40 U/ml) (Invitrogen), RNase A (10 

μg/ml) (Invitrogen) or both were added to the dying cell supernatant, and incubated at 

37°C for 30 minutes. The supernatant was then heated at 75°C for 5 minutes to inactive 

the enzymes. To inactivate the proteins in the dying cell supernatant, the solution was 

heated at 65°C for 30 minutes. The supernatant was then applied to reporter cells to 

analyze the pro-inflammatory property.   

5.2.2 Measurement of NAs in dying cell supernatant and peritoneum 

DNA/RNA concentration was assessed by a fluorimetric assay as described 

previously [141]. Briefly, sample in various dilutions were mixed at a 1:1 ratio with the 

dye PicoGreen/RiboGreen (Molecular Probes, Eugene, OR), diluted 1:200 in 10 mM Tris, 

1 mM EDTA, pH 8 (TE buffer) in a black, 96-well microtiter plate (Costar, Corning, NY). 

The DNA concentration was determined from fluorescence measurements using a BMG 

Labtech FLUOStar Optima plate reader (BMG Labtech, Ortenberg, Germany) at 485 

nm/535 nm excitation/emission wavelength. Data were collected as relative fluorescence 

units. The concentration of DNA in supernatant or peritoneum fluid was calculated 

according to a standard curve using double-stranded calf thymus DNA (Sigma Aldrich). 

Peritoneal fluids were diluted 1:10 in TE buffer, and DNA levels were measured as 

described above. 

To evaluate the binding of microparticles with NAs, particles at different 

concentrations were added to 6 μM CpG solution and allowed to complex for 15 mins. 
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The solution was then centrifuged at 2000 rpm for 5 minutes. Free CpG concentration in 

the supernatant was determined using the same procedure described above with a 

standard curve using CpG DNA.  

5.2.3 TLR activation analysis 

Ramos-BlueTM cells (InvivoGen, San Diego, California) were cultured in Iscove’s 

Modified Dulbecco’s Medium (IMDM) (Invitrogen) with 2 mM L-glutamine, 10% v/v 

heat-inactivated fetal bovine serum (FBS), Pen-Strep (50 U/ml and 50 μg/ml respectively) 

and 100 μg/ml ZeocinTM (InvivoGen) as selection antibiotics.  

For TLR activation study, Ramos-BlueTM cells were resuspended in fresh growth 

medium without Zeocin at a density of 2 x 106 cells/ml.  180 μl cell suspension was seeded 

per well of a flat-bottom 96-well plate. 20 μl of TLR activators (concentration is specified 

in the manuscript for different activators) were added after seeding. When evaluating the 

effect of microparticles or polymers, 10 μl of particle or polymer solution was firstly added 

to the cell suspension, which was immediately followed by 10 μl addition of the TLR 

activators.  The plate was then incubated at 37°C with 5% CO2 for 24 hours. To detect TLR 

activation, 160 μl QUANTI-BLUETM (InvivoGen) was added per well of a flat-bottom 96-

well plate followed by 40 μl of supernatant from stimulated Ramos-BlueTM cells. The 

plate was then incubated for 4 hours. SEAP activity was measured as absorbance at 650 

nm using a plate reader (BMG Labtech, Ortenberg, Germany). TLR activators used for 

these studies were: CpG 2006 (InvivoGen), PolyI:C (Invivogen), CpG 2006 with F7-26 
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(Enzo life sciences, Farmingdale, NY),  STS treated dying cell supernatant, and lupus 

patient plasma (Plasma service group, Southampton, PA).  

HEK-BlueTM hTLR4 cells were used to study TLR4 activation. The cells were 

cultured in DMEM (Invitrogen) with 4.5 g/L glucose, 10% v/v FBS, 50 U/ml penicillin, 50 

μg/ml streptomycin, 2 mM L-glutamine and 100 μg/ml ZeocinTM (InvivoGen) as selection 

antibiotics. For TLR4 activation study, adding PBS and tapping the flask detached HEK 

cells. 180 μl cells was added per well of a flat-bottom 96-well plate at 1.4 x 105 cells/ml. 

The rest of the study was the same as for Ramos-BlueTM cells.  

5.2.4 Microfluidics mediated chitosan microparticle formation 

Fabrication and treatment of PDMS chips for double emulsion generation were described 

earlier [142]. Chip 1 and chip 2 were made to smaller dimensions to form smaller droplets. 1% w/v 

ProtasanTM chitosan (MW~380kD, 90% deacetylation) (NovaMatrix, Sandvika, Norway) 

dissolved in 100 mM sodium acetate buffer (pH 5.2) was used as the inner phase for double 

emulsion formation. Perfluorocarbon NovecTM HFE7500 engineered fluid (3M, St. Paul, MN) 

was used as the oil phase and served as a barrier to prevent out-difussion of chitosan. 1% Picosurf 

