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Abstract

Droplet-Based Microfluidic Systems:
Finger-Powered Pumps, Reactors, and Magnetic Capsules
by
Kosuke Iwai
Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

Professor Liwei Lin, Chair

The combination of microfabrication and microfluidics has enabled a variety of opportunities in
making new tools for biological and diagnostic applications. For example, microdroplets-based
systems have attracted lots of attentions in recent years due to potential advantages in controlled
environments with fast reaction time, high-throughput and low noises. This work presents a
number of advanced microfluidic systems in process, control and manipulation of microdroplets,
including finger-powered pumps to generate microdroplets, continuous-flow rupture reactors for
the rupture and content retrieval of microdroplets, and magnetic microcapsules for drug delivery
applications.

Prototype ‘finger-powered’ pumping systems have been designed and constructed and integrated
with passive fluidic diodes to pump microfluidics, including the formation of microdroplets. No
electrical power is needed for pumping by using a human finger as the actuation force to
generate pressure heads. Both multilayer soft lithography and injection molding processes have
been successfully utilized to make the pumping systems. Experimental results revealed that the
pressure head generated from a human finger could be tuned based on the geometric
characteristics of the system, with a maximum observed pressure of 7.6+0.1 kPa. In addition to
the delivery of multiple, distinct fluids into microfluidic channels, the finger-powered pumping
system is also employed to achieve rapid formation of both water-in-oil droplets (106.9+4.3 pm
in diameter) and oil-in-water droplets (75.3£12.6 pm in diameter), as well as the encapsulation
of endothelial cells in microdroplets without using any external or electrical controllers.

To advance the technology of microdroplets in microfluidic systems, the technique to rupture
microdroplets via the continuous-flow micropost array railing systems has been developed. The
key step is to transport water-in-oil microdroplets with surfactant into the pure oil microchannel
to wash away the surfactant and allow the washed microdroplets to transport to the next water
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microchannel and rupture at the oil-water interface boundary. Microdroplets-based nanoparticle
synthesis systems have been fabricated to demonstrate synthesis and retrieval of iron oxide
nanoparticles without the need of an external centrifuge machine. In a second demonstration, a
rapid solution alteration system for the bead-in-droplet microreactors has been demonstrated via
the continuous flow micropost array railing technique. The prototype system has accomplished:
(7) the retrieval of microbeads in water-in-oil droplets by the ‘rupture’ of the droplets, (if) transfer
of the released microbeads into a second solution, and (iii) the formation of new water-in-oil
droplets containing the original microbeads and a different, second droplet solution. In these
experiments, a total of four different microdroplets generation systems have been fabricated and
different designs and operation conditions result in different sizes of microdroplets, including
41.1 um for the basic microdroplets rupture demonstration, 67.5 wm for nanoparticle synthesis
experiments, 61.1 um in the original solution, and 38.6 um for the new solution in the bead-in-
droplets alternation experiments.

In the last example, a new class of magnetic microcapsules with aqueous core and polymer shell
containing magnetic nanoparticles has been demonstrated for possible drug delivery applications.
The combination of multi-layer flow-focusing methodology and an optofluidic polymerization
process is employed to form double emulsions of water-in-photocurable polymer microdroplets.
A subsequently polymerization process cure the magnetic polymer shells and encapsulates drug
materials in the core. Experimentally, remote manipulations of the magnetic microcapsules by
applying an external magnetic field have been achieved. As such, the proposed microcapsules
have the potential to overcome a number of hurdles associated with current state-of-art
technologies: (1) magnetic shells can be guided by DC magnetic field for location control; (2)
magnetic particles can be heated by AC magnetic field to break or change the porosity of the
shells for active drug release control; and (3) encapsulated microdroplets can prevent the
possible degradation and contamination of the drug materials during the transportation processes.
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Chapter 4
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Chapter 1: Introduction

1.1 Dissertation Introduction

Microfluidic systems have been explored exponentially in recent years as promising tools
to regulate the fluids at the microscale for biological and chemical applications.[1]-[5]
Compared with conventional bulk scale systems, the technologies of microfluidic systems have
the advantages in performing liquid-based assays with significantly less volume of reagents or
samples and shorter reaction time due to much smaller reaction volumes. Combined with a
variety of fundamental sciences in physics, biology, and chemistry to technics in electrical and
mechanical engineering, microfluidic technologies have great potential in various applications,
such as tissue engineering,[6]-[8] genomics,[9]-[13] quantitative cell biology,[1], [14], [15]
nanomaterial synthesis,[6], [8], [16] and biomedical diagnostics.[9], [11], [17] However, one of
the indispensable key components in the microfluidic systems is the mechanical pump, which
move and control the fluidic movements for various functionalities such as mixing, assaying,
washing and transporting fluidic flows in the microchannels and micro reactors. The state-of-art
microfluidic systems have been using syringe pumps which are bulky, expensive and consume
large amount of electrical power. As such, the first task of this dissertation work is to investigate
the feasibility of making “finger-power” pumping systems to pump microfluidic systems without
the need of any electricity. We believe full development and characterizations of such pumping
systems could be directly applicable for point-of-care systems without the needs of bulky and
expensive pumps are needed.

In terms of state-of-art microfluidic systems, two technologies are especially attractive in
recent years; (i) continuous-flow microfluidic systems[14], [15], [18], [19] and (i)
microdroplets-based microfluidic systems.[16] Specifically, fluid flows in the microscale are
mainly in the low-Reynolds number regime with laminar characteristics where the viscosity term
dominates the inertia effects. Continuous-flow microfluidic systems can utilize the laminar flow
behavior to achieve good control of the micro fluidic environments in terms of temperature and
concentration. While continuous-flow microfluidic systems generally deploy a large number of
microreactors to pass through different fluid flows of the same kinds for fast and continuous
multiple reactions, microdroplets-based microfluidic systems manipulate the flows of different
fluids to produce many compartmentalized microreactors. Microdroplets-based systems offer
several advantages; (7) fast reaction time due to short heat and mass transfer, (i7) potentially high-
throughputs without increasing the size or complexity of the systems, and (iii) low background
noises as the microreactors are separated from each other.[17] For example, researchers have
demonstrated the feasibility to produce highly mono-dispersed microdroplets at rates of up to
twenty thousand droplets per second [18], [19] for multiplexed experiments and large sets of data
acquisitions. Furthermore, it is possible to use microdroplets-based microfluidics systems to
make multi-layered particles, including double emulsions [2]-[5], [20], microcapsules [7], [21],
and gas plugs [10], [12], [13], [22], [23] for a wide range of biomedical and chemical
applications such as point-of-care diagnostics, synthesis of biomolecules, and therapeutic drug
delivery. Therefore, we investigate the combination and integration of continuous-flow



microdroplets systems in this dissertation to demonstrate new capabilities and schemes in
microfluidic systems.

The concepts of three key microfluidics systems demonstrated in this dissertation are
shown in Figure 1.1. Figure 1.1a illustrates the concept of a ‘finger-powered’ integrated
pumping system as a modular element to provide pressure head for microfluidic systems. By
utilizing a human finger for the actuation force, electrical power for pumping are completely
avoided. Passive fluidic diodes have been designed and implemented to pump distinct fluids
from multiple inlet ports using a single actuation source. Both multilayer soft lithography and
injection molding processes have been successfully utilized to make prototype pumping systems.
Experimental results reveal that the pressure head generated from a human finger could be tuned
based on the geometric characteristics of the pumping system, with a maximum observed
pressure of 7.6+0.1 kPa. In addition to the demonstration of pumping multiple, distinct fluids
into microfluidic channels, we also employ the finger-powered pumping system to achieve rapid
formations of both water-in-oil microdroplets (106.9+4.3 um in diameter) and oil-in-water
microdroplets (75.3£12.6 um in diameter), as well as the encapsulation of endothelial cells in
microdroplets without using any external or electrical controllers.

To advance the technology of microdroplets in microfluidic systems, the technique of
rupture of microdroplets via the continuous-flow micropost array railing is presented in Fig.
1.1b. Water-in-oil microdroplets with surfactant are sequentially transferred to the pure oil flow
to wash away the surfactant. Rupture of microdroplets occurs as the microdroplets are entering
the third microfluidic microchannel of water flow. As such, the contents inside microdroplets can
be retrieved Micropost arrays for the guidance of microdroplets between multiple continuous
flows have been designed, fabricated, and experimentally tested to accomplish continuous wash
and rupture of microdroplets reactors. The presented rupture system is further integrated with a
microreactors-based nanoparticle synthesis system for high-throughput and uniform synthesis
and separation of iron oxide nanoparticles. In another demonstration of the microdroplets
rupture system, a T-junction and a different water assay solution are incorporated to the end of
the basic microdroplets rupture system to realize rapid alteration of the fluidic solution inside the
microdroplets for various applications based on the bead-in-microdroplets architecture.

