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ABSTRACT 

 

Encapsulating cells within semi-permeable hydrogel material has been shown to boost the 

therapeutic effectiveness of stem cell therapy in certain applications. Cell encapsulation 

promotes high retention and engraftment rates, and protects against attack from the immune 

system of the host, as these are challenges often seen in utilizing stem cells in suspension alone. 

Leveraging droplet-based microfluidics has yielded a platform capable of producing 

monodispersed microcapsules embedded with cells at high throughput, typically achieved by 

mixing an aqueous hydrogel solution that contains cells with an immiscible liquid (oil) in a flow 

focusing geometry. However, encapsulation using microfluidics results in randomized generation 

of empty and cell-laden microcapsules, following Poisson statistics, raising the need to institute 

a successful sorting mechanism, thereby increasing occupancy and ultimately purifying the 

desired sample. In this thesis we propose a sorting strategy by combining two conceptual 

mechanisms of electrophoresis (EP) and deterministic lateral displacement (DLD). Different 

varieties of microcapsules were characterized for EP and DLD respectively. Leveraging these 

differences was used in a device combining both of the concepts towards sorting of empty and 

cell-laden microcapsules.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Undifferentiated cells, otherwise known as stem cells, are extensively being used in 

applications for regenerative medicine and disease therapeutics, due to the ease with which 

these cells can be directed to develop into different cell types in the human body. Stem cells may 

be obtained from the same person (autologous) or from a donor (allogenic). Since allogenic stem 

cells are of foreign nature to the patient, there are more immunogenic risks associated with 

them. With these types of cells, a delivery method is required in order to administer the cells into 

the patient, i.e., cell mediated therapy. In order to safely deliver cells into a patient, they are 

generally immobilized within a biocompatible material such as hydrogel to help suppress the 

immune effects. In addition, the hydrogels and scaffolds offer mechanical support to the 

infarcted tissue. The biggest hurdle in most cell-based therapy is low engraftment [1] and 

persistent rates once the cells are introduced into the target tissue. Cell encapsulation is a 

promising way to mitigate all three of these issues.  

Manipulating and controlling fluids at small scales, well known as microfluidics, enables 

high-throughput production of cell-laden microcapsules. However, since the encapsulation 

process is dependent upon Poisson statistics, occupancies in the encapsulated cells remains 

inconsistent. This essentially means that the microcapsules generated may have 0, 1, 2… cells per 

microcapsule depending on the encapsulation conditions and initial cell concentrations. The goal 

of this study is to tackle this challenge, and increase this occupancy by developing a sorting 

method that can remove unoccupied microcapsules from the final sample. This will be done by 

implementing an on-chip microcapsule sorting technique, to differentiate empty microcapsules 

from occupied ones.    
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1.2 Microfluidics 

 Due to its microscopic nature, microfluidics offers several advantages over traditional 

bulk methods including reduced sample consumption rates [2], automation [3] and the prospect 

of lab-on-a-chip (LOC) [4] integration. The behavior of fluids across a microfluidic channel is 

governed by various flow-regimes and can be broadly categorized into, laminar and turbulent 

flow.  

The laminar flow regime follows a smooth pattern, in an orderly manner (infinitesimal 

parallel layers), thus remaining stable throughout the microfluidic channel. Turbulent flow on the 

other hand follows a structure of inherent instability [5]. Both flow regimes are shown in Figure 1. 

Both flow patterns are characterized by the Reynolds number, which was first discovered 

by Osborne Reynolds and is the ratio between inertial forces and viscous forces, 

                           𝑅𝑒 =  
𝜌𝑉𝐿

𝜇
=

𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝐹𝑜𝑟𝑐𝑒𝑠

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐹𝑜𝑟𝑐𝑒𝑠
               (1) 

ρ = density of the fluid (Kg/m3), 

V = velocity of the fluid (m/s), 

μ = viscosity of fluid (Ns/m2), 

L = length or diameter of the fluid (m), 

Because microfluidic channel lengths are extremely small, the length (L) dominates the equation 

generally resulting in a low Reynolds number (<<1), which in turn correlates broadly to the 

laminar flow [6]. For microfluidic devices ranging from 1-100 μm radius/height , general 

considerations when using water as a fluidic medium are, viscosity: 8.90*10-4 Pa at 25°C, density: 

1 g/mL, with an average flow velocity: 1 μm/s – 1 cm/s.  
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1.3 Droplet Based Microfluidics 

1.3.1 Theory and Applications 

“Droplet microfluidics” aims to generate uniform and size controlled volumes of fluids in 

immiscible phases with a low Reynolds number, all within laminar flow regimes. The ability to 

encapsulate biological samples (e.g. cells, bacteria, biomolecules, etc.) within micro-droplets of 

Pico liter to Nano liter volumes has been demonstrated in a variety of applications in chemical 

and biological sciences as well as LOC [8].  

Microfluidic droplets are generated on-chip by precisely mixing two immiscible fluids. 

Typically, these fluids are introduced using pressure-driven flow. For aqueous micro-capsules, 

A. 

B. 

Laminar Flow 

Turbulent Flow 

Figure 1 A. Illustration of laminar flow vs. turbulent flow, where the arrow lines represent flow 

streamline pathways of particles in motion inside a microfluidic channel. Laminar flow is characterized 

by infinitesimal parallel flow lines resulting in little to no mixing, as seen in microfluidics [7]. B. On the 

other hand, turbulent flow is characterized by chaotic behavior due to changes in pressure and flow 

velocity, and is not a common occurrence in microfluidics. [Figure adopted from CFD support] 
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they are formed and carried down a microchannel by an oil-based carrier fluid. These 

microcapsules are often seen as individual micro-reactors, where reagent mixing can be 

accelerated due to the small reaction volumes [9].  

1.3.2 Droplet Formation 

Droplet formation can be explained by understanding the dimensionless quantity of 

Capillary number (Ca), which demonstrates a relationship between viscous forces and capillary 

forces occurring between two immiscible liquids [10]. The Capillary number is governed by the 

equation, 

                     𝐶𝑎 =
µ𝑉

𝛾
                            (2) 

Where,  

µ = viscosity of continuous phase (oil) (Ns/m2) 

V = flow velocity of continuous phase (m/s) 

γ = interfacial tension between the continuous and dispersed (hydrogel) phase (N/m) 

When the Capillary number is low, the interfacial tension forces dominate viscous forces and flow 

results in droplet breakup. On the contrary, when the capillary number is high, surface forces are 

dominated by viscous forces, resulting long liquid plugs being formed instead of droplets [11].  

Microfluidic methods for droplet formation may be divided into [12], 

●    Active: utilizes external force and energy to create droplets, for example, in cases 

of highly viscous solutions 

●    Passive: mixing of two immiscible liquids, i.e., a dispersed phase into a continuous 

phase 

In this study passive methods are adopted for micro-droplet formation. The droplet 

formation can occur via flow focusing device geometry. The technique consists of three channels, 

where the dispersed phase (aqueous) is squeezed by two orthogonally flowing continuous phases 

(oil) [13] as shown in Figure 2.   

The number and size of droplets produced depend on parameters such as the flow rates, 

channel dimensions and capillary number [14]. By controlling the flow rates, the size of droplets 
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produced can be decreased or increased. Changing the dimensions of aperture also has an effect 

on the size of droplets produced; bigger aperture allow larger droplets to be produced [15].  

 
 

 

 

1.4 Stem Cell Therapy 

Stem cells are unspecialized cells that have the ability to self-renew and generate multiple 

cell types. They have shown therapeutic ability to treat regenerative diseases [16]. Cell-therapy 

aims at applying these undifferentiated cells to a target location where they can develop into any 

specialized cell type.  

Stem cells, either autologous or allogeneic, have their respective advantages and 

disadvantages. Regardless of the type, certain limitations exist, which need to be addressed. One 

such limitation is cell retention, as it helps in understanding the cell’s ability to remain intact at 

the site of implant, which is essential for an improved therapeutic outcome (some studies have 

shown less than 10% retention rate over a 24 hour period) [17]. One measure taken to overcome 

this challenge includes increasing the total number of injected cells; however, this leads to a new 

Figure 2. Droplet-based microfluidics demonstrating flow focusing geometry (average channel width 

~300µm and height ~100 µm where, spherical micro-droplets are generated due to surface energy 

distribution from two continuous phases from a dispersed phase of aqueous solution. 
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set of problems such as graft versus host disease (GVHD) [18]. Another factor which limits the 

therapeutic effects of stem cells inside a biological system is metabolic rate, as cells might not 

receive enough nutrients to survive within the host body [19]. In addition to these disadvantages, 

allogeneic stem cell therapy is subjected to high immune risks like graft rejections, due to the use 

of foreign donor cells [20].  

Droplet microfluidics shows great potential to improve stem cell-based therapy by 

isolating (encapsulating) stem cells within a non-living semi-permeable material. Encapsulation 

technology provides a medium for transport of stem cells to increase the therapeutic outcome 

while avoiding the limitations of cell based-therapy mentioned above [21]. 

1.5 Cell Encapsulation 

Cell encapsulation immobilizes cells within a hydrogel based material. It has been shown 

to provide high retention rates [22], engraftment [23] and ultimately higher cell viability [24]. 

Encapsulation of stem cells thus provides a medium of safe transport, also allowing bi-direction 

flow as depicted in Figure 3. It allows an inward flow of nutrients, growth factors cell-signaling 

molecules and oxygen, to maintain the cell metabolism while facilitating the outward flow of 

waste and therapeutic products.  



7 
 

 
Figure 3. Schematic diagram of an encapsulated cell in a semi-permeable hydrogel microcapsule. The 

hydrogel capsule allows the entry of oxygen and nutrients while maintaining outward flow of therapeutic 

and waste products. The hydrogel layer also blocks out immune cells protecting the cell within. 