2 (Dolomite Microfluidics, Royston, UK) was used as the surfactant for the oil phase. The 

continuous phase was made of 1% pluoronic F127 (Sigma Aldrich) dissolved in the same buffer 

for chitosan. To control the final size of the microparticles, the relative flow rates of the three phases 

were adjusted to form double emulsions with inner cores of different sizes. Double emulsion 

droplets were collected into a 15 ml Falcon tube and transferred into a 10 wt% Glycine (pH 10) 

solution. The volume of basic solution was 10 times that of the droplet solution. The tube was left 

on an orbiter shaker (Labnet International, Edison, NJ) under gentle shaking at 20 rpm/min 
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overnight. The upper glycine solution was carefully removed without disturbing the bottom droplet 

layer. After that, equal volume of 1H, 1H, 2H, 2H-perfluoro-1-octanol (Sigma Aldrich) was added 

to rupture the droplets. Released particles were washed with PBS for 3 times by repeated 

centrifugation and resuspension. The particles were then immersed in 2 mg/ml heparin (Merck 

Millipore, Billerica, MA) solution for 30 minutes. After washing 3 times with PBS, the 

microparticles were resuspended in solutions containing 2 mg/ml cationic polymers for 30 minutes 

and washed. The coated microparticles was stable after resuspending in water or PBS at room 

temperature. Polystyrene beads with surface carboxyl groups (Polysciences, Warrington, PA) were 

coated similarly in the same cationic polymer solution. Zeta potential was measured with a 

Zetasizer NanoZS-90 (Malvern Instruments, Southborough, MA).   

For fluorescence microscope imaging of the microparticles, FITC-labeled dextran (10kD, 

Sigma Aldrich) was incorporated into the chitosan core. Cy-5 labeled PAMAM was used to coat 

the outer layer. Fluorescence images of microparticles were captured with an inverted fluorescence 

microscope (TE2000U, Nikon Instruments, Melville, NY) equipped with a 100-W mercury lamp 

(X-Cite 120 Fluor system, EXFO, Ontario, Canada) and a cooled CCD (CoolSnap HQ, Roper 

Scientific, Tucson, AZ).  

5.2.5 Ninhydrin assay to quantify polymers coated on particle surface 

The amount of polymers coated on the particle surface was determined by 

measuring polymer concentration before and after being coated onto the microparticles. 

The polymer concentration is determined by measuring free amino groups in the solution. 

50 μl 3 mg/ml Fluorescamine (Sigma Aldrich) and 150 μl polymer solution (before and 

after being coated) was added at 1:3 volume ratio into a 96-well plate and incubated at 

room temperature for 15 minutes. Relative fluorescence intensity was measured using a 
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plate reader at 360 nm/ 470 nm excitation/emission wavelength. The polymer 

concentration was determined by intrapolating into a standard curve of made for the same 

polycation.  

5.2.6 SEM 

The microparticles were sputter-coated with a gold layer of 10 nm thick using a 

Denton Vacuum Desk IV sputter unit at 75 mTor and 18 mA (Denton Vacuum, LLC, 

Moorestown, NJ, USA). SEM micrographs were obtained from a FEI XL30 SEM-FEG (FEI 

Co., Hillsboro, OR, USA). SEM images were imported into Image J to analyze particle size. 

Aggregates were excluded or manually outlined to ensure only individual particles were 

measured. Measurements were exported to Excel to plot the size distribution.  

5.2.7 Flow cytometry 

Flow cytometric analysis was conducted via a FACSCanto II (BD Biosciences, 

Franklin Lakes, NJ). A minimum of 10,000 cells were analyzed per sample. For cellular 

uptake study, DC2.4 cells, cultured in DMEM (Invitrogen) with 10% FBS and Pen-Strep 

(50 U/ml and 50 μg/ml respectively) were seeded at 200,000 cells/ml per well of a 24-well 

plate. 20 hours after seeding, cells were washed with PBS and 450 μl OptiMEM was added 

into each well. 25 μl of 10 μg/ml protamine sulfate, 1,000,000 particles/ml particles or PBS 

was added to the cells. 25 μl of 100 μM AlexaFluor-488-labeled CpG (5 μM final 

concentration) (IDT, Coralville, IA) or PBS as negative control was then added to the cells. 

Cells were washed 4 hours or 24 hours after CpG addition, trypsinized and fixed with 4% 
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Paraformaldehyde (Sigma Aldrich) in PBS for 15 minutes and stored at 4°C for flow 

cytometry analysis. Data were analyzed and graphs were plotted with FlowJo (Ashland, 

Or). 