In the other demonstration of the microdroplets systems, a new class of microcapsules
with aqueous core and polymer shell containing magnetic nanoparticles is presented as depicted
in Fig. 1.1c. In this work, the combination of the multi-layer microfluidic flow-focusing
methodology and optofluidic polymerization of photocurable polymer enables continuous
encapsulations of drug materials. Flow-focusing structures have been designed, fabricated and
experimentally demonstrated to accomplish the formation of double emulsions of water and
photocurable polymer solution containing magnetic nanoparticles. These double emulsions can
be subsequently polymerized via UV light exposure with proper time, wavelength and intensity.
Experimental demonstrations have been performed for remote manipulations of the magnetic
microcapsules by applying an external magnetic field. These magnetic microcapsules could
provide the ability to transport encapsulated drugs to target sites (without the degradation of
encapsulated drug). A possible on-demand drug release strategy by rupturing the microcapsules
with an alternating external magnetic field could be applied to remotely release the aqueous drug
for drug delivery applications.
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Figure 1.1 Microdroplets-based microfluidic systems: (a) finger-powered pumps for the
formation of microdroplets, (b) continuous-flow microdroplets rupture system, and (c¢) magnetic
microcapsules for drug delivery.



1.2 Dissertation Overview

In Chapter 2, the methodology of ‘finger-powered’ integrated pump system as a modular
element to provide low-power, low-cost and portable pressure head for microfluidic systems
applications is presented. An overview of prior efforts for minimizing the microfluidic pump
system is described, as well as prior demonstrations of human finger power systems for
biomedical applications. The design and fabrication of the finger-powered pump system using
both multi-layer soft lithography process and the injection molding process are discussed.
Examples of three finger-powered microfluidic systems are presented: (i) a microdroplets
generator, (ii) a cell encapsulation microfluidic system, and (iii) a bead-in-droplet microreactor.
Experimental methods, procedures and data acquisition details are described. Results for the
characteristics of finger-powered pump systems are presented and discussed, with a primary
focus on control of pressure head and droplet generation experiments.

In Chapter 3, the technique incorporating arrayed microposts into microfluidic systems
to rupture and retrieve the contents of microreactors is presented. An overview of prior efforts
for continuous handling of microdroplets in microfluidic systems is briefed, including prior uses
of micropost arrays. The design and fabrication of three different classes of continuous-flow
microdroplets rupture platforms are presented, including: (i) basic microdroplets rupture system
via a continuous-flow micropost array railing design, (i7) synthesis and centrifuge-free retrieval
of nanoparticles from the microdroplets systems, and (i) solution alternations for the bead-in-
microdroplets systems. The methods associated with experimental procedures, data acquisitions
on each platform are detailed with full discussions on the results for the performance of these
microdroplets rupture systems.

In Chapter 4, the technique employing microfluidic flow to generate microdroplets and
encapsulate drug materials in magnetic polymer shell is presented. Prior efforts in utilizing
micro/nano particles for drug delivery applications are first discussed, including the formation of
capsules and magnetic particles in microfluidic systems. The design and fabrication of the
microdroplets for the optofluidic formation of microcapsules are discussed. Results for the
formation and the characteristics of the magnetic microcapsules are presented and discussed,
with a primary focus on size control of the microcapsules and polymerization process.

Conclusions for the dissertation are discussed in Chapter 5. The performance of the
presented droplet-based microfluidic systems is summarized. Future directions and applications
for the presented technologies are discussed.
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Chapter 2: Finger-Powered Microfluidic Systems Using Multilayer
Soft Lithography and Injection Molding Processes

2.1 Introduction

At present, the majority of diagnostics processes are performed in centralized laboratories using
bulky, complex, and time-consuming medical instruments. Blood tests, for example, typically
require: (i) the collection of raw blood samples from patients, (i7) transportation of the blood
sample to centralized clinical laboratories, (iii), sample preparations and separations such as
centrifugations, and (iv) chemical analyses and tests by trained clinicians. In each of these
aforementioned steps, the controlled conveyance of fluids is needed and pumps are often the
chosen apparatuses. The pricy and bulky equipment often prevents people in need of urgent
diagnostics the opportunities of being treated promptly such as those in the battlefields or
technologically disadvantaged regions.[1] As a result, chip-scale microfluidic technologies have
been widely investigated in recent years to provide quick and low-cost POC diagnostics[1], [2]
as well as possible tools for basic scientific studies, such as quantitative cellular
characterizations.[3]-[5]

In the state-of-the-art microfluidic devices, significant cost reduction has been achieved by
shifting the fabrication process from the labor-intensive conventional soft lithography process to
rapid and mass-producible manufacturing such as injection molding[6]-[12], hot embossing[13]
and laser ablation.[14] Despite the successful cost-reductions in microfluidic components, one
or more big and power-hungry syringe pumps are often used in microfluidic systems, which have
been the critical bottlenecks in applying chip-scale microfluidics system to practical market
places (e.g., POC applications). Researchers in both academic and industrial laboratories have
developed low-cost, low-power, and portable micropumps using simple methodologies to pump
microfluidic systems, such as the application of capillary driving forces based on microfluidic
systems made of polydimethylsiloxane (PDMS)[15]-[17] or paper;[18], [19] osmotic forces
based on water-powered actuators and pumps;[20], [21] negative pressure based on pre-
vacuumed PDMS chambers;[22] and finger-actuation sponges[23] and pouches.[24] However, a
number of limitations have constrained the broad implementation of these techniques - the
magnitudes of capillary forces are small; the osmotic actuation responses are slow; the negative
pressure chambers have short shelf-life due to leakages; and both negative pressure chambers
and finger-actuation pumps are single usage devices. The desirable micro pumps should have
good characteristics of: (i) low/no electrical power consumption, (ii) fluidic deliveries with fast,
suitable and controllable pressure heads, and (iii) feasibilities of multiple usages; and (iv)
applications in complex and multiple microfluidic systems. On the other hand, recent
developments in microdroplet-based technologies have shown significant benefits for
biochemical processes, including: (i) quick mixing of samples via fast diffusion rates,[25] (if)
low background noise, (iii) precise volume control of samples and reagents, and (iv) well-
established knowledge in handling droplets.[26], [27] Although microdroplet-based
technologies have been widely investigated[25], [28]-[30] and utilized for various chemical and
biological fluidic processes, such as digital polymerase chain reaction (PCR) for DNA
sequencing[31]-[33] and microcapsule synthesis for drug delivery applications,[34] these
aforementioned demonstration are all limited to laboratory operations.
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Recently, hand-powered pumps have been utilized in microfluidic devices,[35] glucose
sensors,[36] and integrated syringe systems.[37] These pumps were used to transport singular
fluids with simple functions without characterizations on generated pressure heads and without
the possibility of complex fluidic controls. Furthermore, there have been no demonstrations on
high volume productions. In this work, we propose and advance the state-of-art of hand-
powered pumps to integrated, multi-port infusion systems via a single-finger actuation and
operation. The highly complex controllability of the system is illustrated by the integration,
construction and demonstrations of microdroplet generators using finger-powered microfluidic
systems. Furthermore, both a multilayer soft lithography process and an injection molding
process have been utilised to construct the finger-powered microfluidic systems. Figure 2.1a
illustrates the basic concept of the pump. It has a deformable chamber that can be pressurized
(i.e., pushed) by a human finger to infuse fluids into the microfluidic systems. During the
infusion process, passive fluidic diodes direct multiple/different fluids from distinct inlet ports to
the outlet port via the sample storage chambers connected to the pressure chamber. Here, we
measure the pressures generated inside the pressure chamber to determine the efficacy of the
finger-powered pumps and investigate the effects of the pressure chamber geometry on the
magnitudes of the generated pumping pressure. Two prototype systems are designed and
fabricated: (1) PDMS prototypes based on a multi-layer soft lithography process; and (2) silicon
rubber prototypes based on an injection molding process. With fabricated prototypes, we
demonstrate pumping of various types of fluids via pressure heads generated exclusively from
the application of a human finger without electricity. We further demonstrate the formation of
microdroplets via a droplet generator composed of an integrated finger-powered pump and a T-
junction. These low-cost, portable, and easy-to-operate finger-powered microfluidic systems
could generate pressure-sources without consuming electricity in practical applications of
microfluidic technologies, such as POC diagnostics.
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Figure 2.1 (a) Concept of the integrated human-powered pumping system. By pushing the
deformable chamber, mechanical pressure infuses the solution from the inlets to the outlets
(guided by passive fluidic diodes). (b) Pumping procedure of the finger-powered pump with the
push-and-release actions. When the pressure chamber is pushed, embedded cantilever-type
fluidic diodes are closed while membrane-type fluidic diodes are opened in order to infuse the
fluids from the sample storage chambers to the outlet. When the finger is released, the
membrane-type fluidic diodes are closed while the cantilever-type fluidic diodes are opened in
order to refill the sample storage chambers with fluids from the inlets.