 

1.5.1 Hydrogel 

The micro droplet is composed of a hydrogel polymeric network that serves two 

purposes: (1) it acts as a protective shield for the stem cells against the host immune system; (2) 

it helps with the release of therapeutic factors. Hydrogel is a hydrophilic network of polymer 

chains with an ability to absorb water. Therefore, it mimics the extracellular matrix, like the one 

found outside cells in the host body [25]. Hydrogel is inert to normal biological processes, shows 

resistance to degradation, while being permeable to metabolites, is not absorbed by the body, is 

 

Therapeutic and waste 

products diffuse out 
Oxygen and nutrients diffuse in 

Therapeutic cell 

Microcapsule 

Immune cells blocked out 
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biocompatible, withstands heat sterilization without damage, and can be prepared in a variety of 

shapes and forms [26].  

These hydrogel materials include alginate and agarose [26][27]. In this work, we chose to 

use agarose, an FDA approved hydrogel, to generate micro droplets. Agarose is a soft hydrogel 

which stimulates a natural cell environment. Moreover, it is transparent which allows for easy 

visualization of cells under a microscope. Ultra-low gelling point agarose (Sigma-Aldrich Type-IX, 

A5030) allows the user to achieve extreme temperatures (of both hot and cold) on the 

microfluidic platform. At 37°C, agarose transitions from solid to liquid state, upon cooling it 

reverts to a gel at ~15°C. Tuning the porosity will vary the nutrient gradient across the hydrogel. 

The degree of porosity will have a substantial effect on mechanical properties, with the agarose 

stiffness increases as the porosity decreases [28].   

Countertop techniques for creating hydrogel based microcapsules involve vortexing 

where a mixture of cells and agarose are mixed together to form microcapsules. Microcapsules 

created using this method show high polydispersity in their size, thereby limiting their 

applications in therapy, where a small monodispersed sample size is required [29]. Since the 

vortexing process is random in nature, there is no control over cell distribution within the micro-

droplets.  

Microfluidic strategy offers advantages over the vortex techniques by offering increased 

throughput; mono-dispersity and decreasing shear stress which tends to rupture freshly-formed 

micro droplets. [30] Mono-dispersity in our setup is important as it helps in providing a more 

potent sample to the patients as well in stem cell therapy applications where large microcapsules 

samples cannot be used. This is discussed in detail under section 1.7 Cell Encapsulation technique.   
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1.6 Method 

1.6.1 Cell Culture 

For this study, the cell model used was NIH 3T3 cells, derived from mouse embryonic 

fibroblasts, that are encapsulated within agarose microcapsules. These cells have a doubling rate 

over t=24 H. General cell culturing guidelines were followed for the process below, 

 The cells are kept frozen at -80 °C prior to starting a new cycle. Starting a new cycle 

involves thawing the frozen vial (1mL) to 37 °C, using a water bath. The vial is then transferred 

into a cell culture flask with 11-12 mL of fresh cell culture media (DMEM +10%FBS+1% Strep). 

The cell culture flask is kept inside an incubator, set at 37 °C and 5% CO2 air atmosphere, until 

80% confluency is attained i.e., until 80% of the flask surface area is covered by a cell monolayer. 

Before using these cells for further experimentation, they have to undergo at least one cycle of 

subculture post thawing. 

 To begin a subculture, the cell culture flask must be at 80% confluency. The primary cell 

culture media is aspirated and the cells are washed with 5 mL PBS (Phosphate Buffered Saline). 

The next step is to add 3 mL of Trypsin and incubate for 5 minutes at 37 °C and 5% CO2 air 

atmosphere, this facilitates detachment of cells from the surface of the plate. Detached cells are 

collected inside a vial and diluted with 6 mL of fresh media. In order to count the number of cells, 

10 µL of cells are collected from the 9 mL (=3 mL Trypsin + 6 mL Fresh Media) solution and added 

to a hemocytometer. Hemocytometer is a counting chamber device consisting of four quadrants 

through which one can easily count the number of cells at a given time. The remaining solution 

is then centrifuged and the supernatant is aspirated. Fresh media is added to the pellet and the 

sub-culture can continue for a specific number of cycles after seeding in a new culture plate [31]. 
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1.6.2 Device Fabrication 

Microfluidic devices are fabricated using soft lithography technique, which encompasses 

creation of channels embossed on a polymer attached to a glass slide. Biocompatible polymers 

such as Polymethylmethacrylate (PMMA), Polycarbonate (PC) and Polydimethylsiloxane (PDMS) 

are used to fabricate microfluidic devices, wherein, PDMS is the most commonly used polymer 

due to its flexibility and cost effectiveness. Previous work done in the Godin Lab outlines a 

microfluidic fabrication process which is capable of efficiently encapsulating cells [32].  

1.6.3 Design 

The microfluidic devices used in this study were designed using computer aided drawing 

(CAD) software, CleWIN and AutoCADⓇ. As seen in Figure 4, the cell encapsulation device 

comprises of three distinct sections,  

● Inlet: The inlet allows inward flow of aqueous solution and oil through a filter to 

trap any impurities and contaminants  

● Micro-droplet Formation: The second region is where cell encapsulation occurs, 

in which, two immiscible fluids are combined to form a micro-droplet as discussed 

in section 1.3.2 Droplet Formation 

● Outlet: The last region consists of serpentine geometrical channels to allow the 

droplets to cool down before reaching the outlet 

A printed photomask variation used for soft-lithography is obtained via AutoCADⓇ blueprints from 

the CAD/Art Services.   
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Figure 4 A. AutoCADⓇ drawings of multiple encapsulation devices.  B. Stages of encapsulation in a single 

device, namely, Inlet for the entrance of agarose-cells mixture, Micro-droplet formation for the generation 

of microcapsules and the Outlet for the exit of the particles or sample after travelling through the 

microfluidic channel. 

 

  

Oil Inlet 
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1.6.4 Soft-photolithography 

 Soft photolithography refers to the creation of molded patterns using photomasks, 

wherein, the term soft indicates the usage of a wide variety of elastomeric materials such as 

PDMS. The master mold is created in a clean room facility to avoid contamination and changes 

in temperature, humidity and pressure. These measures are taken as the master mold can be 

used multiple times for device fabrication. General soft-lithography guidelines were followed for 

the process below [33],  

Cleaning and Exposure Preparation: 

A new silicon wafer is first cleaned by rinsing with ethanol, acetone and isopropyl alcohol 

(IPA), followed by drying using N2 air.  The silicon wafer is dehydrated next using a hot plate (150 

°C, 2 min). This is followed by plasma treatment of the silicon wafer (150 Watts, 5 min). Plasma 

treatment oxidizes the wafer, thus facilitating consistent spreading of photoresist by spin coating. 

In this work, we chose SU-8 photoresist for the fabrication of microfluidics features and silicon 

wafer mold. Since the height of photoresist achieved using a spin coater is inversely proportional 

to the spin speed, we used a spin speed of 1700 RPM to obtain an SU-8 film thickness of ~100 

µm. Following spin coating, the silicon wafer is pre-baked at 65 °C for 5 minutes and 95 °C for 15 

minutes for the SU-8 film to solidify.  

Exposure: 

The pre-baked SU-8 is exposed to UV light (17.6 mW/cm2) under the photomask of the 

desired microfluidic design (14 seconds). This step allows features of the photomask to be 

imprinted on the SU-8. The exposure time is based on the desired height of the channel and the 

power of the UV lamp. This time can be calculated using the SU-8 2000 data sheet provided by 

MicoChem [33]. Following exposure, the wafer is post-baked at 65 °C for 5 minutes and 95 °C for 

10 minutes.   

Development: 

In order to remove the excess photoresist and realize the microfluidic features, 

photoresist development was carried out by dipping the wafer in a flask containing SU-8 
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developer (1-Methoxy-2-propyl acetate) for 10 mins which is divided into 5 minutes of dipping 

the wafer in a flask and 5 minutes of agitating/stirring in the developer. The wafer is now rinsed 

with isopropyl alcohol, dried with nitrogen gun and hard-baked at 150 °C for 5 minutes.  

Silanization: 

Silanization prevents adhesion of PDMS to the master mold during the casting process. 

To achieve this, ~2 µL of the silanization agent [(Tridecaufuloro-1, 1, 2, 2- Tetrahydrooctyl) 

Trichlorosilane] and silicon wafer are incubated for 5 minutes inside a vacuum desiccator with 

the vacuum turned ‘ON’. This is followed by a 24 H incubation period inside the vacuum 

desiccator with the vacuum turned ‘OFF’ [method adopted from Microfluidics/Microfabrication 

Facility, Harvard Medical School][34]. This forms a monolayer of Silane on the surface of the wafer 

or master mold. This Silane coating prevents PDMS residue from sticking to SU-8 after curing, 

thereby preventing damage to the master mold.  

Casting: 

Liquid PDMS (developed by mixing elastomer and curing agent in a 10:1 ratio [w/w]) is poured 

into the master mold which is then degassed for ~1 hour using a vacuum desiccator to remove 

air bubbles. The wafer with PDMS is then put into an oven at 70 °C for 2-3 hours for the PDMS to 

solidify (curing). Cured PDMS is then cut into small pieces (4x2 cm) to fit onto the glass slide. The 

cut PDMS pieces are punched with 0.75 mm diameter holes, to serve as inlets and outlets to 

microfluidic network.  

Bonding: 

A clean glass slide and punched PDMS sections are plasma treated at 55W for 0.8 minutes. The 

treatment exposes the SiO groups present on the surface of the PDMS which easily attaches to 

the oxidized surface of the glass slide. Post bonding, the devices are kept in the oven at 70°C for 

2-3 days to achieve two goals: First, completion of PDMS to glass bonding, and secondly to turn 

the microfluidic channel surface chemistry into hydrophobic (which avoids wetting) and promote 

formation of micro-droplets [35]. 
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1.7 Cell Encapsulation Technique 

The encapsulation process for this study has been adopted by the work done in Godin Lab 

[36]. Experimentally; the device can produce a throughput of ~1.5 million microcapsules per hour 

with a precision of +/- 5% in microcapsule diameter (55-60 µm for this study). The device can 

take a maximum input of 10 million cells/mL before clogging. Based on the flow-focusing 

geometry, the device generates micro-droplets through controlled emulsification of aqueous 

agarose cell mixture and oil as shown in Figure 2.  