For in vivo study, after pelleting cells from the peritoneal lavage, the cells were 

immediately suspended into a hypotonic lysis buffer (Biolegend, San Diego, CA) for 5 

minutes to remove red blood cells. Followed by centrifugation and washing with PBS 

containing 3% FBS, cells were counted and cell density was adjusted to 1 × 107/ml in PBS 

with 3% FBS. 200ul of cells were aliquoted for antibody staining. The cells were first 

incubated with anti-mouse CD16/CD32 antibody (Biolegend) for 20 minutes to block Fc 

receptors. FITC-anti-mouse Ly-6G (Biolegend) was then added to stain neutrophils. The 

cells were then washed with PBS and fixed with 4% paraformaldehyde and stored at 4°C 

for flow cytometry analysis. Neutrophil number was determined by multiplying the total 

cell numbers by the percentage of Ly6G positive cells. 

5.2.8 ELISA assay for TNF-a and IL-6 

Cytokine concentration in supernatant or peritoneal lavage was determined using 

ELISA kit for mouse TNF-α and IL-6 (Life technologies) following suppliers’ protocol. 100 

μl sample was used for each analysis. For in vitro study, DC2.4 cells were seeded at 

200,000 cells/ml per well of a 12-well plate, and treated with specified TLR activator with 

or without microparticles. Supernatant were collected 48 hours after treatment and stored 

at -20°C before use.  
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5.2.9 STS induced acute peritonitis in vivo 

Mice were injected i.p. with 0.3 mg/kg of STS (or as otherwise indicated) in 0.2 ml 

of 0.9% NaCl using an ultra-fine insulin syringe (BD, Franklin Lakes, NJ). Equal volumes 

of 0.9% NaCl were injected as negative controls. 0.2 ml microparticles (5x107/ml), free 

protamine sulfate (20 mg/kg), or NaCl solution were i.p. injected 2 hours after drug 

treatment. 6 hours post drug administration, another dose of microparticles was applied 

to one group of the experimental mice. 16 hours post drug treatment, animals were 

euthanized by CO2 exposure. 5ml cold and sterile PBS was injected into the peritoneal 

cavity with a 27 G syringe (BD) and the mice were massaged to dislocate cells in the 

peritoneal space. The peritoneal lavage was then carefully withdrawn from the mice and 

collected into a 15ml Falcon tube. The peritoneal lavages were centrifuged at 500 g for 

5 min and supernatants were stored at −20 °C until analyzed for cytokines. Cell pellet were 

taken to prepare for immune staining and flow cytometry study (see flow cytometry 

analysis). 
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5.3 Results 

5.3.1 Cell death, NA release and inflammation 

NAs released from dying cells could activate TLR in antigen presenting cells, such 

as macrophages and dendritic cells, which releases pro-inflammatory cytokines such as 

IL-6 and TNF-α (Figure 5.1A). To investigate the relationship between cell death, NA 

release and inflammation activation, A549 (human lung carcinoma cell line), HepG2 

(human hepatocellular carcinoma cell line), HeLa (human cervix adenocarcinoma cell 

line) and RAW 264.7 cells were treated with different concentrations of apoptosis 

inducers, staurosporine (STS) or doxorubicin (Dox).  NA content was quantified via 

PicoGreen binding assay. The amount of NAs released upon cell death varies with drug 

treatment and cell type (Figure 5. 1B). STS treated cells released more NA fragments as 

compared to Dox treated cells. Macrophage cell line released more NAs as compared to 

other cell lines when treated with STS.  

To assess whether the released molecules activate an immune response, we 

harvested supernatant from dying cells and supplemented it to a TLR reporter cell.  

Ramos-BlueTM cells were engineered to be responsive to NF-kB inducers, such as TLR3, 

TLR7, TLR9 and NOD1 agonists. When stimulated, they produce a soluble alkaline 

phosphatase (SEAP) in the supernatant that can be readily monitored by colorimetric 

methods in the presence of substrate. Dying cell supernatant and Ramos-BlueTM culture 

medium were mixed at 1:5 ratio. Both Dox and STS treated cell supernatant induced 



 

 

 

Figure 5.1 Cell death and inflammation. 

(A) Schematic illustration of nucleic acid induced inflammation in sterile inflammation and autoimmunity. (B) Quantification of 

DNA released by cell lines undergoing chemical-induced cell death. (C) Supernatant harvested from dying cells activates TLR 

response in Ramos-blueTM cells. (D) TLR activation by supernatant from dying cells is inhibited by DNAse and RNAse treatment. 

STS, staurosporine; Dox, Doxorubicin. (*p<0.05; n=6). 
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strong TLR activation (Figure 5.1C) and the amplitude of TLR activation depended on 

drug concentration. When DNase and RNase were both supplemented to the dying cell 

supernatant, TLR induction was significantly suppressed (Figure 5.1D), suggesting the 

NA nature of the activators.  

5.3.2 Microparticle preparation and NA binding 

To prove our hypothesis that microparticles coated with polycations could function as NA 

scavengers to fight inflammation, we used commercial polystyrene beads as a demonstration 

because they are both biologically and immunologically inert [143]. Polystyrene beads containing 

carboxyl groups with surface charge of -50 mV (Figure 5. 2A) were used. When coated with 

protamine sulfate, the surface charge changed to +50 mV. Further coating with a negatively charged 

polymer, heparin, brought the surface charge to negative again (~ -32 mV), and another layer of 

coating with polycation changed the surface charge back to positive (+20 mV). As repeated coating 

appeared to diminish the surface charge, the microparticles were coated with one layer of 

polycations.  