2.2 Methods
2.2.1 Pumping Principle

Figure 2.1b shows the pumping principle of the proposed system based on the design of a multi-
layer soft lithography process, which consists of four major components: (i) a deformable
pressure chamber, (i7) a microchannel network with inlet and outlet ports, (iii) sample storage
chambers, (iv) cantilever-type fluidic diodes[38], and (v) membrane-type fluidic diodes.[39]
These passive fluidic diodes are utilized to control the fluidic flows. The cantilever-type fluidic
diode has a thin vertical plate fixed on the top surface. A forward fluidic pressure pushes and
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deforms the cantilever to open the diode, while a backward pressure closes the diode as the
cantilever plate is stopped against the narrower region of the microchannel.[38] The circular-
shape, membrane-type fluidic diode consists of two chambers separated by a vertical rigid plate
while a thin elastic membrane is positioned on top and fixed at the boundary of the two
chambers. When a positive pressure is applied (in either directions), the elastic membrane
deforms upwards and the two chambers are connected, thereby permitting fluid to flow.[39]
Under a negative pressure (e.g., vacuum), the thin membrane deforms downwards and blocks the
fluidic path between the two chambers. When a human finger presses the pressure chamber, the
resulting positive pressure facilitates the transport of fluids from the sample storage chambers to
the outlets while the fluidic path from the inlet ports to the sample storage chambers are blocked
by the cantilever-type diodes. When the finger is released, the deformable chamber reverts back
to its original shape, generating a negative pressure to allow fluids to move from the inlet ports to
the sample storage chambers while the fluid path from the sample storages to the outlet ports are
blocked by the membrane-type diodes. By repeating the push-and-release operations, fluids are
pumped from the inlet to outlet ports sequentially.

For the majority of microfluidic systems, control of flow rates is a critical parameter for system
operation. The flow rate for rectangular-shape channel can be calculated from the Hagen-
Poiseuille equation:[40]

(wh)3 AP

Q= 8uL(w+h)2 P = ) (2'1)
where AP, O, R, u, w, h, and L denote the input pressure difference, flow rate, fluidic resistance,
dynamic viscosity, width, height, and length of the channel, respectively. In our prototype
designs, the inlet ports are connected to the single pressure chamber such that the input pressure
remains the same for each channel. Therefore, one way to tune the flow rate of different
microchannels is to design the fluidic resistance, which is proportional to the length of the
microchannels.

2.2.2 Pressure Measurement and Control

The deformation of the pressure chamber by a human finger will result in pressure increment for
pumping. However, it is difficult to regulate the pressure increments in practice as each person
or even the same person at each occurrence may produce different magnitudes of force. One
alternative is to design the pressure chamber to assure full deformation (the top cap of the
chamber is deformed and in contact with the bottom substrate) under a normal force. In the ideal
case, when the pressure chamber deforms and reaches the bottom substrate, the pressure will not
increase further even if the applied force is increased. This is analysed further under the
assumption that the gas leakage in the short push-and-release process is negligible and
temperature remains constant. The ideal gas law is described as:

Pyax = Py 2.2)

where Py4y is the pressure when the pressure chamber is fully deformed; Py is atmospheric
pressure; V; is the volume of the pressure chamber with its original shape; and V., is the
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remaining volume of the pressure chamber when it is fully deformed. Both Vj and V.,
depend on the shape and size of the pressure chamber. In general, V,,; will be a small
number pending on the specific chamber design/size such that the maximum pressure is
strongly related to V) and can be designed by setting the right dimensions of the pressure
chamber.

To further illustrate this concept, we fabricated 6 samples containing pressure chambers of
various diameters. The diameter/overall height of the pressure chambers were 2.5/1, 5/1.5, 7.5/2,
10/2, 12.5/2, and 15/2 mm, respectively. The inlet port was connected to a pressure transducer
(Model 68075 Pressure Transducer, Cole-Parmer Instrument, IL, USA). The force to the
pressure chambers was applied via a force probe mounted on a manual force stage (Model-2256
Manual Stage, Aikoh Engineering Co., Ltd., Japan) and recorded using a force instrument (RX
Series, Aikoh Engineering Co., Ltd., Japan) while the resulting pressure was measured and

recorded (Fig. 2.2) with a data logger (Model 34970A Data Logger Switch Unit, Agilent, CA,
USA).

(a) Setup Overview (b) Pressure and Force Measurement with a Prototype
o . =
i '
P Prototype
| el g
’ ™ a7, W ‘ Movement of
j R | WP\ Force Prove

Pressure

Pressure Chamber
Transducer

Tube Connector
to Pressure Transducer Electrical Connection

to Data Logger

S

Figure 2.2 Setup for measurements of pressure and required force. (a) Applied force from a
force probe and a force instrument mounted on a manual stage. (b) The prototype microfluidic
system is mounted on a static wall during the measurements with a pressure transducer and a
data logger.
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2.2.3 Fabrication Process via Soft Lithography

A three-layer soft lithography process using PDMS as the main material was used to fabricate
the prototype pumps. Figure 2.3 shows the fabrication process. A standard soft lithography
process[41] with two layers of SU-8 was used to fabricate the mold inserts with thicknesses of 10
pm (SU-8/2010) and 90 um (SU-8/2050), respectively (Fig. 2.3a). The overall thickness of 100
um was the target height of the microchannels and the 10 wum SU-8/2010 was used to define the
gap between the elastic plate and the microchannel for the cantilever-type diode. On the other
hand, the nominal width of the microfluidic channels was 500 pm in width. Afterwards, SU-8
droplets with height of 2 mm and 1 mm were deposited and cured to form the mold inserts for
the deformable pressure and sample storage chambers, respectively (Fig. 2.3b). The
microfluidic devices were molded using PDMS, which was cut to create the top and bottom
PDMS layers after curing and the inlet/outlet ports are punched open (Fig. 2.3¢). Afterwards, a
thin elastic membrane for the membrane-type fluidic diodes was fabricated on another silicon
substrate by spin-coating (1000 rpm) an 80 pum-thick layer of PDMS on top of a the SU-8/2010
for reduced adhesion force (Fig. 2.3d). The top PDMS layer was first bonded with the PDMS
membrane (Fig. 2.3e) and the assembly was peeled off from the silicon substrate and bonded
with the bottom PDMS layer (Fig. 2.3f). Oxygen plasma and thermal treatment conducted at 75
°C for 1 hour were utilized in the bonding process to enhance the bonding force. It was also
important to separate the divider and the elastic membrane before the heating process for the
membrane-type diode by applying a negative pressure on top of the diodes via the opening hole
as drawn. Otherwise, the bonding process could seal off the membrane-type diode. To prevent
misalignment of the PDMS layers, the top and bottom PDMS layers were designed to be
fabricated together on a single silicon wafer to have approximately the same rate of shrinkage
during the curing process. Figure 2.3g shows the result of a fabricated PDMS prototype system.

Si Wafer SU-8/2050 SU-8/2010 R N 1

(e) Bond top part

(a) Pattern SU-8 by softlithography (d) Spin-coat PDMS (g) PDMS Prototype

(b) Drop SU-8 to form chambers

__-SU-8/2010 ' o . | B
(c) Cut PDMS and punch holes (f) Peel off from substrate
I Cut\l PDMS and bond with bottomlpart

Pressure Chamber Sample Storage Diode Diode
Cantilever) (Membrane)

Figure 2.3 Fabrication via the multilayer soft lithography process. (a-f) The device consists of
three layers of PDMS and is fabricated by the soft lithography process using SU-8 photoresist as
the primary mold insert material. (g) A fabricated PDMS pumping system.
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2.2.4 Fabrication Process via Injection Molding

In addition to the multilayer soft lithography process, we also developed the injection molding
process for low-cost, mass production based on our previous works.[7], [8] Several changes
were made. First, we changed the height of the microchannels from 100 pm to 300 um due to
the limitations of precision mechanical machining in making the steel mold inserts in the
injection molding process. We also increased the size of the pressure chamber to 10 mm in
diameter and 2.5 mm in thickness, and sample storage chamber to 5 mm in diameter and 1.25
mm in thickness. Second, a new passive diode design (Fig. 2.4a) was chosen to replace both the
cantilever-type and memberne-type diodes as they required fine manufacturing dimensions.
Third, the polymeric material was changed to transparent elastic silicon rubber (XE15-645,
Momentive Performance Materials, Japan) — a widely-used material for the injection molding
process. Inverted structures of the three layers similar to the multilayer soft lithography process
were machined by precision mechanical machining processes on medium carbon steel to make
the mold inserts (Fig. 2.4b). In our prototype design, the thickness of the top, middle and bottom
layers was 5 mm, 300 um and 2.5 mm, respectively. Most of the features were constructed by
using computer numerical control (CNC) milling machines, while structures with high aspect
ratio such as inlet/outlet ports were processed with the electrical discharge machine. The internal
surfaces of the mold inserts were polished to get glossy surface and a 2 um-thick chrome layer
was electroplated to prevent corrosion. Next, elastic silicon rubber was used in the injection
molding process. We set pressure at 15+2 MPa, clamping force at 360 tons, temperature at
13045 °C, and curing time at 120 sec. Lastly, the three layers were assembled using the oxygen
plasma and thermal treatment conducted at 75 °C for 1 hour for the bonding process. Figure
2.4c¢ shows a prototype system by the injection molding process.
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(a) Modified Diode for Injection Molding (c) Injection Molded Device
Elastic
Membrane