To encapsulate cells, agarose and cells are mixed at 37°C to form a 2% agarose solution 

at a cell concentration of 8 million/mL. The mineral oil (containing 1.5% SPAN 80) and aqueous 

agarose cell mixture are sent through the corresponding micro-channels using pressure driven 

flow, such that the oil pinches the flow of the aqueous solution to form micro-droplets (as shown 

in Figure 5). SPAN-80 is a non-ionic surfactant that avoids coalescence between two or more 

microcapsules. Through thermo modules and a water circulating supply around the device setup, 

a temperature gradient is maintained to keep the aqueous mixture at the inlets warm and avoid 

pre-gelling. The droplet generation region is set to 37°C while the serpentine and the collecting 

outlets are set at 4°C, this is done in order to start the gelation of the agarose microcapsules. A 

vial containing collection media kept on ice is present at the outlet for collection of the 

microcapsules exiting the microfluidic device.  

However, the microcapsules collected at the outlet are still in an oil phase, thus need to 

be filtered out. Filtering is done off-chip by a series of centrifugation processes at 2500 RPM for 

3 mins, where the microcapsules settle at the bottom and oil phase (due to low density) stays on 

top. The oil phase is then pipetted out and the process is repeated 2-3 times. The final product is 

a mixture of empty and occupied microcapsules in the collection media. 
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Figure 5 A.  The actual microfluidic platform bonded to a glass slide. B. Schematic diagram depicting the 

entire encapsulation process. C. Micro-droplet formation showing the encapsulation process of 3t3 cells. 

[Figure 5 A. and 5 B. adopted from Dr. Ainara, Godin Lab]  
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1.8 Need for Sorting 

As explained in section 1.5 Cell Encapsulation, there are a wide variety of advantages of 

using microfluidics for creating cell-laden microcapsules. However, one problem which remains 

unsolved is occupancy, i.e. the possibility of having empty microcapsules (with no cells in them) 

as shown in Figure 6 b. This problem remains unresolved due to the fact that the number of cells 

that can be encapsulated using the droplet-based theory follows the naturally-occurring Poisson 

distribution [37].  

 
 

Figure6 A.  Micro-droplet formation demonstrating empty microcapsules produced during encapsulation. 

The concentration of the cell sample is 8 million/mL and the microcapsule diameter is 50-60 µm. B. Zoomed 

in image of micro-capsules generated demonstrating random arrangement of cells in microcapsules. 

[Figure 6 B. adopted from Dr. Ainara, Godin Lab] 

 

 

70µm 
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Poisson distribution expresses the probability of a given number of events occurring in a 

fixed interval of time or space, given that these events occur with a known constant rate and 

independently of the time since the last event. Therefore, Poisson distribution is responsible for 

calculating the efficiency/occupancy of encapsulation process. The probability of a microcapsule 

volume [V], to contain [n] cells with an initial cell concentration [d], can be expressed as (equation 

adapted from work done previously in the lab), 

                             𝑃(𝑋 = 𝑛, 𝜆) =
𝜆𝑛𝑒−𝜆

𝑛!
                            (3) 

With 𝜆 = 𝑉 x 𝑑 

The probability of obtaining empty microcapsules increases with a decrease in 

microcapsule size. For example, microcapsules sized at 50 µm would have a 60% probability of 

generating empty microcapsules as shown in Figure 7. This essentially means that majority of 

microcapsules introduced in a patient during stem cell therapy may end up being empty, thus of 

no therapeutic value! Therefore, there is an essential need to sort cell-laden microcapsules, 

differentiating them from the empty ones, which will ultimately increase the occupancy and 

throughput. 



18 
 

  

 
 

Figure 7.  Trends for number of cells per microcapsule vs the probability (%) for three different microcapsule 

sizes [Graph made by Dr. Ainara Benavente]. 

 

In order to sort empty and occupied microcapsules, attributing factors of sorting need to 

be explored. The first strategy for our encapsulation setup, would be to increase the 

concentration of cells in the aqueous solution. It should be noted that, there is an upper limit of 

10 million cells/mL, as high concentration can clog the microfluidic device, hindering efficient 

encapsulation. Some known factors used for sorting are,  

● Size difference 

● Difference in net charge 
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1.8.1 Sorting Methods 

Several sorting methods have been adopted in the past in order to isolate and separate 

cell-laden microcapsules. These methods tend to differentiate based on electro kinetics, 

magnetophoretic, optical or hydrodynamics properties of cell-laden versus empty microcapsules. 

These methods can broadly be divided into two groups, 

● Active: rely on external force fields (could have a negative impact on cell 

biology/chemistry)   

● Passive: rely on the inherent properties of microcapsule  

A previous research study sorted empty microcapsules from pancreatic islet-laden 

microcapsules using the active approach, wherein, these microcapsules were made to pass 

through a laser-detection region, which was capable of detecting fluorescent activated cells 

inside the microcapsules. Upon detection of empty capsules, a non-uniform AC electric field was 

induced, resulting in the deflection of the microcapsules with cells to a different trajectory 

motion [38]. 

Another research group used the active approach to sort microcapsules based on their 

size and density, by generating standing surface acoustic waves (SSAWs) using an interdigitated 

transducer (IDT)[39]. With the help of SSAWs, a mixture of alginate beads (containing no cells, low 

number of cells or high number of cells) was separated into three distinct flow pathways, which 

were then collected separately through three outlets. 

An interesting example of the passive sorting approach used in a research study involves 

using deterministic lateral displacement (DLD) to sort microcapsules based on their size [40]. A 

microfluidic platform was used to combine a jetting droplet generator and DLD, to encapsulate 

and sort individual cancer cells. The hypothesis was that any droplet which contains a cell, will be 

larger in size, compared to a droplet with no cell. This sample was then flown across a DLD system 

consisting of an array of micro-posts, which allowed smaller droplets to pass through and 

deflected the larger droplets in a separate pathway. Passive techniques present an advantage 
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over active methods by limiting the amount of time which therapeutic cells are exposed to 

external perturbation, thus increasing their viability. 

Since the microcapsules are all the same size and almost the same net charge, making it difficult 

to sort, in this study the two sorting techniques which are extensively explored are active 

electrophoresis (EP) and passive deterministic lateral displacement (DLD). Under section 1.9 

Overview of Sorting, we look into the importance of combining both the techniques of EP and 

DLD. 

1.8.2 Principle of Electrophoresis 

Electrophoresis (EP) is defined by the motion of a charged body in response to an electric 

field gradient [18]. This movement of the charged particle occurs due to an electrostatic effect 

driving the charged body towards the oppositely charged electrode. The motion follows 

Coulomb’s law. If the electric field at a particular point is known, the EP force [F] experienced by 

a charged particle with charge [q] is mathematically represented by, 

                                        𝐹 = 𝑞E                                     (4) 

Where the electric field E is given by, 

                                                                            𝐸 =
𝑉

𝑑
                                                         (5) 

In which,  

V- Applied voltage 

d- Distance between two electrodes 

If the charge [q] at any given time is of positive magnitude, the net force applied would 

be in the same direction as the field. In the same way, if the charge [q] is of negative magnitude, 

the applied force would be in the opposite direction, as demonstrated in Figure 8.  

Combining electrophoresis with microfluidics has shown potential in DNA analysis (gel 

electrophoresis on chip) [41] and cell sorting [42]. Stokes law demonstrates the force exerted on 

the movement of particles inside a viscous fluid. During electrophoresis, the force (F) exerted due 



21 
 

to electric field is counteracted by a drag force (Fd) due to the presence of fluid around the 

particle. This drag force can be expressed as: 

                                                𝐹𝑑 = 6𝜋𝜇rV                                                       (6) 

Where, 

µ - dynamic viscosity of the fluid 

r- radius of the particle 

V- Velocity of the particle  

 
 Figure 8 A.  Experimental illustration of coulomb's law demonstrating the quantifiable force between two 

stationary charged particles.  B. Demonstrates a similar setting where a particle placed inside a 

microfluidic channel experiences motion in response to an electric field towards the electrode of opposite 

charge. 
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1.8.3 Principle of Deterministic Lateral Displacement 

Deterministic lateral displacement (DLD) is a microfluidic sorting technique, first 

introduced by Huang et al. 2004, the technique utilizes specific arrangement of posts (vertical 

pillars) within a microfluidic channel to control particle movement based on their size and 

interaction with the posts.  

In general, DLD devices take advantage of the asymmetric bifurcation of laminar flow in 

order to deviate particles into a desired trajectory [43]. To understand the flow regime of a DLD 

based device, consider a small portion of micro-post array, as seen in Figure 9B, where the 

horizontal and vertical distance between two pillars is denoted by Dx and Dy respectively.  In this 

study, Dx=Dy, and the diameter of pillar is given by Dp. The angular shift between two rows of 

micro-post array is given by θ. When a sample enters the DLD array, it will collide with these posts 

and enter a different flow pathway. If a small particle enters the array, it will continue to move 

around the posts in a ‘zig-zag motion’ and resume its original direction upon leaving the DLD 

array. However, if a bigger particle enters the array, it will get deflected into a different trajectory, 

wherein the particle will enter a ‘displacement mode’. This displacement or deviation of particles 

from their original pathway is dictated by the shift θ.  

The shift between the ‘zig-zag’ and ‘displacement’ modes is dependent upon a factor 

called critical diameter, Dc. Dc was analytically derived by John Alan Davis in his thesis by fitting 

the data collected from 20 different devices covering a wide range of horizontal distances Dx 

ranging from 1.3 µm to 38 µm expressed in equation (7) [44]. In this thesis we adopted the same 

equation for fabrication and experimentation purposes. 