Five commonly used polycations were used to coat the microparticles and studied here: 

1,4-diaminobuane-poly (amino-amine)-G3 (PAMAM) was included in this study due to its strong 

NA affinity. Protamine sulfate (PS), and poly-L-Lysine (PLL) were used for their biodegradability. 

1.2 kD polyethylenimine (PEI1.2K) and 25kD branched polyethylenimine (PEI25K) were selected 

to investigate the effect of molecular weight of polymers. Despite their apparent difference in DNA 

binding affinity [140, 144], coating these polycations to polystyrene microparticles resulted in 

similar zeta potential (Figure 5. 2B). Coating with higher polymer concentration did not guarantee 

higher surface charge (Figure 5.3). Microparticles coated with different polycations could bind with 

CpG efficiently in a concentration dependent manner  
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Figure 5.2 Characterization of cationic microparticles that bind and scanvenge nucleic 

acids.  

(A) change of zeta potential of carboxylate polystyrene microparticles after layer by 

layer coating of protamine sulfate and heparin.  (C) Zeta potential of microparticles 

coated with different polycations. (D) Binding of CpG by polycations-coated particles. 

(D) Binding of CpG by coated microparticles prevented their cellular uptake by 

dendritic cell line, DC2.4 as evaluated by flow cytometry. P.S, protamine sulfate. 

PAMAM, G3 Polyamidoamine dendrimer. PEI, Polyethylenimine. PLL, polylysine. 
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Figure 5.3 Coating of polystyrene microparticles with different concentration of protamine 

sulfate. 
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(Figure 5.2D), which is important for the NA scavenging function. The cellular uptake 

assay suggested that binding of NAs by coated microparticles efficiently inhibited their 

cellular uptake (Figure 5.2E). There was almost no cellular uptake of NAs 24 hours after 

CpG treatment in the presence of cationic microparticles. In contrast, the presence of free 

cationic polymer enhanced cellular uptake of CpG. These results suggested that cationic 

microparticles could potentially serve as a better NA scavenger.  

5.3.3 Cationic Microparticles prevent TLR activation by NAs 

Among all the NA-recognizing TLRs, TLR9 recognizing ssDNA, and TLR3 that 

recognizes dsRNA are the most common. Cationic microparticles could efficiently inhibit 

TLR9 activation by CpG 2006 (Figure 5.4A), and TLR3 activation by poly I:C (Figure 5.4B) 

in the Ramos-BlueTM reporter cells. Nonetheless, in most pathological conditions such as 

SLE, extracellular NAs are bound by anti-DNA antibodies, nuclear proteins or other 

cationic proteins and it is often the immune complex that induces severe autoimmune 

reactions [145, 146]. Complexing CpG with a ssDNA binding antibody F7-26 resulted in 

higher TLR activation as compared to free CpG alone (Figure 5). F7-26 also increased the 

inflammatory effect of dying cell supernatant (Figure 6). These observations suggested 

DNA-autoantibody complex induced stronger immune responses. Treatment with 

cationic microparticles successfully neutralized the inflammatory effect of the NA 

containing immune complex (Figure 5.4C). 



 

   

 

Figure 5.4 Polycation-coated microparticles neutralize the ability of nucleic acids to activate TLR mediated inflammatory responses.  

PAMAM, PS, PLL, PEI1.2K, PEI25K coated microparticle (500,000 particles/ml) inhibited the TLR9 activation by (A) CpG (1 μM), (B) Poly 

I:C (10 μg/ml), (C) CpG anti-DNA immune complex (1 μM CpG + 0.6 μg/ml F7-26), (D) dying cell supernatant (40 % v/v), and (E) lupus 

patient plasma (10% v/v) in Ramos-BlueTM reporter cells. (F) The inhibition of TLR activity by coated microparticles is dependent on the 

microparticle concentration. (n=6, error bar is standard deviation).  
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Figure 5.5 Anti-DNA enhances pro-inflammatory properties of CpG DNA.  

(A) Complexation of CpG with anti-DNA antibody and (B) activation of TLR by the 

immune complex.  

 

 

 

 

 

 

 

Figure 5.6 Inhibition of CpG uptake by Raw 264.7 cells by protamine sulfate coated 

chitosan microparticles. 
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We also tested whether cationic microparticles were effective against endogenous 

NA-induced TLR activation. Dying cells, depending on the cell type and mechanism of 

cell death, may release various forms of NAs, NA-protein complexes and NA-rich 

vesicles.  Cationic microparticles could bind with the NA containing complexes, and 

significantly reduce TLR activation (Figure 5.4D). We also showed that cationic 

microparticles were efficient in inhibiting inflammation activation by lupus patient’s 

plasma (Figure 5.4E), which is rich in DNA-anti-DNA immune complexes. Microparticle-

mediated inhibition of TLR activation by different agonist is dependent on the 

microparticle concentration (Figure 5.4F). 