Forward Flow

Backward Flow

(b) Metal Molds for the Injection Molding Process
Top Layer Middle Layer Bottom Layer

t

Figure 2.4 Fabrication via the injection molding process. (a) Design and top view of a
modified diode used in the injection molding process. (b) Metal molds for the injection molding
process. The structures are constructed and machined on medium carbon steel with a CNC
milling machine and electrical discharge machine. Bottom surface of the molds is polished to
get glossy surface and chrome is electroplated to prevent corrosion. (c¢) A fabricated prototype
via the injection molding process.

2.2.5 Design of Passive Fluidic Diodes

The passive fluidic diodes used in the finger-powered pumping systems are key components as
they regulate the flow patterns. Among the three passive diodes, the cantilever-type diode was
placed in a specially designed microchannel region of 200 um in width and was used to connect
microchannels of 150 um in width as shown in Fig. 2.5a. It had a vertical elastic plate of 160
pm in width and 20 um in thickness. The gaps between the elastic plate and microchannel were
20 pm from the side walls of the microchannels, 20 um away from the left blocking wall, and 10
um above the bottom substrate. The blocking wall on the left side had a smaller opening of 100
um to physically block the elastic plate under the leftward fluidic flows. On the other hand, for
the rightward fluidic flows, the elastic plate could bend rightwards to allow flow passages. The
membrane-type diode had a circular shape of 2 mm in diameter. A rigid vertical divider of 200
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um in width was used to divide the chamber into two smaller ones as shown in Fig. 2.5b. The
elastic membrane on top of the chamber was 80 um in thickness with a circular shape of 1.5 mm
in diameter. We modified the diode design for the injection molding process based on a
previously published design concept (Fig. 2.4a).[42] Specifically, the top and bottom channels
of 500 um in width and 300 um in height were separated with an elastic membrane of 300 um in
thickness with a semi-circular shape with detailed dimensions illustrated in Fig. 2.4a. Under
forward flows, the membrane was deformed downward to allow the passage of fluidic flow.
Under the backward flow, the membrane was blocked by the channel to stop the fluidic flow. In
addition to the design of these three types of passive diodes, the other key design dimensions of
the systems, including PDMS prototypes, microdroplet generators, and injection molded
prototypes were illustrated in Fig. 2.6.

(a) Cantilever-Type Diode (b) Membrane-Type Diode
Elastic Wall

20um _|

€
| 175um Movable Area

> of Elastic Membrane

Figure 2.5 Detailed design dimensions of the fabricated passive diodes. (a) Top view of a
cantilever-type diode. (b) Top view of a membrane-type diode.
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(a) Design of PDMS Prototype (b) Design of PDMS Prototype for Droplet Generation
14mm | 2.5mm 2.5mm

1.5mm
e,

1.5mm
(c) Modified Design for Injection Molding Process

Figure 2.6 Detailed design dimensions of the fabricated prototype microfluidic systems. (a) A
basic PDMS prototype system with four inlet ports (microfluidic components are 100 um in
thickness). (b) A PDMS droplet generator (microfluidic components are 100 um in thickness).
(c) The basic dimensions of the injection molded prototype microfluidic system (microfluidic
components are 300 um in thickness).

2.3 Results and Discussion
2.3.1 Experimental Pressure Characterizations

To quantify the relationship between the size of the pressure chamber and the working pressure
head, prototype PDMS pressure chambers were tested with results shown in Figure 2.7a. It is
observed that as the diameter of the pressure chamber increases from 2.5 mm to 15.0 mm, the
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generated pressure heads increase from 0.2+0.1 to 7.6+0.1 kPa (average from 15 repeated tests
on each pressure chamber) under the condition of “fully deformed chamber.” This implies that
the pumping pressure head can be designed and customized by the diameter and geometry of the
pressure chamber.

In order to further validate the concept, Figure 2.7b shows experimental results for pressure
head versus applied force on a prototype pressure chamber of 10 mm in diameter using a load
cell mounted on a manual stage (to mimic a human finger). Pressure head was measured using a
pressure transducer connected to the inlet port and the other ports were closed with plugs. It is
found that the pressure head increases linearly with respect to the applied force as expected until
it reaches the magnitude of maximum pressure. After that, larger force could only generate
about the same maximum pressure. An approximate force of 12 N was required to generate the
maximum pressure head of 4.2 kPa. Figure 2.7¢ shows the results on an injection molded
pressure chamber of 10 mm in diameter. The same trend was recorded while a higher maximum
pressure head of 7.3 kPa under a higher force of 27 N were logged. The higher force
requirement is due to stiffer elastic modulus and thickness of silicon rubber than those of PDMS
while the higher resulting pressure is from the larger pressure chamber size (2.5 vs. 2 mm in
height differences). Since the typical pinch force of a human finger has previously been
characterized as 84 N,[43] these results suggest that the average human finger can produce more
than enough force to reach the maximum pressure for these prototype devices. We also
investigated the variations of maximum pressure heads for both prototype devices as shown in
Figure 2.7d. The experimental results reveal that the variation is 4.7% with maximum pressure
of 4.2+0.2 kPa for the PDMS prototypes (10 mm in diameter and 2 mm in height) and with 1.8%
variation with maximum pressure of 7.3+0.1 kPa for the injection molded prototypes (10 mm in
diameter and 2.5 mm in height). In addition to the enhanced reproducibility, the new design of
the passive fluidic diode in the injection molding process also helped improving the
performance. Figure 2.7e shows the measured flow rate of deionized (DI) water on the new
diode in both directions under a controlled pressure pump (Fluigent, MFCS series with flow-rate
platform). It is found that under the negative pressure, the backward flow is negligible and the
diode has a diodicity of 2316. These results imply that prototype pumps fabricated by the
injection molding process with the modified passive fluidic diode offer superior performances
than those made by the multi-layer soft lithography process.
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Figure 2.7 Pressure testing results on prototype pressure chambers. (a) Generated pressure
head versus pressure chamber diameter for a PDMS prototype of 10 mm in diameter and 2 mm
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in height. (b) Generated pressure head versus applied force on the same pressure chamber. (c)
Generated pressure head versus applied force for an injection molded chamber of 10 mm in
diameter and 2.5 mm in height. (d) Variations of generated maximum pressure head versus
fabricated prototype pumps. (e) Flow rate versus applied pressure on the modified diode by the
injection molding process with high diodicity of 2316. Error bars denote standard deviations.

2.3.2 Basic Finger-Pumping Demonstrations

Experimentally, multiple fluids from up to four distinct inlet ports have been pumped in the
prototype microfluidic system simultaneously. For example, Figure 2.8 shows a fabricated
PDMS prototype device (total dimension of 32.5 x 22.5 x 0.8 mm’ without counting the height
of the 10 mm in diameter pressure chamber) with four inlet ports and one outlet port. The
sample solutions were added to each inlet port by a pipette, and were pumped through the
microchannels to the outlet via the push-and-release procedure using a human finger. The green
dyed water was simultaneously pumped from the four inlet ports to the outlet port (Fig. 2.8). For
the system shown in Fig. 2.8, approximately 10 pL of sample solution was pumped by a single
push-and-release operation (a total of 100 uL after 10 operations). We also conducted the
pumping demonstration on the injection molded prototypes with green dyed water as shown in
Fig. 2.9.