 Where,  

                                                                             𝐷𝑐 = 1.4𝐺𝜀0.48
                                               (7) 

G -  (length) 

ɛ= variable parameter equivalent to tan θ (degrees) 
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Figure 9 A. DLD array demonstrating the deflection of larger particles in displacement mode, when 

compared against smaller ones which travel in a zig-zag trajectory. B. A small enlarged section of the DLD 

array to understand the mechanism of deflection with contributing factors of Pillar Gap (Pg), Lateral Gap 

(G), Pillar Diameter (Dp) and angle of deflection (θ). 
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1.9 Overview of Sorting 

In order to summarize our goals in this study to sort cell-laden microcapsules, three cases with 

their shortcomings have been presented below, 

Ideal Case 

An ideal case would be to achieve sorting of empty and occupied microcapsules, wherein 

each set of microcapsules would exit in a separate outlet. However, all microcapsules (empty and 

occupied) produced are of similar size and charge, so this case is challenging to achieve. 

                                Figure 10. Ideal case for sorting of empty and occupied microcapsules  

Electrophoresis Sorting 

Electrophoresis can be used as a sorting strategy by placing lateral electrodes along a 

microfluidic setup. As microcapsules display movement in response to charge, they may be 

deflected into different flow pathways. Since all microcapsules (empty and occupied) are 

negatively charged, sorting cannot occur solely based on charge deflection.  

Figure 11. Concept for sorting of microcapsules based solely on EP 
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Deterministic Lateral Displacement Sorting 

The Deterministic Lateral Displacement (DLD) sorting technique uses micro-post arrays 

inside a microfluidic platform to allow deflection of bigger particles into a separate outlet while 

allowing smaller ones to run through, discussed in Section 1.8.3 Principle of DLD. Since all the 

microcapsules produced during the encapsulation are of the same size, the technique alone 

would result in no sorting at all. 

 

Figure 12. Sorting of microcapsules based solely on DLD  
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Deterministic Lateral Displacement (DLD)- Electrophoresis (EP) Sorting 

 Combining the two models of deterministic lateral displacement and electrophoresis, we 

can control the microcapsule behavior and channel them to a desired pathway. The sorting in 

our study will be based on occupancy (empty vs. occupied microcapsules). As shown in Figure 13, 

due to DLD all microcapsules will be deflected to a specific pathway, but under the influence of 

an electric field (EP) we can channel the occupied microcapsules to a different trajectory, based 

on the difference of their net negative charge.  

 
Figure 13. Sorting of microcapsules based on DLD-EP  

In the next few sections we look into, a combination of the conceptual takeaways from 

electrophoresis (EP) and deterministic lateral displacement (DLD) sorting techniques to 

manipulate agarose based cocoons, encapsulated via droplet based microfluidics, with an overall 

goal to increase occupancy.  
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CHAPTER 2   

Microcapsule Characterization- Electrophoresis 

In this chapter, microcapsules are characterized based on their electrophoretic response. 

Three variety of microcapsules, namely, cell-laden, polystyrene beads-laden and empty 

microcapsules are considered to explore their behavior under the influence of a DC electric field.  

2.1 Theory 

Electrophoresis (EP) refers to the movement of a charged particle inside a fluid based 

medium, in the presence of an electric field as explained in section 1.8.2 Principle of EP. In the 

past, electrophoresis has shown applications in pathogen detection and biomarker analysis [45]. 

Due to deflection of charged particles, electrophoresis can be exploited as a sorting mechanism 

inside a microfluidic channel.  

In order to understand the working of electrophoresis in relation to sorting, consider a 

microfluidic setting; charged particles within an electric field are set into motion towards the 

opposite charged electrode. The net force exerted on a charged microcapsule is a balance 

between electrostatic force and hydrodynamic drag. Acceleration upon application of the electric 

field decreases to zero very quickly when the electrostatic force is equivalent to the 

hydrodynamic force, resulting in a constant terminal velocity for the particle itself [46]. This 

terminal velocity (vparticle) of the particle in motion, is directly dependent on the electrophoretic 

mobility (µep – m2s-1V-1) and the charge density (E) of the particle can be expressed as, 

                                             𝑣𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 𝜇𝑒𝑝𝐸                                               (8) 

The electrophoretic mobility can also be defined using another equation,  

                                                            𝜇𝑒𝑝 =
𝑞

6𝜋𝜇𝑟
                                                                 (9) 
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Where, 

q = particle charge (Coulomb)  

µ = coefficient of viscosity of buffer solution (Pa-s) 

r = radius of particle (meters) 

Thus, the velocity of the particle is directly proportional to its charge (q). The velocity is 

calculated by a simple measurement of time required for the microcapsules to travel a known 

distance [47]. 

Hydrogel or agarose based microcapsules (created using the technique presented in 

section 1.7 Cell Encapsulation technique) are negatively charged due to the presence of sulphate 

and pyruvate groups [48]. Cells are mainly negatively charged as well because of membrane based 

phospholipids [49].  Therefore, it should be noted that cell-laden microcapsules can potentially 

carry a different net charge compared to empty microcapsules. Of the 55-60 µm microcapsule, 

the cell occupies roughly 1.3% of the total microcapsule volume, assuming the size of the cell is 

14-18 µm.  

𝑉𝑚𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒− 𝑉𝑐𝑒𝑙𝑙 

𝑉𝑚𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒
× 100 = 98.7% 

where, 

Vmicrocapsule = volume of sphere of radius 30 µm for an empty microcapsule 

Vcell = volume of sphere of radius 7 µm for a cell 

Therefore, it may be interesting to observe the difference of net charge caused by the 

presence of cell inside the microcapsule. This can be achieved through our EP experiments.  
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2.2 Device Design and Fabrication 

In this test device, the microcapsules travel in a single microfluidic channel which consists 

of a 1 cm ‘measurement region’ and the particle trajectory is captured here via image acquisition. 

Two electrodes are introduced within the microchannel, one near the fluidic inlet and the other 

closer to the outlet, as shown in Figure 14 B. The schematic demonstrating how the 

microcapsules actually travel inside the microfluidic device is shown in Figure 14 A.  

Electrodes are designed in-lab using a Pt-wire of 0.25 mm diameter (45093, Alfa Aesar) 

and poly-ethylene sleeve (1.25mm) which is connected to a DC power supply unit. This allows 

the electric field to cover maximum area around the cross section of the channel.  

The device itself is fabricated via soft photolithography which involves a series of steps 

explained in detail under Section 1.6.4 Soft-Photolithography. The actual device bonded on a 

glass is shown in Figure 14 B. 
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Figure 14 A. Schematic for EP device demonstrating the movement of microcapsules towards the positive 

electrode as the microcapsules are negatively charged (electrodes encased in GREEN tubing). B. Actual 

microfluidic platform on a microscope setup ready for experimentation. The sample is stored in a vial which 

is pressure controlled and delivered to the device via YELLOW peek tubing.  The distance between the 

electrodes is 1 cm, this is also the ‘measurement region’. 

2.3 Setup 

The block diagram setup used for electrophoresis characterization is shown in Figure 15. 

The microfluidic device is placed onto a microscope setup for visual aid.  

● Pneumatic: microcapsules contained in a vial are pressure driven to the device via 

peek tubing  

Electrode (+) Electrode (-) 

Sample Outlet Sample Inlet 

A. 

B. 

Electrode 

PEEK Tubing 
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● Image Acquisition: movement of microcapsules is captured by a camera 

connected to the microscope 

● Analysis: videos are analyzed frame-by-frame using the Image-J software on an 

external computer 

 

 

Figure 15. Block diagram for the EP Setup. EP device has a single inlet and outlet with a 1 cm measurement 

in between. The DC generator is connected via electrode and produces the electric field which is required 

for the experiment. The microscope is connected to a camera and in turn to an external monitor for real 

time image acquisition.  

PC 
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Inlet 

Outlet 

EP Device 

Pressure Regulator 

DC Signal Generator 
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2.4 Sample 

Samples used for the electrophoresis experiments included agarose microcapsules that 

were either empty, or contained NIH-3t3 cells or polystyrene beads (~11 µm). All microcapsules 

were spherical with a diameter of 55-60 µm. 

Cell-laden microcapsules after the encapsulation process are usually suspended in a cell 

culturing medium, this media is highly rich in free ions which helps in maintaining the isotonic 

balance between the inside and outside of the cell, promoting homeostasis [50]. On the other 

hand, polystyrene beads-laden microcapsules are collected in a desired collection media. For our 

study, an electric field needs to be applied to the contents encapsulated in microcapsules. It 

should be noted that applying a high strength electric field to cells in an ion rich media may cause 

cell death and also corrosion of electrodes via parasitic electrochemical effects. In order to 

mitigate this, generated microcapsules are suspended in a low-conductivity medium (LCM) 

solution for the electrophoresis experiments. Even though, LCM is a low isotonic solution, it 

continues to ensure cell viability [51]. The solution itself is composed of 8.5% sucrose and 0.3% 

dextrose dissolved in distilled water, maintaining a pH of ~7.  

2.5 Quantification 

The device is setup as described in section 2.3 Setup and microcapsules are allowed to 

flow inside the microfluidic channels till they reach the measurement region. At this point, the 

pressure regulators of the inlet and outlet (as shown in Figure 14 A) are balanced out so that 

there is no net movement of microcapsules caused due to fluid flow. At this point, the electric 

field is turned on by applying a voltage difference between the two electrodes. 
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2.6 Results 

2.6.1 EP for Empty vs Cell-laden microcapsules 

The goal of EP characterization was to compare the electrophoretic mobility of empty and 

cell laden microcapsules. It should be noted that the cells continue to maintain their viability 

throughout the course of the experiments [52][53]. By examining the relative terminal velocity 

experienced by these set of microcapsules, an ideal condition could be proposed to sort them. 

All microcapsules tested were of range 55-60 µm in diameter. The EP was measured for electric 

fields of 50 V/cm, 100 V/cm and 200 V/cm.  