Despite the difference in charge density and molecular weight for individual 

polymers, there was no apparent dissimilarity for the various polycation coated 

microparticles in inhibiting TLR activation by various agonists tested.  

5.3.4 Cationic microparticles and STS induced acute peritonitis 

Though the exact etiology of many inflammatory and autoimmune disease is not 

fully understood. It is clear that they are characterized by an extremely destructive tissue 

environment which is associated with high levels of DAMP accumulation. To simulate 

such a destructive environment in vivo, acute peritonitis was induced by intraperitoneal 

injection of STS. STS is a potent apoptosis inducer which often results in the release of 

excessive DNA fragments after supplementing to in vitro cell cultures [147] and systematic 



 

   

administration in vivo [148].  Administration of STS resulted in an acute inflammatory 

response accompanied by increased extracellular NA concentration, an influx of 

neutrophils and an increase in the level of IL-6 and TNF-α. The severity of inflammation 

was associated with dosage of STS (Figure 5.7B-D). This observation is similar to previous 

studies, which showed that intraperitoneal injection of Dox induced severe inflammatory 

response [149]. Both TLR9 knockout and administration of a TLR antagonist reduced the 

Dox induced inflammation, suggesting the important role of TLR9 in NA-mediated 

inflammatory response. We would like to test whether cationic microparticles could also 

serve a similar function in STS induced acute peritonitis. PS-coated microparticles were 

used for the in vivo study. Figure 5.7A outlined the experiment design. Microparticles or 

free polymers were administrated 2 hours after STS injection. Peritoneal lavage was 

collected 16 hours after STS administration, and analyzed for presence of neutrophils and 

inflammatory cytokines. Both microparticles and free polymers showed inhibition of 

inflammation in the peritoneal space, as demonstrated by the reduced level of neutrophils 

(Figure 5.7G) and cytokines (Figure 5.7E, F). Cationic microparticles appear to be more 

effective towards neutrophil recruitment as compared to free polymers. A second 

administration of microparticles almost completely inhibited the STS induced 

inflammation reactions in the peritoneal cavity.  These results suggested that cationic 

microparticles played a protective role in STS induced tissue damage and inflammation. 
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Figure 5.7 Microparticles coated with polycations suppressed the inflammatory response in STS induced acute peritonitis.  

i.p. administration of STS induced acute inflammation as evidenced by the elevated (B) nucleic acid concentration, (C) pro-

inflammatory cytokine concentration, and (D) neutrophil recruitment in the peritoneal cavity. Administration of microparticles 2 

hours (STS + Particle) or both 2 hours and 6 hours (STS+Particle2) post STS injection significantly lowered the cytokine level for 

both (E) IL-6 and (F) TNF-α. Microparticles administration also reduced the neutrophil recruitment to the inflammatory site (G). 

(n=6, error bar is standard deviation.) 
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5.3.5 Microfluidics-aided production of chitosan-based cationic 
microparticles 

As polystyrene beads are not biodegradable, we seek to design microparticles with 

more biocompatible biomaterial. Chitosan is a biocompatible polysaccharide that has been 

widely used for different pharmaceutical applications [150]. It degrades slowly to non-

toxic amino sugars, which could be completely absorbed by the human body. Currently, 

the most common method to make chitosan microparticles is spray drying [151]. 

However, it produces a very heterogeneous population of microparticles with a wide 

distribution of sizes. Here we demonstrate a new method in preparing well-controlled 

and homogenous chitosan microparticles.  

Chitosan-based microparticles were prepared via a well-controlled gelation 

mechanism from microfluidics-generated double emulsions (Figure 5.8A). Two 

microfluidic chips were connected in series to generate uniform water-in-oil-in-water 

(W/O/W) double emulsion droplets containing chitosan dissolved in pH 5.2  sodium 

acetate buffer (Figure 5.8A). Biocompatible fluorocarbon oil used clinically as artificial 

blood made up the oil phase and served as a barrier to prevent out-diffusion of chitosan 

but still allowed the movement of small ions and water. After droplet collection, double 

emulsions were transferred to a solution with high pH and high salt concentration (10 % 

w/v glycine, pH 10). The amino group in chitosan has a pKa around 6.5. It protonates in 

acidic solutions and becomes positively charged. At high pH, de-protonation of the amino 

group made the molecule hydrophobic with decreased solubility in water. The chitosan 
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inside double emulsion became hydrophobic and transformed into a gel-like structure 

within 20 minutes in the high pH solution (Figure 5.8B). The high osmotic pressure created 

by 10 % w/v glycine drove water to flow out of the core. Within ~3 hours, the chitosan in 

the core was dehydrated to form condensed microgel particles. The size of the particles 

could be easily controlled. For instance, our previous study has shown increasing the flow 

rate ratio of oil to chitosan phase reduced inner core size of the double emulsion and could 

potentially result in smaller chitosan microparticles[142]. We demonstrated that the 

production of chitosan microparticles of about 6 μm, 10 μm, and 15 μm with very narrow 

size distribution as shown by the SEM images (Figure 5.8C). 