The finger-pumping demonstrations were extended to other fluidic systems. For example, the
ability to pump solutions with suspended particulates (e.g., microbeads and cells) is a key
demonstration for many chemical and biological applications.[44]-[48] Thus, we performed
experiments with suspensions of both polystyrene microbeads (¢ = 15 um) and endothelial cells.
Experimental results revealed that the pressure head generated from the finger-powered pumping
cycles enabled the fluidic handling capable of both microbeads and endothelial cells inside
microchannels (Fig. 2.10). We observed the transport of the introduced microbeads and
endothelial cells along the flow direction during the pushed state, while the particles remained
relatively immobile during the release state. During experimentation, select numbers of
microbeads and endothelial cells were observed to ‘stick’ to the surface of the PDMS walls
during device operation — a phenomenon that can be mitigated by utilizing surfactants as
described previously.[49] Nonetheless, these results revealed that the passive fluidic diodes did
not prevent the pumping of suspended microparticles, thereby demonstrating that the presented
finger-powered pumping system can be applied to pump solutions with suspensions of
microparticulates.
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Pumping Demonstration

Figure 2.8  Experimental results for the operation of a PDMS-based finger-powered
microfluidic system. A finger-powered pumping system with four inlets and one outlet. Green
dyed water can be pumped through the device and to the outlet port (inset) via repeated push-
and-release cycles. ESI Movie 1 includes real-time video of this process.
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(a) Pumping in the Injection Molded Device with One Inlet Port

Figure 2.9 Demonstration of pumping fluids in silicon rubber-based microfluidic systems
fabricated via an injection molding process. The entire pumping operation was conducted by a
single human finger on the fabricated prototypes with (a) one inlet port and (b) two inlet ports.
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Figure 2.10 Pumping of fluidic solution containing particles with finger-powered microfluidic
systems, including (a) microbeads and (b) endotherial cells. This demonstration shows that our
diode structure does not block small particles in the fluidic solution.

2.3.3 Consistency and Reliability

In addition to the pressure head measurements associated with a single push operation (Fig. 2.7),
we quantified the consistency of repeated push-and-release procedures executed by a human
finger with duty cycles of 0.5, 5, and 10 seconds in Figs. 2.11a-c, respectively, using a pressure
chamber of 10 mm in diameter. Specifically, under a short duty cycle of 0.5 second, the pressure
head was measured as 3.4+0.3 (Fig. 2.11a), which is lower than other tests with a much large
standard deviation. We believe that during the short and fast push-and-release operations, the
finger have trouble deforming the chamber consistently and fully such that the output pressure
head is reduced and non-uniform. The consistency improves for the duty cycles of 5 seconds
and the output magnitude also increases to 3.7+0.2 (Fig. 2.11b). Results from the duty cycles of
10 seconds show the pressure head further increases a bit (Fig. 2.11¢). It also reveals that under
a longer operation period, the compressed gas in the system is leaking as the resulting pressure
head is decreasing over time. These results suggest that the peak pressure during the push
operation can generally be achieved and sustained without a significant pressure drop. The
slightly pressure drop, on the other hand, could be attributed to the leakage and absorption of air
by the porous PDMS structure.[50] For applications in which reducing this pressure drop is a
critical parameter, prior reports have found that this absorption effect can be limited by
conducting an additional surface coating process.[51]
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To examine the reliability of the PDMS-based finger-powered pumping system, we also
performed reliability testing with a repeated 5 seconds duty cycle over the course of 1 hour (360
cycles) on a different prototype pump as shown in Figure 2.11d. Each data point represents the
pressure difference between the maximum and minimum pressure inside the chamber during
each push-and-release procedure. The pressure was found to remain relatively constant during
the 1-hour operation, which suggests that the system has sufficient durability for many common
microfluidic applications. The average pressure increase during each push-and-release
procedure was 4.11+0.3 kPa (Fig. 2.11d — red dashed line). The variation of the generated

pressure was found to increase slightly to 6.58% compared with the variation of the pressure
measurements using a load cell (Fig. 2.7d).
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Figure 2.11 Real-time measurement of pressure increment of the pressure chamber during
repeated push-and-release by a human finger with duty cycle of (a) 0.5 seconds, (b) 5 seconds,

and (c¢) 10 seconds. (d) Pressure increment from continuous operations of 10 seconds in duty
cycle for 1 hour.

2.3.4 Finger-Powered Microdroplet Generation

The implementation of finger-powered pumps to microdroplet generation systems has two
fundamental challenges: (i) two different fluids, oil and water, must be loaded simultaneously,
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and (ii) their flow rates must be controlled adequately to ensure successful generations of
droplets.[28] We fabricate a system with multiple inlets for different fluids and the finger-
powered pump with the design of a T-junction to form microdroplets (Fig. 2.6 and Fig. 2.12a).
The T-junction consists of a narrow channel for droplet fluids and a main channel for outer
fluids. We designed the narrow channel with 50 um in width and 10 mm in length, and the main
channel with 100 pm in width and 4 mm in length (Fig. 2.6b). With these dimensions, the
fluidic resistance for the droplet fluids is approximately eleven times larger than the main
channel from the Hagen-Poiseuille equation (Eq. 1). We used Hexadecane (Sigma Aldrich,
USA) as an oil background fluid and red dyed DI water as a droplet fluid for better visibility.
Hexadecane was mixed with Span 80 (5% w/v, Sigma Aldrich, USA) to prevent the merging of
the droplets and forming larger droplets.[26] First, the microchannel was filled only with
Hexadecane by the finger-powered pump. Afterwards, DI water was placed onto the proper
solution inlet. By repeatedly conducting the push-and-release sequences, DI water was
introduced into the T-junction. Because the dynamic viscosity of Hexadecane is three times
larger than that of water at room temperature and the fluidic resistance of the droplet channel is
eleven times larger than the main channel, the flow rate of the Hexadecane will be approximately
3.75 times faster than the water flow. At the T-junction, the Hexadecane cut into the path of DI
water, resulting in the formation of microdroplets of DI water in Hexadecane (Fig. 2.12b). The
generated droplets were transported into the observation chamber (to decrease the flow velocity)
(Fig. 2.12¢). A histogram of the generated water-in-oil droplets is shown in Figure 2.12d. The
average diameter was observed to be 106.9 um with a standard deviation of 4.3 um (i.e., CV =
4.02%). The diameter of the droplets can be controlled by changing the channel geometry as key
control parameters for droplet formations are the cross sectional area of the channel, and the flow
rate ratio of the droplet solution and the solvent solution.[28] The variation of the droplet
diameter was larger than other reports due to the larger pressure variations using the push-and-
release process.[52] To achieve higher monodispersity, longer duty cycles could be used to
reduce the pressure variations. Alternatively, the method of passive microfluidic particle sorting
can be integrated after the T-junction to collect droplets with desired diameters.[53]-[55]

For situations in which it is preferable to suspend aqueous samples in oil phase, oil-in-water
droplets can be generated in the same prototype system with modified surface properties. PDMS
is naturally hydrophobic and suitable for forming water-in-oil droplets. We treated the surface of
the microchannels with oxygen plasma and modified it from hydrophobic to hydrophilic.[56]
The oil-in-water formation process started with filling the device with DI water (dyed blue for
enhanced visibility). Afterwards, Hexadecane was introduced from the droplet solution inlet
port. DI water was mixed with Tween 20 (5% w/v, Sigma Aldrich, USA) in advance to prevent
the merging of droplets to form larger droplets. Figure 2.13a shows the formation of the oil-in-
water droplets at the T-junction after the push-and-release procedure on the finger pump. One
issue with the PDMS-based prototype devices is that PDMS can degrade over time with organic
solvents such as Hexadecane. For example, in device experimentations, slight microchannel
deformation was observed after a few minutes of droplet formation. During the formation of
water-in-oil droplets (when the system is filled with Hexadecane), such degradation was
exacerbated. To prevent this issue, the surface characteristics of the device can be modified or
the materials can be changed to more durable materials.[57], [58]
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We also experimentally investigated the potential to encapsulate suspended microparticles within
the droplets. Because the fabricated prototype included two separate inlets for water phase
solutions, one of these inlets can be replaced with a suspension of microparticles (e.g., cells) in
order to mix and encapsulate suspended particles in droplets. Experimental device runs revealed
effective cell encapsulation using a single human finger by infusing bovine aortic endothelial
cells (BAECs) suspended in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal
bovine serum (FBS). Micrographs of droplet-encapsulated cells are shown in Figure 2.13b.
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Figure 2.12 Finger-powered microdroplet generator. (a) Fabrication results for the finger-
powered droplet generator with colored oil (red) and water (green) input phases. (b) Sequential
micrographs of droplet generation. (c¢) Generated water-in-oil microdroplets in the observation

chamber. (d) Histogram of the diameter of water-in-oil droplets. The mean diameter was 106.9
um with a standard deviation of 4.3 um
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(a) Encapsulation of Cells in Water-in-Oil Droplets
Droplets in the Device Collected Droplet

Cell (BAEC)

Figure 2.13 Demonstrations of the formation of other microdroplets from an integrated finger-
powered microdroplet generator. (a) Oil-in-water droplets — the surface of the microchannels
was modified to hydrophilic with a plasma treatment. (b) Bovine aortic endothelial cells (BAEC)
in water-in-oil droplets. BAEC are suspended in Dulbecco’s modified Eagle medium (DMEM)
with 10% fetal bovine serum (FBS).