 
Figure 16. EP characterization of empty microcapsules vs voltage for electric fields of 50V/cm, 100 V/cm 

and 200 V/cm.  Error bars represent the standard deviation of terminal velocity with n=3. The graph was 

linear fitted for all 3 microcapsules; cells [3T3] y=137.55x + 33.28 R2=0.858, empty y=81.34x – 65.46 

R2=0.977, cell-laden y=135.6x – 92.2 R2=0.987. The unit for velocity is µm/s. 
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As seen in Figure 16, the three spectra show a linear response to the various voltages 

applied and the error bars represent the average of microcapsules at any given point [n=3]. The 

experiment was repeated more than two times and a significant difference between the sets 

were observed on each occasion. Both empty and cell-laden microcapsules tend to be negatively 

charged in nature due to the presence of sulphate/pyruvate [54] groups and phospholipids [55] on 

their membranes, respectively. Since cells are negatively charged primarily due to membrane 

based phospholipids [56], once they are introduced inside empty microcapsules, the overall 

occupied microcapsule may result in a greater net negative charge. The cell-laden microcapsules 

in our experiments were kept constant at 1-2 cells per microcapsules and this was maintained 

throughout the study. In Figure 15, we notice a trend that cell laden cocoons travel at a faster 

rate compared to empty cocoons. By comparing the linear fit equation of trends (shown in Figure 

15) with Equation 8, it can be concluded that the slope is equivalent to the electrophoretic 

mobility (µep). By using the value of µep and radius (r) in equation 9, we can calculate the net 

charge of various microcapsules as shown in Table 1.   

Particle Radius (µm) Charge (10-11 

Coulombs) 

Electrophoretic 
Mobility (10-4cm2 /V-

s) 

Cells 7 1.81 137.55 

Empty Microcapsule 30 4.60 81.34 

Cell-laden 
Microcapsule 

30 7.37 136.77 

Table 1 Net charge and Electrophoretic mobility for cells, empty microcapsules and cell-laden 

microcapsule. 

Therefore, from the data acquired through comparison, we can say that the presence of cells 

inside an agarose microcapsule significantly increases the electrophoretic mobility as shown in 

Table 1. With that said, it is fair to assume that due to the higher charge concentration of cells, 

when they are embedded into an empty microcapsule, the resulting occupied microcapsule 

shows a higher net charge. 
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2.6.2 EP for Empty vs polystyrene beads-laden microcapsules 

The cells were substituted with polystyrene beads (1-2 beads per microcapsule) of size 

~11 µm and the size of microcapsules was maintained at 55-60 µm in diameter. Polystyrene 

beads serve as a good substitute for cells as it simplifies the experiments providing ease of 

encapsulation, being a synthetic model. Since the surface of polystyrene beads are generally 

coated, being either positive or negative [57] in order to avoid coalescence, the core of the beads 

however, remain neutral. Therefore, due to the presence of neutral charge, the net negative 

charge of polystyrene beads microcapsules may be lower than empty microcapsules (less 

negative).  

Measurements were taken for electric fields of 100 V/cm, 200 V/cm, 300 V/cm and 400 

V/cm. The goal of these experiments was to notice a significant difference in electrophoretic 

mobility between the empty and polystyrene beads-laden microcapsules.  

 
Figure 17. EP characterization of empty microcapsules vs beads-laden microcapsules for electric fields of 

100 V/cm, 200 V/cm, 300 V/cm and 400 V/cm.  Error bars represent the standard deviation of terminal 

velocity with n=3. The unit for velocity is µm/s. 
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Two linear spectra were observed with error bars representing an average of 

microcapsules at any given point [n=3]. Experiments were performed 3 different times with 

significant difference observed in each set. Empty and beads-laden microcapsules both showed 

a negative charge response to the electric field applied. It may be inferred from the results that 

empty microcapsules travel faster than polystyrene beads-laden microcapsules, which can be 

expected, as polystyrene beads attached to agarose capsules decrease the net charge of the 

microcapsules by occupying space within the hydrogel network.  

2.7 Discussion 

With EP characterization, we were able to understand the behavior of empty, cell-laden 

and beads-laden microcapsules under an applied electric field. To summarize, a significant 

difference in the terminal velocity was observed between empty and cell-laden microcapsule, 

which is indicative of the fact that the presence of cells inside an agarose based capsule increases 

the net electrophoretic charge. An opposite trend was seen for polystyrene beads-laden 

microcapsules, as they were slower than empty ones.  The choice of collection media in which 

the microcapsules are collected can affect the results obtained through EP. Replacing the cell 

culture media with LCM helped in avoiding complications such as apoptosis of cell and any 

damage to the electrodes. However, poor conductivity can cause field distortion (polarization) 

resulting in an uneven electric field around the electrodes. Therefore, in order to measure 

mobility, small amount of conductivity/salt is required [58]. For our EP recordings, another detail 

that was witnessed is the fluctuation between the terminal velocities across a set of experiments. 

This can be justified due to the variation of the presence of salt during different set of 

experiments. During encapsulation of cell-laden microcapsules, we try to remove cell culture 

media at the initial steps through filtration by using centrifugation. There is a possibility of few 

free-ions being released into the collection media which can cause variation in results. Another 

logical reasoning could be due to batch variation of agarose as experiments for polystyrene-bead-

laden microcapsules were performed at later stages. Nonetheless, we can ensure that for a given 

experiment, conditions are stable enough to uncover different mobility. 
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 After careful examination of the electrophoresis process, one limitation which remains is 

that, if we were to use two lateral electrodes alongside a microfluidic setup as shown in Section 

3.5.2 Electrophoresis Sorting, both empty and occupied (cell-laden and polystyrene beads-laden) 

microcapsules would travel in a similar trajectory. The reason for this being, even though they 

show a significant difference in their EP characteristics, both empty and occupied microcapsules 

are negatively charged. 

 Nonetheless, the slight differences in their electrophoretic mobility may be applied 

towards adopting a new sorting technique, combining electrophoresis with Deterministic Lateral 

Displacement (DLD).  
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CHAPTER 3 

Deterministic Lateral Displacement (DLD) 

Deterministic Lateral Displacement (DLD) is a hydrodynamic technique used to separate 

particles based on the difference in their size. In this chapter, fabrication assembly for the DLD 

devices was designed and tested with agarose based microcapsules. Furthermore, a variation of 

device geometries was tested with microcapsules for a proof of concept.  

3.1 Theory  

 DLD has been identified as a high resolution, label-free, passive sorting technique [59].  A 

recent study based on DLD sorting was used to differentiate non-viable mammalian cells from 

living ones. The sorting strategy was applicable as cells which undergo apoptosis decrease in size 

when compared to viable ones [60]. Another study demonstrated the ability of DLD to sort 

leukocyte subpopulations (T-lymphocytes and neutrophils) from a blood sample by using the 

concepts of cell size and deformability [61]. However, both studies used polystyrene microspheres 

as proof of concept for validating their sorting device. 

 Conceptually, DLD leverages laminar flow and passive sorting techniques for particle 

deflection. In a microfluidic setting, due to the small channel geometry, the Reynold’s number is 

often less than 1 (as discussed in Section 1.2 Microfluidics), which suggests a laminar flow regime 

in the microchannel. Assuming there is no slippage between solid phase (e.g. microcapsule 

particles) and the adjacent flow streamlines, in a straight channel, the particles will move in 

straight paths parallel to streamlines. In order to deviate the particle flow pathway, there is a 

need to insert obstacles or pillars inside the channel. In DLD method, an array of microscale 

obstacles or pillars are used to assign particles into exclusive streamline pathways based on their 

size. The separation between the pillars is largely dependent upon the critical diameter (Dc) of 

the DLD device which has been discussed previously under section 1.8.3 Principle of DLD. 
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3.2 Design and Fabrication  

3.2.1 Design 

The design of DLD devices requires an array of pillars within a microfluidic channel. Figure 18 

shows a representative building block of such pillar arrays. The device layout was designed 

through AutoCADⓇ and can be divided into three sections as shown in Figure 19, 

● Inlets  

○ Inlet1: inflow of sample 

○ Inlet2: inflow of buffer (will be discussed in Chapter 4) 

● DLD Array: comprises of micro-scale pillars and primary deflection region 

● Outlets 

○ Outlet1: undeflected sample collection 

○ Outlet2: deflected sample collection 

The pillar diameter (Dp), pillar gap (Pg) and critical diameter (Dc) are crucial factors to achieve 

particle deflection as shown in Figure 18.  

 

Figure 18. Cross-section top view of DLD array depicting individual micro-post pillars, where Dp is pillar 

diameter, Pg is pillar gap which is the distance from center-to-center of two adjacent pillars and G is the 

lateral gap or end-to-end distance between two adjacent pillar. 

Pg 

θ 
 

G Dp 
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In this study, we chose Dp = 70 um, Pg = 170 µm. Subsequently, Lateral gap (G) = 100 µm (=170 

µm - [radius of two pillars]). Critical diameter (Dc) from equation 7 is dependent upon the lateral 

gap (G - length) between two pillars and angular shift (ɛ=tanθ - degrees) [62], 

                                             𝐷𝑐 = 1.4𝐺𝜀0.48
                                  (7) 

The angular shift for the DLD array was set at 5°, chosen so that any particle coming into the top 

inlet (Inlet1) will be deflected towards the outlet at the bottom (Outlet2) of the microfluidic 

channel. The critical diameter (Dc) for the device is then formulated out using equation 7 to be 

~45 µm. Based on this information, we predict that microcapsules sized below 45 µm will follow 

a ‘zig-zag’ motion following pillars arrangements in the microchannel, whereas larger 

microcapsules would fall into the DLD mode. The width and length of the microfluidic channel is 

2300 µm and 2.5 cm, respectively, and the microcapsules used for experimentation measured 

55-60 µm in diameter, i.e. larger than Dc=45 µm.  
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Figure 19 A. Photomask design of DLD microfluidic  device B. DLD microfluidic device with regions; Intet1 

for sample inflow, Inlet2 for inflow of buffer, middle DLD micro-post array region which consists of pillars 

for microcapsule deflection, Outlet1 for undeflected sample collected and Outlet2 for deflected sample 

collection. 

  

DLD Array Inlet1 

Inlet2 

Outlet1 

Outlet2 

B. 