After breaking of the droplets and washing in PBS, the chitosan microparticles 

were coated with heparin, also chosen for its clinical application, based on ionic 

crosslinking. The microparticles were then further coated with polycations through 

electrostatic interactions (Figure 5.8D).  Successful coating of different polymers was 

confirmed by fluorescence co-localization study. FITC-labeled dextran was incorporated 

into the chitosan core. Cy5-labeled PAMAM was used to coat the outer layer. Overlay of 

these two dyes with the microparticles indicates successful layer-by-layer coating (Figure 

5.8E).  



 

 

 

 

 

Figure 5.8 Fabrication and properties of chitosan-based cationic microparticles.   

(A) A schematic illustration of the setup of two microfluidic chips connected in series to generate uniform water-in-oil-in-water 

(w/o/w) double emulsions containing chitosan dissolved in pH 5.2. (B) When immersed in a pH 10 buffer containing 10% glycine, 

the chitosan solution was dehydrated to form a microgel particle over a period of ~3 hours. 
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Figure 5.8 Fabrication and properties of chitosan-based cationic microparticles.  (C) Microfluidics could control the formation 

of double emulsion with different size, thus the size of the chitosan microparticles. Top panel, microscope image of double 

emulsions collected from microfluidics chips; middle panel, SEM images of chitosan microparticles collected; bottom panel, plot 

of size distribution of chitosan microparticles (obtained by analysis SEM images by ImageJ). 

113 

 



 

 

 

Figure 5.8 Fabrication and properties of chitosan-based cationic microparticles.   

(D) Coating of the microparticles with polycations via an initial deposition of heparin. (E) The fluorescence images of 

microparticles with uniform polycation coating and particle size. 
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5.3.6 NA scavenging properties of polycation coated chitosan 
microparticles 

The NA binding affinity of the chitosan microparticles was also evaluated for their 

capacity to adsorb CpG 1668 (0.3 μM) as compared to the free polycations. The 

immobilized polycations (Figure 5.9B) were more effective than the free polycations in 

adsorbing the same amount of NA (Figure 5.9A). Protamine sulfate was the most effective 

among the three polycations tested. These data support our hypothesis that 

immobilization of polycations on the microparticle surface enhanced their binding affinity 

towards NA due to a high local charge density and a more cooperative binding. 

Adsorption of CpG by coated chitosan microparticles prevented their cellular uptake 

(Figure S3). The PS coated particles could inhibit CpG-induced TLR activation in Ramos 

cells in a dose-dependent manner and the potency was comparable to free polycation-

mediated TLR inhibition (Figure 5.9C). We also showed that the microparticles could 

inhibit dying cell supernatant-induced TLR activation (Fig 5.9D). The microparticles were 

not cytotoxic at a concentration for at least up to 200 μg/mL (corresponding to ~500K 

particles/mL) as evaluated by a MTT assay in RAW264.7 cells (Figure 10). Individual 

polymers, including chitosan and heparin used to fabricate the microparticles, did not 

activate TLR response in Ramos cells.  
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Figure 5.9 Nucleic acid scavenging properties of polycation coated chitosan 

microparticles.   

(A) CpG binding affinity of protamine sulfate (PS), polyethyleneimine (PEI), and 

polylysine (PLL) in free soluble form. (B) CpG binding affinity of the adsorbed 

polycations, showing a higher potency at lower concentration. (C) Microparticles 

neutralizes CpG induced TLR9 activation in Ramos-Blue™ cells. Data is normalized as 

100% activation by 1μM of CpG 1668. (D) Inhibition of dying cell supernatant induced 

TLR9 activation in Ramos-Blue™ cells by polycation coated microparticles. (n=6, error 

bar represents standard deviation)
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Figure 5.10 Cytotoxicity of Protamine sulfate-coated microparticles (A) and free protamine sulfate (B). 
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5.3.7 Inhibition of TLR4 activation by polycation coated chitosan 
microparticles 

We were also interested to know whether the coated microparticles could 

scavenge ligands for other TLRs other than those recognizing NAs. TLR4, which 

recognizes a wide range of endogenous ligands, including polysaccharides, membrane 

lipids and nuclear proteins, is a potential target. We first tested against lipopolysaccharide 

(LPS), the most common TLR4 agonist from microbial infection. LPS at 100 ng/ml induced 

strong TLR4 activation in HEK-Blue-TLR4 cells (Figure 7A). However, TLR4 activation 

was neither inhibited by the chitosan microparticles (500,000/ml, P.S coated) nor the free 

polymer (10 μg/ml PS).  