2.3.5 Finger-Powered Bead-in-Droplet Cyctokine Detection System

To demonstrate a possible future application of the finger-powered microdroplet generator for
biomedical usages, we employ a bead-in-droplet microfluidic methodology to accomplish
biomolecule detection assays. Figure 2.14a illustrates the basic concept of the finger-powered
bead-in-droplet system. We add additional inlet port to infuse the functionalized microbead
suspension, as well as sample cytokine solution, and oil fluids simultaneously. When the
pressure chamber (10 mm in diameter) is pushed by a human finger all the solutions are infused
into the system. Infused microbeads are mixed with the sample solution at the T-junction that
has a 50 ym-wide main channel for the oil fluid and two 25 um-wide subchannels before
forming droplets to maintain equal starting timing for the chemical reactions of the microbeads
and the samples.[25] Formed droplets are transferred to the subsequent observation chamber and
immobilized at the trapping sites (30 um square chambers with narrow orifices of 10 um in
width) in the observation chamber.[3] After a droplet with microbeads is trapped, the fluidic
resistance through the trapping site is increased, which limits fluid flow. This phenomenon
prevents additional droplets from being immobilized once a trapping site is occupied. After
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droplets are formed and immobilized (and the sample biomolecules bind to the surface of the
functionalized microbeads), we can observe the chemical reaction as an increase in fluorescence
on the surface of the functionalized microbeads.

To detect the inflammatory cytokine, interferon-gamma (IFN-y), we utilize surface modified
microbeads with aptamer beacons. Conceptual illustrations of the surface-modified microbeads
are shown in Figure 2.14b. The aptamer beacon used in this study has been designed previously
by Tuleuova et al. [59], [60] and consists of two complementary single-stranded DNA sequences
of fluorescent aptamer and a quencher. Because quenchers restrict the fluorescent signals
emitted from fluorescent aptamers, the microbeads do not indicate fluorescence with its original
state.[60], [61] When mixed with a solution of IFN- y, IFN- v displaces the quenchers and binds
with the fluorescent aptamers, which results in fluorescence, corresponding to the concentration
of IFN-y in the solution. The sequence of the aptamer beacon and the quencher is shown in
Table 2.1.[59], [60]

(a) Finger-Powered Beads-in-Droplets System

Oil == -
Observatloln Chamber

». Sample Inlet
N | Trapping Sites - D

T-dunction

Oil
Fluid r

!
Microbeads Reagents | Droplets

Finger-Powered Pressure
Bead-in-Droplets  ~hamber Functionalized
System microbeads

(b) Bead-Based Cytokine Detection Process
(No Fluorescence)
Biotin Neutravidin Quencher

* jzt Cytokine
(IFN-y)

Streptavidin  Fluorescent Aptamer

Bead
Surface

Figure 2.14 Concept of the ‘finger-powered’ bead-in-droplet microfluidic system. (a) When
pushed by a human finger, the pressure chamber infuses flows into the microchannels (left).
Functionalized microbeads are mixed with reagents, encapsulated within microdroplets, and
immobilized via trapping architectures (right) for observation. We demonstrate our device by
conducting a cytokine detection assay utilizing microbeads functionalized with aptamer beacons.
(b) Conceptual illustrations of surface-modified microbeads to detect the cytokine, interferon-
gamma (IFN-y). When IFN-y binds with the fluorescent aptamer, it replaces the quencher,
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resulting in fluorescence on the surface of the microbeads. The fluorescent intensity corresponds
with the concentration of the IFN-y.

Table 2.1 Sequences (5°-3° orientation) for the Aptamer Beacon [59], [60]

Material Sequence

Fluorescent 6-F AM-

Aptamer TGGGGTTGGTTGTGTTGGGTGTTGTGT
Quencher ACAACCAACCCCA-BHQ-1

We fabricate the prototype device with the same multi-layer soft lithography process as
discussed in Chapter 2.2.3, except for the thickness of the main channel. We spincoat 15 um of
SU-8/2010 instead of 90 pm of SU-8/2050 to maintain the structure of the trapping sites that is
designed for trapping microbeads (¢ = 15 um in diameter, polystyrene). Figure 2.15 shows the
fabricated prototype device (2.8 cm-long, 1.9 cm-wide, and 0.8 cm-thick).

(a) Fabricated Device

: \on Pressure
inlet Chamber i

Figure 2.15 Fabricated device. (a) The device is 2.8 cm-long, 1.9 cm-wide, and 0.8 cm-thick.
Oil inlet is shown in green and beads/cytokine inlets are shown in red. It has (b) 212 trapping
sites and (¢) T-junction to form and observe bead-in-droplet.

The potential to employ the presented device for biomolecular detection has been experimentally
demonstrated by detecting the inflammatory cytokine, IFN-y. First, we infuse the functionalized
microbeads suspended with phosphate buffered saline (PBS), 200 4M solution of IFN-y, and oil
into the device and formed microdroplets. We use Hexadecane as an oil phase and added
Span80 with a concentration of 5 wt% to Hexadecane to prevent an aggregation of formed
droplets. We observe that droplets are formed at the T-junction and some of the droplets contain
functionalized microbeads as shown in Figure 2.16a. Next, formed droplets containing
microbeads are transferred to the observation chamber and immobilized at the trapping sites
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(Fig. 2.16b). We observe the tendency that the formed droplets without microbeads have
relatively less possibility to be trapped at the trapping sites, compared with the droplets with
microbeads as droplets without microbeads can be easily deformed by a hydrodynamic pressure
and squeeze through the gaps of trapping sites. In addition, very few of the unnecessary droplets
such as satellite droplets or aggregated droplets are trapped as the smaller satellite droplets pass
through the gaps of the trapping sites.

We acquire fluorescent images of the immobilized microbeads. One of the fluorescent images is
shown in Figure 2.16c. We can observe that the microbeads in the droplets have higher
fluorescent intensity than the droplets without microbeads. These fluorescent images are
analyzed using the software, Image]. We calculate the total intensity level at the microbeads and
the background noise was subtracted from the calculated intensity level. To get a control data,
we measure an intensity level of functionalized microbeads mixed with PBS instead of IFN-y
solutions with the same procedure. The results are shown in Figure 2.16d. We observe that the
intensity level of the functionalized microbeads is higher than the intensity level of the control
data. These results suggest that the IFN-y has successfully displaced the quenchers of the
microbead-immobilized aptamer beacons, indicating the presented system has an ability to detect
cytokine and could be adapted for point-of-care diagnostics applications.

(a) Formation of PBS Droplets with Microbeads (c) Fluorescent Image (d) Intensity
Droplets Beads 8 Bright Field — __ 40 Measurements
T ; » 35
— ‘—Q [eleloRelelelsioloTononen >
Flow oV S,
Béads Flow =—Beads 30
(b) Immobilized droplets in Droplets & 25
9 0 & O 9 (%) R Q/ < -.ch 20
0 o : ° 0 @ o Fluorescent
Beads in Droplets Trapping Sites
v 0°[° Q ®) Q » v
o ) OD/rople\tg ” w._Beads
B @ 0 in Droplets :
Q ‘ ! Cytokine Control
3 ; 2 [100pum e
a 9 > 5 Ceen (IFN-Y) (PBS)

Figure 2.16 Experimental results for cytokine detection using the ‘finger-powered’ bead-in-
droplet microfluidic system. (a) Droplet formation with microbeads. (b) Immobilizing the
droplets at trapping sites and measured its intensity. (c) Bright field image and fluorescent
image of immobilized droplets. Microbeads in droplets are indicated as dashed lines in the
fluorescent image. Contrast and brightness of the fluorescent image are modified for better
visibility. (d) The intensity of the microbeads has increased and successfully detected cytokine in
the droplet.
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Chapter 3: Continuous-Flow Microdroplets Reaction and Rupture
Systems

3.1 Introduction

In various chemical and biological applications, such as nanoparticle synthesis,
genomics, cellular studies, and point-of-care diagnostics, rapid and high-throughput processing is
essential to handle large numbers of samples and reagents. In recent years, droplet-based
microreactors have been proposed [1]-[4] for the aforementioned applications due to a variety of
potential benefits; 1) rapid reaction time, ii) small amount of samples, iii) low background noise,
and iv) good microenvironment control. For example, microreactors technologies have been
proposed for the commercial-scale synthesis of nanoparticles with well-controlled size and
monodispersity [5], which is critical for various potential applications. In another example, the
integration of microbeads and microdroplets as the architecture of ‘“bead-in-droplet”
microreactors have been powerful tools using microbeads as substrates in microfluidic assays
[6]. Particularly, microbeads have unique properties of high surface area-to-volume ratios, easy
handling in microfluidic systems, and functionalization schemes as molecular detection probes in
a variety of applications, including high-throughput DNA sequencing [7], [8]. As such,
researchers have already developed automated on-chip droplet handling techniques, such as the
formation of droplets (e.g., T-junctions and flow focusing techniques) [9], [10], and the fusion of
droplets with reagents to initiate chemical reactions inside droplets [11]-[13]. These and other
microdroplets-based reports suggest the broad interests and potentials of droplet-based
microfluidic systems.