A. 
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3.2.2 Fabrication 

 Fabricating guidelines for DLD devices has been discussed in detail under section 1.6.4 

Soft-Photolithography [33]. Briefly, slight variations in pre-bake, exposure, post-bake and 

revolutions per minute for spin-coater were made to adjust the channel height, as shown in Table 

2. 

Procedure Detail Duration 

Pre-Bake The height of the DLD channels was set at 100µm 5 minutes at 65 °C  and 20 

minutes at 95°C 

Spin-Coating A gradual increase in revolutions per minute was 

applied. Even spreading of the photoresist (SU-

8-2050) aids in maintaining a good contact 

during exposure to avoid any loss in the 

resolution [63], which is an essential step to attain 

minute pillar features. 

 

10 seconds at 500 rpm, 30 

seconds at 1500 rpm and 

10 seconds at 700 rpm 

Exposure UV exposure was applied to imprint the 

photomask designs of DLD devices onto the 

Silicon wafer with SU-8-2050 photoresist. 

Exposure time of 14 

seconds 

Post Bake Durations adjusted to achieve set microfluidic 
channel height 

5 minutes at 65 °C and 10 

minutes at 95°C 

Table 2. Summary of adjustments made to fabricate DLD pillar arrays. Fabrication of master mold was 

followed by Development and Silane treatment stages. 

The DLD devices were then casted with PDMS as shown in Figure 20 and later bonded to a glass 

slide using the same process described under Sections 1.6.4 Casting & Bonding.     
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Figure 20. A) AutoCAD blueprint of micro-post pillar design on chip. B) Fabricated PDMS based DLD Devices 

with micro-scale pillars comprising of a 5 degree angular shift throughout the microfluidic channel, height 

of pillars aimed at 100µm. 

3.3 Proof of Concept 

To test out the deflection behavior of the DLD device, microcapsules of range 55-60 µm 

were introduced into the pillar array at flow rate set through balancing the pressure regulators. 

Flow rate for this particular experiment was selected on the basis of what is best for visualization 

under the microscope. Since the size of microcapsules were greater than the critical diameter 

(Dc) of the device, all microcapsules were averted into a streamline direction from Inlet 1 to Outlet 

2 (checked through video analysis).  

Microscale Pillars on 

PDMS 

A. 

B. 
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Post fabrication showed small variations in dimensions of pillar diameter (Dp) and pillar gap (Pg). 

The pillar diameters showed a reduction in size (~10-12% deviation from the actual device design) 

which was determined through imaging analysis (Image-J software). To account for these 

variations, multiple combinations (63/190 µm, 80/220 µm, 70/170 µm and 100/240 µm) of pillar 

diameter and pillar gap were experimentally tested. However, the Dp and Pg of 70/170 µm 

validated experimentally, satisfied the ~10-12% reduction acceptance criteria and the 

microcapsules deflected across the channel as demonstrated in Figure 21. Image acquisition was 

performed by capturing videos using the Point-Grey software.  

 

Figure 21. The streamline orientation and depiction of the basic principle of DLD deflection without an 

external force which in our case is the electric field. An empty microcapsule entering the DLD array (region 

of video capture) and its projected movement across the channel. The microcapsule is deflected because 

of the pillars in the channel which are positioned at an overall 5 degree angular shift so as to achieve 

projected movement. The pillars are sized based on the Lateral Gap (G) which is the end to end distance 

between two adjacent pillars and the Pillar Gap (Pg) which is the distance between two diameters of 

adjacent pillars. The diameter of the pillar (Dp) and Pillar Gap (Pg) is set to 70/170 µm. 

 

In the next chapter, we explore sorting as a part of the DLD mechanism. The deflection of 

microcapsules will be subjected to an external electric field generated by two parallel lateral 

electrode with the microfluidic channel running in between them. 

Empty 

Microcapsule 

Microscale Pillar 

G 

Projected microcapsule 

pathway 

Pg 
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CHAPTER 4 

Combining DLD and EP 

To achieve better sorting capability of microcapsules, two lateral electrodes are integrated with 

the microchannel so that the DLD effect is combined with the gradient of the lateral electrodes, 

i.e. along the width direction of the microchannel. DLD alone is incapable of sorting unoccupied 

from occupied microcapsules given that they both have similar sizes. And while EP can deflect 

the two microcapsule types differently given their slightly differing electrophoretic mobility, 

sorting remains challenging in practice as all microcapsules are negatively charged overall. DLD 

is used in concert with EP to provide an ‘offset’ to the lateral displacement of the microcapsules 

in order to better facilitate their routing into distinct outlet micro-channels. Three different types 

of microcapsules, namely, cell-laden, polystyrene beads-laden and empty microcapsules are 

considered to explore their behavior under the influence of a lateral electric field inside a DLD 

microfluidic array system.  

4.1 Methodology 

DLD and EP principles were investigated individually in Chapters 2 and 3.  In Chapter 2, 

characterization of a sample of microcapsules; agarose (empty), cell-laden (occupied) or 

polystyrene beads-laden (occupied) was performed based on their behavior under the influence 

of a DC electric field in an electrophoresis based microfluidic setting as depicted in Figure 14. 

Results acquired through EP experiments demonstrated that even though all microcapsules 

(empty and occupied) are negatively charged, they have a slight difference in their net terminal 

velocities when subjected to EP force. In Chapter 3, a DLD array was designed and fabricated to 

successfully demonstrate the size-based deflection of microcapsules (irrespective of them being 

empty or occupied).  

In this chapter, we combine forces of DLD array and EP to manipulate these microcapsules within 

microfluidic channels to achieve higher sorting capabilities. 
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Since experimentation with live cells is highly variable, to avoid complications and for 

experimental simplicity, a similar model of polystyrene beads is used to replace cells in 

microcapsules. Through an electrophoresis setup, it was confirmed that agarose capsules 

containing polystyrene beads travel at a slower speed compared to empty microcapsules as 

shown in section 2.6.2 EP for Empty vs polystyrene beads-laden microcapsules. However, they 

both have the same size. Therefore, by using micro-post arrays, the goal is to achieve a noticeable 

difference between the two models (as shown in Figure 22 B) and control them with a common 

variable factor, called as ‘Deviation Angle’ or the angle between deviation and deflection of 

microcapsules under the DLD-EP conditions, explained more in detail later in Section 4.5.1 

Characterization of Empty vs Polystyrene Beads Microcapsules in DLD-EP.   
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Figure 22 A. AutoCAD drawing of the microfluidic device used for DLD-EP experiments. B. Actual 

microfluidic device, post fabrication with electrode placed laterally across the DLD region of microfluidic 

device. C. Flow of microcapsules (empty and occupied cell-laden) beginning from Inlet1 position at the top 

left corner travelling across the channel and ultimately undergoing deflection. All microcapsules travel 

towards Outlet2 due to deterministic lateral displacement (DLD, however due to the difference in the net 

EP shown in Chapter 2, occupied microcapsules travel to Outlet1 . 
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Electrode 

Electrode 
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B. 
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4.2 Electrode Integration and Assembly 

Design Layouts and fabrication assembly for DLD devices have already been discussed in 

the previous chapter. In this section, the DLD array will be sandwiched between two lateral 

electrode channels which are filled with a bismuth-based low melt alloy (Roto281F). Tunnels (10 

µm) as shown in Figure 22 A are used to link electrodes to the microfluidic channel allowing the 

electric field to propagate through channel width, bridging from one electrode to the other one. 

To fill up the electrode channels, crushed fragments of the low melt alloy ingot were 

loaded into a 15 mL syringe. The alloy is solid at room temperature but melts at 70 °C. In order 

to initiate the melting process, the syringe, loaded with the alloy, is kept inside a 70 °C oven. 

Upon melting the alloy, the syringe is interfaced with the inlet of the lateral electrode channels 

through plastic tubing. In a matter of a few minutes, the liquid alloy flows through and fills the 

lateral channels. The same process is repeated for the second lateral channel. The device is then 

taken out of the oven and this is immediately followed by insertion of silver wires in the lateral 

channels filled with molten alloy. Upon cooling down of the device the alloy solidifies around the 

silver wire. A DC power supply unit is used to apply voltage difference across the electrodes to 

induce EP. The workflow for electrode integration and assembly is shown in Figure 23. 

 

A. B. 

C. D. 
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Figure 23. An overview of the entire electrode integration process. A. Solid bismuth based alloy B. The alloy 

is broken down into smaller pieces and liquid injected onto electrode positions on the microfluidic device 

inside the oven at 70 °C. C. Insertion of silver wires on the microfluidic device allows connection of the 

electrodes to an external DC power supply. D. The finished microfluidic device setup  

4.3 Setup 

The test setup used for DLD-EP experiments is schematically shown in Figure 24. The 

microfluidic device (shown in Figure 23 C) setup has 4 components: 

● Pneumatic: microcapsules contained in a vial are pressure driven to the device via 

peek tubing into Inlet1, buffer (LCM) stored inside a separate vial is pressure driven 

to Inlet2 to ensure that all microcapsules maintain a consistent flow gradient at 

Intlet1. 

● Image Acquisition: movement of microcapsules inside the DLD array is captured 

by a camera mounted on the microscope and interfaced with a computer. 

● DLD-EP Device: microfluidic region of experimentation 

● Analysis: videos (60 fps) are analyzed frame-by-frame using the Image-J software 

on an external computer in order to characterize the deflection/movement of 

microcapsules. 
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Figure 24. Block diagram for DLD-EP Setup, the microfluidic device is placed onto a microscope setup for 

which is connected to an external computer. Inlets and outlets are connected with pressure regulators to 

maintain a desired flow rate inside the channels. A DC power supply unit is connected to the electrodes to 

supply desired electric field. 
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4.4 Quantification 

Sample of microcapsules (mixture of empty and occupied ones) are introduced into the 

DLD array through Inlet1 at a set flow rate. The flow rate is manually controlled by pressure-

controlled regulators. All microcapsules were suspended in an LCM solution and sized between 

55-60 µm in diameter. 

As a proof of principle, empty microcapsules were visualized under a section of the device. 