Unlike LPS, heparan sulfate is an endogeneous TLR4 ligand that is abundant in 

the extracellular matrix (ECM) of most mammalian cells. When the ECM is degraded, 

soluble heparan sulfate is released [152]. It could activate innate immunity via TLR4. 

Heparan sulfate activated murine macrophage cell line, Raw 264.7, as seen by the elevated 

TNF-α expression. Interestingly, this activation was inhibited by coated chitosan 

microparticles but not by the free polymers (Figure 7B). The presence of certain 

polycations even boosted TNF-α expression induced by heparan sulphate.  

STS induced dying cell supernatant also activated TLR4 signaling (Figure 7C). 

However, coated microparticles only showed marginal inhibition towards TLR4 

activation by dying cell supernatant. As sulfated proteoglycan only accounts for one 

family of many endogenous ligands of TLR4, and the amount of soluble heparan sulfate  



 

 

 

 

Figure 5.11 Inhibition of TLR4 activation by polycation coated microparticles. 

(A) Coated microparticles does not inhibit LPS induced TLR4 activation in HEK-Blue™ TLR4 cells. (B) Evaluation of heparan 

sulfate induced activation of macrophage cell line, Raw 264.7 cells by TNF-α expression. Polycations coated microparticles and 

the free polycations show different effect towards the HS induced macrophage activation. (C) Activation of TLR4 by dying cell 

supernatant and the effect of polycation coated microparticles. (*p<0.05; n=6, error bar represents standard deviation) 
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released varies from different cell types and highly depends on the mechanism of cell 

death, these microparticles could be further optimized to be more effective to scavenge 

TLR4 ligands.   

5.4 Discussions 

NA recognition by the innate immune system is a major cause of sterile 

inflammatory responses and accounts for several auto-inflammatory disorders such as 

systemic lupus erythematosus, rheumatoid arthritis and inflammatory bowel diseases 

[153]. As a result, NA-sensing TLRs have become attractive therapeutic targets for the 

treatment of patients with these devastating inflammatory disorders. Unfortunately, the 

redundancy of the TLR families as well as their ability to sense a variety of structurally 

different NA ligands have made it challenging to develop effective inhibitors that can 

broadly ameliorate the pro-inflammatory effects of RNA and DNA. Moreover, inhibition 

of TLR receptors is deleterious for the innate immune defense of the body. Thus, an ideal 

strategy thus would be to design molecular scavengers, which could constrain self-NA 

from activating TLR receptors. We have previously shown that cationic polymers could 

compete with NA and systematic administration of free cationic polymers such as 

PAMAM could significantly improve survival of mice with acute liver failure caused by 

CpG-induced inflammation [14]. We also showed in another study that such polycations 

can scavenge prothrombotic NAs in the extracellular space to prevent thrombosis 

following carotid artery injury and pulmonary thromboembolism without significantly 



 

121 

increasing blood loss from surgically challenged animals [15].  In this study, we 

demonstrated that the immobilization of polycations on microparticle surface prevented 

cellular entry of NA and significantly inhibited NA induced inflammatory responses.  

This work is conceptually different from our previous studies [140, 144]. In this 

study, we proposed the use of polycations in an immobilized form to achieve a safer and 

more effective NA scavenging. Cationic microparticles and free polycations function as 

NA scavengers via different mechanisms. Cationic microparticles bind with NA and 

completely inhibit their cellular entry because of their size. They minimize the encounter 

of extracellular NAs and intracellular TLRs. Free polycations, in contrast, facilitate the 

cellular entry of NAs. After being internalized, they prevent TLR activation by competing 

for NA-binding.  This explains why free polycations with relatively weak NA-binding 

affinity, such as PS and PLL, are not effective against NA-induced inflammation in our 

previous study [140] but function as efficiently as those with strong NA-binding affinity 

(such as PAMAM) after being immobilized onto the microparticle surface. This is 

important as it dimmed the dependence on highly charged polycations, which is often 

positively correlated with cytotoxicity. It allows for a much wider choice of materials and 

the selection of more biocompatible polycations. Immobilization of polycations also 

minimizes the systemic toxicity associated with their free forms, making the 

microparticles a safer therapeutic option. Furthermore, microparticles provide a large 

surface area which allows complexation with larger ligands, such as NAs associated with 
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vesicles or exosomes released upon cell death. They could function as a tissue “trash-

processing station” that allows enzymes such as DNase, RNase and protease to degrade 

the NA-containing complexes bound on the surface.  