On the other hand, methodologies for the retrieval of the contents inside microdroplets
are often laborious and time-consuming, including “off-chip” processes in centrifugication,
aspiration and resuspension [5]. For example, nanoparticle synthesis generally requires the
retrieval and separation of synthesized nanoparticles in aqueous microdroplets from the typical
carrier fluids of various oil solutions. In the example of bead-in-droplet applications, multiple
assays such as washing and mixing of beads with different solutions are essential. The complete
alterations of solutions inside the microdroplets will require beads in the original microdroplets
to be released and transferred into new microdroplets of different solutions. In both of these
examples, one critical challenge is the retrieval of contents in the microdroplets (particles or
beads) by rapturing the droplets and a continuous-flow reaction system for rapid and high-
throughput applications.

In recent years, the methodology of continuous-flow microfluidic systems has been
shown as a potential high-throughput process [14]. For example, researchers have developed
micropost array railing methodologies to passively guide suspended microparticles (e.g.,
microbeads, cells and microdroplets) into discrete, adjacent solutions under continuous-flow
conditions [5], [15]-[19]. Here, we propose to utilize the continuous micropost array railing
system to demonstrate several advanced microfluidic processing capabilities, including the
techniques of continuous reaction, wash, and rupture of microdroplets to separate and retrieve
their contents (particles or beads) from oil solutions. The proposed microdroplets reaction and
rupture scheme is further integrated with other microfluidic components for system-level
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demonstrations, including (1) continuous synthesis and centrifugal-free retrieval of
nanoparticles, and (2) continuous bead-in-droplet microreactors with varying solutions. The
architecture of this continuous-flow microdroplets reaction and rapture systems could expand the
potentials of microdroplets for emerging biological/chemical applications when multi-stage
processes are required.

3.2 Rupture of Microdroplets

3.2.1 Operation Principle

Figure 3.1 illustrates the basic concept of the microdroplet rupture system. The system
consists of arrayed microposts and three microfluidic flow channels, corresponding to continuous
loading of water-in-oil droplets with surfactant (yellow), oil without surfactant (blue), and water
flow (magenta). As shown in other prior reports, the arrayed microposts enable suspended
microparticulates to be guided without disrupting the primary flow directions of the continuously
loaded fluids [6], [15], [18]-[20]. At the first junction (see Fig. 3.1), microdroplets are guided
from the oil flow with surfactant to the oil flow without surfactant, which serves to remove the
surfactant from the droplets. At the second junction, the shear force of the water flow combined
with the surface tension of the droplets result in the collapse of the droplets, thereby releasing the
contents of the droplets into the water flow. Thereafter, the water solution containing the
contents of the droplets is collected at the outlet while the oil phase flows are directed to the
waste ports.

Water Droplets in Oil
with Surfactant

Qil
without
Surfactant

Oil Wastes

Water Droplets

Dr(xt Contents
-
I >
j?g@ / Droplet Rupture‘
Surfactant

Figure 3.1 Conceptual illustrations of the continuous flow microdroplets rupture system. Fluids
including water-in-oil droplets with surfactant (vellow), oil without surfactant (blue), and water
flow (magenta) are continuously inputted in parallel. The arrayed microposts passively guide
the droplets into the adjacent flow streams to wash the droplets (and remove the surfactant) and
then rupture the droplets. This process enables the contents inside the microdroplets to be
retrieved for subsequent analysis and/or use by additional microfluidic components.
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One of the typical surfactants commonly used in experiments is Span 80, which is a non-
ionic surfactant with a hydrocarbon chain making it soluble in oil and a polar group giving its
affinity to water. The purpose of surfactant is to decrease the interfacial tension between the oil
and water phases, thereby facilitating the formation of water droplets (emulsification) as there is
only a relatively small increase in the free surface energy associated with emulsion formation.
Here, the free surface energy is the energy necessary to form new surface [7], [8], [21] and the
interfacial tension is given as:

Y=Yo—T 3.1)

where y is the interfacial tension energy after the addition of the surfactant, y, is the initial
surface tension and m is the surface pressure of the absorbed layer of surfactant. When the
interfacial tension is reduced to a certain level, formation of stable microdroplets can occur[9],
[10], [21]. The thermodynamic stability of the droplets can be explained by the Gibbs adsorption
equation,
c dy

=- E; (3.2)
where I' is the surface excess concentration, ¢ is the concentration in the solvent, R is the ideal
gas constant, T is the temperature and v is the interfacial tension. Equation 3.2 is the estimation
of the absorption of surfactant at the interface based on its concentration and its surface tension
as a function of concentration. The concentration of the surfactant above which the interfacial
tension is constant is named as critical micelle concentration (c.m.c.) [11]-[13], [21]. The
surface tension decreases until the concentration reaches the c.m.c. and then it stays constant
above this value. The c.m.c. of Span 80 in various oils such as hexane, pentane, decane, etc. is
estimated in the range of 10 M due to its similar chemistry to other oils used in experiments [5],
[22]. In our prototype experiments, the concentration of Span 80 used in hexadecane is 2% by
weight which corresponds to a molarity of 36 mM and is much higher than the c.m.c. In other
words, droplets formed in the hexadecane with 2% Span 80 are stable and it is not possible to
coalesce them easily. Therefore for the purpose of this work, a way to disrupt this stability is
required. As shown in Figure 3.1, microdroplets are first washed in pure oil (hexadecane
without Span 80) to reduce the concentration of surfactants to be below the c.m.c. and to
eventually increase the surface tension between oil and water phase such that the emulsion is no
longer stable. After flowing droplets in pure hexadecane, it is observed that they started to
merge and later release their contents in the water flow.

3.2.2 Design of the Microdroplets Rupture System

Figure 3.2 illustrates the design details of the microdroplets rupture system. In order to
make the continuous-flow microdroplets system, microposts (15x15 pm® squares; 5 pm
separation gap) are arrayed at a 1° angle with respect to the direction of the fluid flow[14], [18],
[19]. The microchannels are designed as 200 pm in width and separated with 15 pm-thick walls,
and the junctions have 5 mm-long openings (Fig. 3.2a), which are designed to accommodate the
microposts with 1° angle with the 50 um gap to the separating walls to allow the passage of
microdroplets. The first and second flow microchannels have minimum length of 12.5 mm to
guide the microdroplets across the 200 pum-wide channel with 1° angled microposts. In the
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prototype design, the first microchannel is 15 mm in length to including the inlet port. The
second microchannel for the washing process is 13.5 mm in length, including a portion of 1 mm
in length where the microposts are not tilted. This flat portion is designed to demonstrate the
flexibility of the system to allow longer processing period. Specifically, if a high concentration
surfactant was used, a longer washing time may be required to clean the surfactant. In the third
microchannel, microposts are not required because microdroplets are ruptured at the second
junction. We design the third microchannel as 10 mm in length including the second junction
and placed the microposts halfway to the channel width (100 pm).

It is found that the large opening at the second junction cause unstable boundary between
the water and oil flow as water extending its boundary into the oil channel. This phenomenon
often causes the water-oil boundary to extend into the oil microchannel and to be stopped by the
microposts. Fortunately, the gap between the microposts is very small which stops the further
invasion of the water-oil boundary. In order to reduce this effect, the micropost array in the
second junction area is modified to have a 30° angle with respect to the direction of the flow
(Fig. 3.2b). As a result, the opening length of the second junction is dramatically reduced from
Smm to 150 um, which significantly alleviate the problem of severely extended water boundary
to the oil microchannel. Although the higher 30° angle array design may cause clogging and stop
the transportation of microdroplets around the microposts as demonstrated with beads (15 pm in
diameter) in previous reports [18]-[20], these microdroplets are ruptured at the water-oil
boundary without the needs of further transportation as microdroplets and their contents could be
naturally transported in the water regions of the water-oil boundary and flushed in the water
microchannel directly.
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Figure 3.2 The design details of the microdroplets rupture system. (a) The micropost array is
designed to be have the tilted angle of 1° with respect to the flow direction. (b) The modified
design has the micropost array with the tilted angle of 30° for the shorter opening at the second
Jjunction region to alleviate the problem of the unstable boundary between oil and water.