This section of the device visible under the microscope includes a fraction of the microchannel 

containing 20 vertical columns of pillars. Motion of microcapsules deflected across this section 

was visualized under no electric field. Then, at a specific point (the 10th pillar column, or half way 

through the visual window), the electric field was turned ‘ON’. The microcapsules shifted their 

direction in response to the voltage applied, therefore, deviating from their original pathway (Red 

arrows in Figure 25). The ‘deviation angle’ was then calculated as the angle between the original 

pathway under no electric field and the microcapsule flow pathway under an applied electric 

field, as shown in Figure 25.  

Further as per our design criteria, Reynold’s number was calculated for a static pressure 

difference of 1 psi. Using equation (1) ( 𝑅𝑒 =  
𝜌𝑉𝐿

𝜇
),   

ρ = density of the fluid = 1 Kg/m3, 

V = velocity of the fluid = 117 m/s [𝑉2 =  2(𝑃1 − 𝑃2)] , 

μ = viscosity of fluid = 1 Ns/m2, 

L = length or diameter of the fluid = 0.0001 m, 

With this, Re = 0.0117 resulting in a laminar flow (since Re<< 1) 
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Figure 25. Projected movement of microcapsules (denoted by blue circles) inside the microfluidic channel 

in accordance with micro-post pillars. The microcapsules are seen to be deflected inside a section of the 

DLD-EP device. There are two pathways which the microcapsule may follow; 1. Pathway created due to 

deflection by the micro-post pillars, which is due to DLD and denoted by the red arrows in the figure. 2. 

Pathway created due to deviation by the electric field which is due to EP, denoted by the purple arrows in 

the figure. The angle created between these two pathways is called deviation angle (θd). 
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4.5 Proof of Principle 

Agarose microcapsules (empty) sized 55-60 µm in diameter were introduced into the DLD 

array at a constant flow rate. Microcapsules were suspended in an LCM solution.  

Under no electric field, when a section of DLD array was visualized under the microscope, 

the microcapsules were deflected due to the presence of pillars. As the microcapsules continued 

to deflect across the channel, at the halfway point, an electric field was turned ‘ON’. Due to the 

voltage applied, the microcapsules deviated from their original pathway. This response was 

noted for various DC voltage values between 15 and 45 V. From this, the deviation angle (θd) was 

calculated after video acquisition and analysis.   

 
Figure 26. Deviation angle of empty microcapsules vs voltage applied at 15-45V.  Error bars represent the 

standard deviation of deviation angle with n=3 i.e. 3 microcapsules tested at each voltage. 
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Trends shown by the microcapsules under the DC electric field demonstrate a linear 

relationship between the voltage applied and the deviation angle recorded. The experiment was 

repeated on at least 3 different devices with different set of empty microcapsules prepared fresh 

each time. It was observed that with an increase in the applied voltage, the deviation angle also 

increased. It can be concluded that the deviation of microcapsules is easily tunable with the 

electric field applied. At the same time, flow rate of the fluid medium of the microcapsules within 

the DLD-EP device can have a substantial effect on the deviation angle. Due to this, in order to 

maintain a certain deviation angle, the electric field would need to be adjusted according to the 

flow rate. Therefore, in the next section, we try to compare the deviation angle of a different 

sample set containing polystyrene beads-laden microcapsules and empty ones.  

4.6 Results and Discussion 

4.6.1 Characterization of Empty vs Polystyrene Beads Microcapsules in 

DLD-EP 

The goal for introducing empty and polystyrene beads-laden microcapsules into the DLD-

EP device was to observe a significant difference between their deviation angles in response to 

an electric field. From Chapter 3, we know that polystyrene beads-laden microcapsules in 

response to electric field travel at a slower speed in comparison to the empty ones. Therefore, 

the hypothesis is that, their deviation angle under the combined effect of DLD and EP should be 

lower in comparison to empty microcapsules. To access this hypothesis, both samples were 

introduced into the microfluidic channel at a constant flow rate, slow enough to examine the 

microcapsule behavior under DLD-EP conditions. A voltage difference, ranging from 15 to 45V, 

was applied across the channel width and the response was analyzed (at least three 

microcapsules per experimental condition). The results are summarized in Figure 27. 
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Figure 27. Deviation angle of empty & polystyrene beads-laden microcapsules vs voltage applied, Error 

bars represent the standard deviation of deviation angle with n=3, all microcapsules sized between 55-

60µm. R2 value for empty microcapsule – 0.93 and beads-laden microcapsule – 0.98 

Two trends were observed, wherein the deviation angle was seen to increase with the 

applied voltage. The experiment was repeated on at least 3 different devices with new set of 

microcapsules freshly prepared. A notable observation was that empty microcapsules were seen 

to deviate more than the microcapsules with polystyrene-beads in them. These experimental 

findings agree with our initial hypothesis that the beads-laden microcapsules would deviate less 

than the empty ones. This data also correspond to results obtained in Chapter 2 that the empty 

microcapsules travel at a faster terminal velocity than the beads-laden microcapsules. With these 

promising results, the next steps would be to continue testing on DLD-EP device using cell laden 

microcapsules.   
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4.6.2 Characterization of Empty vs Cell-laden Microcapsules in DLD-EP 

The goal of introducing cell-laden microcapsules into the DLD-EP device was to formulate 

a trend as seen with polystyrene beads-laden microcapsules in Figure 27. Comparing the data in 

Section 2.6.1 EP for Empty microcapsules vs Cell-laden microcapsules, we know that cell-laden 

microcapsules carry a higher net negative charge since they travel at a higher velocity than empty 

ones. 

Using cells for experimentation has always been a challenge and the same was noticed 

while performing experiments under DLD-EP. The encapsulation process involves using SPAN-80 

which is a non-ionic reagent that reduces surface tension between multiple microcapsules, 

preventing coalescence. Even with this precaution, clumping of cell-laden microcapsules, post 

encapsulation was one such challenge observed, which eventually led to clogging of the DLD-EP 

device. Mitigations involved lowering centrifuge speeds and increasing number of cycles during 

the oil removal step after encapsulation. Another crucial challenge was the ‘Sticking’ issue- 

microcapsules getting stuck in and around the microfluidic channel and pillars as shown in Figure 

28. This is primarily due to the adhesive nature of cells and agarose [64]. Several strategies were 

applied to mitigate the stickiness issue which is summarized in Table 3. 

 
Figure 28. Cell-laden microcapsules ‘sticking’ issues depicted in a section of DLD-EP device. 

100 µm 
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Strategy Workflow Efficiency 

Adding Bovine 
Serum Albumin 
(BSA) 
0.1 mg/mL 

Unspecific binding of microcapsules can 
be avoided by coating BSA on the 
microfluidic surface, as BSA forms a 
protein layer over the PDMS surface [65]. 

Even though BSA significantly reduced 
sticking, it led to a new problem- 
inconsistent electric field, which could 
be due to its negative nature [66]. 
Therefore, BSA was not used.  

Plasma 
Treatment 

Plasma treatment is used to alter the 
surface chemistry of a microfluidic 
channel to hydrophilic [67]. Two different 
combinations of plasma treatment were 
tested: 

● 0.3 minutes - 30Watts 
● 5 minutes - 50Watts 

● 0.3 minutes, 30W - No sticking 
observed in upto 5 minutes of 
microcapsules entry, however 
sticking began >5 minute, which 
may be due to loss of plasma 
integrity  

● 5 minutes, 50W - Caused melting 
of electrode and ultimately led 
to device damage 

 
 
Plasma for 0.3 minutes, 30W with 
improvements, can be used for further 
experimentation.    
 
 

KCl- Glycerol KCl has been used extensively as 
conductive media for electrophoresis 
experiments [68] For our experiments KCl- 
Glycerol substituted LCM, while 
maintaining low-conductivity for higher 
cell viability. However, a small amount of 
salt is necessary for electrophoresis to 
work. 0.092g or 70µL of Glycerol was 
dissolved in 3.33 mL of 100uM KCl. This 
ratio was considered to maintain the 
osmolarity between the solution and 
cells (260-300 mOsmol/L) [69] to promote 
homeostasis and promote cell viability. 

KCl-Glycerol yielded better results in 
terms of the sticky issue, compared to 
LCM. There was no erratic behavior of 
microcapsules under an applied electric 
field, they continued to deviate from 
their original pathway as expected.  
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PEG-Silane PEG-Silane is generally used to avoid non-
specific binding and prevent surface 
modifications of microfluidic channels 
[70]. In our study, 3mM PEG-Silane (SIM 
6492.7) was dissolved in 44mL of 10mM 
HCl (Protocol adapted from tabard-cossa 
lab member). Prior to coating with PEG-
Silane, plasma treatment of 0.3 minutes 
and 30W was performed. Incubation 
period of ~20-30 minutes was given for 
coating. PEG-Silane was flushed out of 
the microfluidic device by flowing H2O 
across the channel. This method was 
adopted and modified from Hellmich, et 
al., 2005.  

PEG-Silane overall showed by far, the 
best improvements in preventing the 
sticky behavior of microcapsules, 
therefore it was used for all future 
experiments. However, there is still 
room for improvement.  

Table 3 Strategies used to overcome microcapsule flow challenges within the DLD-EP microfluidic channel.  

Our experiments showed that KCl-Glycerol and PEG-Silane treatment, when used in combination, 

yielded the best results in terms of microcapsule stickiness mitigation. Subsequently, all 

microcapsules (cell-laden and empty) used for DLD-EP experimentation were collected in a KCl-

Glycerol solution. PEG-Silane treatment was performed in combination with the plasma 

treatment as discussed earlier in this section. The results are summarized in Figure 30. 

Viability under DLD-EP conditions: Cells under DC electric field conditions have shown promising 

viability [73]. However, viability is often decreased with an increase in time. Therefore, for our 

experiments, we may assume that cells do not lose their viability over the short period of time 

from encapsulation to DLD-EP experimentation. To test this hypothesis, a small review on cell 

viability assay using Trypan Blue 0.4% W/V was performed. Cell-laden microcapsules were 

incubated with Trypan Blue for ~4-5 minutes to allow infusion of dye into the cells. Then, 10 µl 

of the sample was dropped onto a hemocytometer and visualized under a microscope. For our 

experiment, cell-laden microcapsules were examined both before and after the DLD-EP 

experiment. Dye was taken up by the dead cells and looked dark, whereas, live cells looked bright.  