Current therapies to block pathologic responses to extracellular NAs rely on drugs 

that act downstream in molecular pathways. For example, receptor antagonists may be 

used to inhibit one or two NA-sensing TLRs at a time. However, this is unlikely to be 

optimal because of the interconnectedness and redundancy of TLR signaling. No matter 

which TLR is activated, TLR signaling culminates in activation of MAP kinases, NF-κB 

and IFN regulatory factors to elicit inflammatory cytokines. We presented a 

fundamentally different approach to simultaneously inhibit the inappropriate activation 

of multiple NA-sensing factors for maximal effect. This was made possible by the fact that 

polycations can bind NAs in a sequence-independent manner. The capacity to modulate 

tissue levels of DAMPs to resolve inflammatory response is not only beneficial for 

inflammatory pathological conditions, but will only be constructive in tissue 

regenerations after injury. A highly inflammatory milieu characterized by accumulation 

of cytokines and immune cells is destructive for tissue recovery. For instance, in a 

transgenic acute pancreatitis model, the mice display little liver regeneration after partial 

hepatectomy. However, when an analogue of spermidine is administrated to the mice, 

pancreatitis was completely resolved, and normal liver regeneration was restored [154]. 
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Similarly, cationic microparticles may also help to modulate a destructive inflammation 

tissue microenvironment caused by NAs deposition to promote tissue recovery. 

Besides the therapeutic innovation, we also designed a novel approach to prepare 

chitosan microparticles via microfluidics prepared W/O/W double emulsions. For 

decades, innovation in materials synthesis for different applications has far preceded the 

advancement of material processing techniques [155]. For therapeutic development, with 

the same materials chemistry, fabrication may produce particles with different 

characteristics such as sizes, shapes, and drug loading efficiencies and release profiles, 

which could all impact the therapeutic outcome. The fact that some of the cationic 

polymers only functioned as NA scavenger in the immobilized form further illustrated 

that processing and fabrication could influence the biological outcome of biomaterials. 

Microfluidics, which provides robust and precise manipulation of fluids, offers a 

powerful platform for particle processing and fabrication. Here, droplets containing 

chitosan solution were first prepared and phase transition was induced to solidify the 

material and osmotic pressure was applied to condense the particles. As the 

microparticles were formed within the uniform double emulsion droplets, they displayed 

very narrow size distribution. Moreover, this fabrication method could facilitate synthesis 

of composite chitosan microparticles where other biomaterials could be incorporated. It 

has potential to precisely control the composition of the microparticles, as all the materials 

are contained in the same microenvironment in the double emulsion core. The precise 
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control of microparticle synthesis is important because it could improve the colloidal 

stability and allow fine-tuning of the size and surface charge so that we can optimize the 

NA binding capacity, resistance to endocytosis and in vivo biodistribution. We will 

continue to explore this technology to optimize the composition of the microparticles with 

improved therapeutic efficacy and in vivo performance.  

5.5 Conclusions 

NA induced inflammation is prevalent in many autoimmune and other 

pathological condition. We have shown that polycations coated microparticles could 

efficiently neutralize NA induced inflammation by preventing their cellular uptake. 

Immobilizing polycations on the microparticle surface enhanced their binding with NAs 

and improved the NA scavenging properties. We also developed a novel technology to 

prepare uniform and biocompatible cationic microparticles whose properties could be 

well controlled and optimized for the application. Together these demonstrated how 

formulation of materials could impact their biological outcomes. This system is expected 

to provide a novel and broad-spectrum therapeutic approach in pathological conditions 

of which NA induced sterile inflammation plays a key role.  
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6. Overall Conclusions  

In this thesis, we designed and fabricated PDMS-based device for automatic and 

high-throughput generation of W/O/W DE droplets. The microfluidics devices were 

chemically modified to convert surface wettability in order to form DE. With both single-

chip and two-chip setup, we demonstrated formation of double emulsions with different 

size and number inner droplets. The process proved to be reliable, reproducible and 

automatic. The microfluidics generated DE were than used for different biological studies.  

We first demonstrated the oil shell were selectively-permeable to certain small 

molecules. This make the droplets optimal for cell cultivation. We showed induced gene 

expression when the inducer was supplied from outside of DE and bacterial cells cultured 

inside. Using a bacteria bearing the quorum-sensing circuit, we observed the population 

oscillation inside the droplets. Encouraged by the results, and collaborating with another 

college, we showed the culturing of mammalian cells inside the DE led to spheroid 

formation, presumably caused by the hydrophobic nature of the oil shell which propels 

the cells to grow in the center.  

We also showed DE could work as an efficient drug carrier to deliver therapeutic 

molecules via the intranasal delivery. Using DE formed with different fluorocarbon oils, 

we have obtained different release kinetics for the fluorescence dye, which was used as a 

model drug. Those DE also demonstrated a difference in penetration depth in the nasal 

turbinates.  
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Last, using the microfluidics generated DE as template, we have produced 

biocompatible and homogeneous chitosan microparticles with controllable size. 

Collaborated with Dr. Jaewoo Lee from Prof. Sullenger’s group, we applied these 

microparticles as nucleic acid scavengers which showed promising protective function in 

NA-induced inflammations in sterile inflammations. 
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