Results showed that there was no sudden drop in viability as shown by Figure 29. For future work, 

quantifying the viability assay by counting the number of cell-laden (live) microcapsules by 

comparing with the outlet (dead) may give a better outlook. 
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Figure 29. Cell-viability assay performed by using Trypan Blue (0.4% W/V) staining of cells. Dead cells take 

up the dye and appear dark whereas live cells appear bright. Both before and after experiment (DLD-EP) 

images of cell-laden microcapsules show positive viability. 
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Figure 30. Deviation angle of empty microcapsules & cell-laden vs voltage applied, all microcapsules sized 

between 55-60µm and suspended in a KCl-Glycerol solution 118.5 µL/min flow rate. 

 

With all these corrective measures in place, the experimental results are summarized in 

Figure 30 which shows the trends between the voltage applied and the deviation angle observed 

at a constant flow rate. Cell-laden and empty microcapsules at once enter through the Inlet1, 

keeping the flow rate constant (for visualization under microscope). A section of DLD was then 

used for recording data for DLD-EP through similar fashion explained under Section 4.4 

Quantification. The data observed under DLD-EP corresponds with the results seen in Chapter 2 

where cell-laden microcapsules travelled faster (with a higher net negative charge) than empty 

microcapsules. Therefore, by that theory they should deviate higher than empty ones, which is 

what we notice in Figure 30 as well. In the future, if a better strategy can be adopted to improve 

the sticking issues of microcapsules, a higher precision in the above data set may be achieved.  
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4.7 Deviation Angle as a Sorting Factor 

 

It was experimentally concluded that a significant difference was seen between two sets 

of microcapsules (‘empty vs cell-laden’ and ‘empty vs polystyrene beads-laden’) tested under the 

influence of DLD-EP.   

Therefore, we can conclude that the deviation angle can be used as a successful sorting 

factor for cell-laden and empty microcapsules. In the future, experimentation can be performed 

to quantify sorting behavior. This can be done by comparing the ratio of microcapsule mixture 

sample at the inlet and counting the sorted microcapsules at two outlets respectively. 
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CHAPTER 5 

5.1 Conclusion 

Cell encapsulation has shown potential in eliminating the challenges experienced during 

administration of stem cells directly into the patient. Encapsulating stem cells within the hydrogel 

material aids in preventing loss of cell retention rate, and cell viability against the host immune 

system ultimately improving their therapeutic effect. Through droplet-based microfluidics, 

encapsulating stem cells into uniform microspheres has become relatively accessible. It offers 

the opportunity to manually regulate the size of the microcapsules via pressure-controlled 

regulators while maintaining high throughput. However, due to the random nature (Poisson 

distribution), there are often cases where microcapsules produced do not contain any cells in 

them. Thus, a significant amount of empty hydrogel microcapsules with no remedial influence is 

introduced into the subject. Hence, there is a need to sort cell-laden microcapsules from the 

empty ones. Considerable number of approaches have been made towards separating the two 

sets of microcapsules, most of them focused on the means of active sorting i.e. by utilizing and/or 

altering the characteristics of stem cells. Deterministic Lateral Displacement (DLD) - 

Electrophoresis (EP) presents a label-free, non-invasive sorting platform to effectively distinguish 

between empty and occupied microcapsules. Each technique offers its own asset, and the goal 

of our study presented a system to integrate both into a single platform. The two means were 

first examined individually to understand and identify the difference in behavior of empty and 

occupied microcapsules. 

EP means alone was practiced to characterize microcapsules based on their net charge. 

Motion of empty and occupied microcapsules inside a microfluidic platform was captured and 

translated into velocity measured against different electric fields. Trends from EP experiments 

distinctly demonstrated that there is a significant difference in the terminal velocity for empty 

and occupied microcapsules i.e., there is a difference in their net negative charge. It was shown 

that cell-laden microcapsules at three different electric fields of 50V/cm, 150V/cm and 200V/cm 

travelled at a faster rate (~twice) compared to empty microcapsules.  Polystyrene beads (~11 

µm) were used as a substitute for cell-laden microcapsules as it offers a considerable advantage 
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of fastening the encapsulation process being easy to handle and work with. Interestingly, 

polystyrene beads-laden microcapsules velocity under the influence of electric field was slower 

compared to empty microcapsules. Certain irregularities in the actual numbers in the velocity 

were observed in the two sets of experiments. This was recognized as an effect of presence & 

absence of salt as well as changes in the agarose concentrations and poor filtration of the cell 

culture media. However, for a given experiment, the conditions were stable enough to uncover 

different mobility and the two linear trends never tend to intersect each other. Another detail 

noticed was the fact that all sets of microcapsules- empty, cell-laden and polystyrene beads-

laden were negatively charged. Therefore, applying EP alone in a microfluidic setup would not 

have been enough to allow sorting of our sample effectively.  

DLD is a hydrodynamic approach that is used for sorting of a sample based primarily on 

their difference in size. In our study, imposing DLD and EP together were employed towards 

building a platform for separating empty and occupied microcapsules. By introducing micro-posts 

obstacles or pillars in front of the microcapsules, we intended on creating a much wider 

difference between the two models. DLD array tends to deflect all microcapsules into a selective 

pathway, whereas the electric field induced due to the lateral electrodes deviate occupied 

microcapsules into a different trajectory. During our characterization using the DLD-EP study, we 

were able to demonstrate a difference between the deviation angles for the three sets of 

microcapsules- empty, cell-laden and polystyrene beads-laden. It was noted that polystyrene 

beads-laden microcapsules deviated less compared to empty ones corresponding to their EP 

trends. Using cell-laden microcapsules under DLD-EP conditions seemed challenging at first. 

Comparable strategies were then applied towards the challenges of ‘Clumping’ and ‘Sticking’, 

which resulted in replacing our suspension media from LCM (8.5% Sucrose & 0.3% Dextrose) to 

KCl-Glycerol, followed by coating the microfluidic channels with PEG-Silane. With improvements 

witnessed after applying these strategies, DLD-EP experiments were resumed and the trends for 

cell-laden microcapsule deviating more than empty microcapsules was observed while 

maintaining a constant flow rate. In order to extend the possible shortcomings of the DLD-EP 

strategy, few means of leveraging ‘deviation angle’ towards sorting of occupied and empty 

microcapsules was described.  
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To conclude, in our thesis, an exciting prospect on the study of sorting cell-laden 

microcapsules was put forward. We were able to design and fabricate a microfluidic platform 

composed of a DLD array sandwiched between two lateral electrodes. Our initial experiments 

involved investigating the behavior of empty and occupied (cell-laden & polystyrene beads-

laden) microcapsules under the influence of electric field alone. Difference in their velocities 

signified the need of DLD for sorting.  Introducing electric field into the action deviates occupied 

microcapsules (cell-laden) towards a different trajectory, as opposed to empty microcapsules 

which deviate as well but significantly lower due to the presence of micro-post pillars. Few 

upgrades on the size of the microfluidic platform can be adjusted to facilitate the sorting, other 

improvements that can benefit towards high occupancy and efficiency of the encapsulation are 

looked into under the next section. 

5.2 Future work 

As we know that all microcapsules carry a net negative charge, changing the charge of 

empty or occupied microcapsules can potentially serve as an intriguing approach towards 

creating a broad variation between the two models. Adjusting the charge of cells seems to be an 

accessible scheme and some foundation work was done as shown through Figure. 31. This 

involved coating 3T3 cells within a single mono layer of Poly-L-Lysine [71][72] and studying the 

behavior of only cells under our EP microfluidic settings. The change of charge seen in the cells 

from negative to positive, demonstrated promising results. However, challenges appeared after 

encapsulating these poly-l-lysine coated cells. The microcapsules failed to show any change in 

their net charge which could be due to the release/loss of the poly-l-lysine coating over the 

encapsulation period. Therefore, an improved protocol could potentially be applied in order to 

change the net charge of occupied microcapsules to positive allowing us to easily sort them based 

on the methods presented in this thesis. 
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Figure 31. Graph for Cells (3T3) coated with poly-L-lysine and without coating demonstrating change in 

the charge of cell from negative to positive (n=3). 

Another side of the microfluidics approach which is yet to be explored is the integration 

of the sorting strategy with the encapsulation setup itself. Such a complex setup however, would 

offer a vast improvement over other techniques currently out there. The microcapsules 

generated can be directed into the DLD-EP device eliminating all intermediary steps, overall 

automating the entire process and reducing the time. In order to accomplish this, mineral oil (in 

which microcapsules are collected) would need to be replaced with a conductive oil, so 

integration of DLD-EP and encapsulation setup is possible. Occupied microcapsules collected in a 

specific outlet can later be separated from oil via centrifugation.  
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Using the lateral electrodes before droplet generation could prove to be a promising 

strategy as well. The electric field will deviate the aqueous mixture of cells and agarose into a 

different channel, releasing a much more concentrated solution of cells into the encapsulation 

region. This technique however, disrupts the regulation of producing microcapsules with fewer 

number of cells per capsule.  

Changing the pH of the collection media may have a positive effect in changing the net 

charge of agarose/cells. This brings into play, the concept of isoelectric focusing. It involves 

adjusting the charge of the particle by changing the pH of the medium it is collected in. For 

instance, collecting microcapsules in an acidic or basic medium may create a difference in the 

charge of agarose relative to the cell. Numerous strategies were adopted to deal with the 

challenges of using cell-laden microcapsules in DLD-EP experiments. Changing the collection 

media for microcapsules seemed to show a positive effect in solving those issues.  In the future, 

choosing a better protocol for coating the microfluidic channels over the ones presented in this 

study could show a favorable outcome in compiling significant statistics. 
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