3.2.3 Device Fabrication

The microfluidic systems are fabricated via the standard single layer soft lithography
processes, as shown in Figure 3.3. We pre-bake a clean silicon wafer for dehydration at 150 °C
for 15 minute to prevent possible delamination of the structures. A negative photoresist (SU-
8/2010, Microchem) of approximate thickness of 17 um is spin-coated onto the pre-baked silicon
wafer. Structures for the microchannels are patterned via contact photolithography (Model 200
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Mask Aligner, Optical Associates). Developed mold inserts are transferred to PDMS mixture at
a ratio of 10:0.9 of base and curing agent (Sylgard 184, Dow Corning). The 10 % less volume of
curing agent than the typical value is used to achieve PDMS with softer stiffness to prevent the
possible breakage of the structures with high aspect ratio (i.e. microposts) during the
delamination process from the mold inserts. After curing PDMS at 55 °C for at least two hours,
PDMS is peeled off from the mold inserts and 0.75 mm diameter holes for inlet/outlet ports are
punched with a circular-tip cutter (Harris Uni-Core Series, Ted Pella). PDMS part with
micropatterned structure is covalently bonded to a glass microscope slide (Fisher Scientific) via
Oxygen plasma (Reactive Ion Etcher, PETS, Inc.) and thermal treatment at 75 °C for 1 hour.
Figure 3.4 shows the micrographs of a fabricated device.

(a) Spincoat SU-8/2010 (b) Pattern SU-8 with Lighography  (c) Pour PDMS
SU-8/2010

Si Wafer
(d) Cure and Peel PDMS (e) Cut and Punch Inlet/Outlet Ports (f) Bond with Glass Substrate

Ports
\
L

Figure 3.3 Fabrication process. (a) SU-8/2010 with 17 um in thickness is spincoated on a
silicon wafer. (b) Microchannels are patterned with UV lithography. (c) Pre-mixed PDMS is
poured. (d) Cured PDMS layer with microstructures. (e) The PDMS layer is cut and inlet/outlet
ports are punched. (f) The PDMS part is covalently bonded to a glass substrate with the
assistance of oxygen plasma treatment.

PDMS

Glass
Substrate
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Figure 3.4 Fabricated device with (a) inlet regions for fluid solutions, (b) first junction, (c)
second junction, and (d) outlet regions. The scale bar is 100 um.

3.2.4 Materials and Experimental Setup

The water-in-oil microdroplets are formed using the commonly-used T-junction with 50
pum in width for both water and oil microchannels. The outlet microchannel of the device is
directly connected to the inlet microchannel of the microdroplets rupture system. Green dyed
deionized (DI) water is used for the water phase flow and Hexadecane (99%, Sigma Aldrich)
with 2 wt% of Span 80 (Sigma Aldrich) is used for the oil phase flow. Fluid solutions are
infused into the fabricated devices with syringe pumps (NE-300, New Era Pump Systems, Inc.).
The flow rate is set as 0.2 pl/min for the water microchannel and 0.5 pl/min for the oil
microchannels. Figure 3.5 shows the formation process of the water-in-oil microdroplets. The
average diameter of the microdroplets generated in the prototype system is 41.1+1.3 um.

These microdroplets are immediately transferred to the inlet of the microdroplets rupture
system. We infuse pure Hexadecane without surfactant as the washing oil, and red dyed DI
water for the collection of the contents of the ruptured droplets. Washing oil and the DI water
are infused with a pressure pump (MFCS series with flow-rate platform, Fluigent) to precisely
control the pressure between the boundary of oil and water flow at the second junction to prevent
extended boundary penetration into the oil microchannel. In the prototype experiments, the
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pumping pressure head is set as 1.5 bar for the washing oil and 1.3 bar for the washing water.
Qualitatively, it is desirable for the washing oil and washing water to have the same pressure at
the second junction to prevent the oil-water interfacing boundary moving into the oil or water
microchannel. The pumping pressure head is experimentally adjusted slightly higher at the
washing oil input port than the washing water port because the flow resistance is higher in the
washing oil due to the existence of the flow obstruction microposts before the second junction.
The operation of the microdroplets rupture system is observed under a microscope (Motic AE31,
Motic, Inc.) and recorded with a CCD (charge-coupled device) camera (QImaging Corp.)
calibrated with QCapturePro (QImaging). Captured images are analyzed with the freely
available imaging software, ImageJ (National Institutes of Health (NIH)), to characterize the size
of microdroplets.

i) i) ii) iv)

T ot amaeiic) Saiciatl)

Water
)
Hexadecane
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Formed
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Figure 3.5 Formation of the water-in-oil microdroplets. Observed average diameter of these
microdroplets is 41.1+1.3 um.

3.2.5 Experimental Results

Experimentally, green-dyed water-in-oil microdroplets are guided via the continuous-
flow arrayed microposts from the Hexadecane solution with 2 wt% Span 80 (first microchannel)
to the pure Hexadecane solution without surfactant (second microchannel) through the first
junction. It is observed that the boundary of the oil with surfactant-oil moves toward the first
microchannel of Hexadecane solution with 2 wt% Span 80 as shown in Fig. 3.6a. The sequential
images in Fig. 3.6b illustrated the sequential photos (33 milliseconds between each image) when
the guided microdroplets pass the boundary from the Hexadecane solution with 2 wt% Span 80
to the pure Hexadecane solution in the second microchannel. During the passage via the second
microchannel, Span 80 attached on the surface of the microdroplets can by reduced/washed
away. At the second junction between the Hexadecane and the water microchannel, the
boundary between the Hexadecane and water flow is deformed toward the Hexadecane
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microchannel and stopped by the microposts as shown in Fig. 3.7a. Furthermore, some droplets
are merged together before the second junction area to become a much larger droplet as shown in
Fig. 3.7b(i) — a phenomenon not observed in the Hexadecane solution with 2 wt% Span 80. This
suggests that surfactant on the droplet surface has been reduced/washed away in the pure
Hexadecane microchannel to allow the merge of microdroplets. Figures 3.7b (ii)-(v) are the
sequential photo taken every 66 milliseconds to illustrate the whole rupture process of a
microdroplet. When the microdroplet contacted the red-dyed water flow at the second junction,
it is ruptured and the contents inside are released into the water microchannel and to be collected
at the output port. The color of the water at the second junction region is observed to change
from its original red color to a mixture of green and red color (Fig. 3.7b). If polystyrene
particles (¢ = 10 um) are initially suspended and encapsulated in the green-dyed DI water-in-oil
microdroplets, a polystyrene particle is found to be released in the water flow microchannel (Fig.
3.8).

Figure 3.9 shows the sequential photos of the rupturing process using the modified
system with the micropost array with an angle of 30° at the second junction for better stability of
the water-oil boundary. It is observed that the modification doesn’t change the key rupturing
process and the contents of the droplets (i.e. green-dyded DI water) is released into the red DI
water flow. These results demonstrate the capability of using the presented continuous flow
microdroplets rupture systems to: (7) rupture water-in-oil microdroplets, (ii) release the inner
contents of droplets into water flow, and (i) separate the contents in microdroplets from oil.
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(a) First Junction for Transferring Droplets

(b) Transferred Microdroplets to Washing Process

Figure 3.6 Experimental results of transporting microdroplets at the first junction. (a)
Introduced water-in-oil microdroplets are guided by the arrayed microposts from the oil with
surfactant (Hexadecane with Span 80) in the first microchannel to pure Hexadecane flow in the
second microchannel for the wash step. (b) Sequential optical images showing the passing of a
water-in-oil microdroplet over the boundary between the two microchannels. Transferred
microdroplets are washed in the second microchannel with pure oil (Hexadecane) flow. These
microdroplets are dyed in green color for better visibility. Scale bars = 50 um.
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a) Second Junction for Rupturing Droplets b) Demonstration of Rupture

Figure 3.7 Experimental results showing the rupture of microdroplets at the second junction.
(a) Water-oil boundary is extended into the oil microchannel and stopped by the microposts and
the surface tension force. (b) Sequential optical photos showing the details of the microdroplets
rupturing process. (i) After being washed by the oil solution without surfactant in the middle
microchannel, microdroplets could merge and become a large microdroplet. (i) — (v) A
microdroplet is successfully ruptured at the second junction between the Hexadecane without
surfactant (second microchannel) and the water (third microchannel). The microdroplets and
water are dyed in green and red color, respectively, for better visibility. Clear effects of mixture
of color around the microdroplets rupture regions can be identified. Scale bars = 50 um.

Release of a Particle from a Droplet
Figure 3.8 Demonstration example showing the release a cluster of polystyrene particles from a

microdroplet. A polystyrene particle (o = 10 um) encapsulated in a microdroplet is successfully
released into the water microchannel after rupturing at the second junction. Scale bars = 50

um.

44



(a) Modified Second Junction (b) Demonstration of Rupture

Figure 3.9 Experimental results showing the rupture of microdroplets using a prototype system
with the modified second junction design. (a) Modified second junction by changing the tilted
angle of the micropost array from 1°to 30°. This design has much reduced opening width at
150um of the second junction. (b) Sequential optical images showing the rupture of a
microdroplet. Scale bars = 50 um.

3.3 Continuous Synthesis and Centrifuge-Free Retrieval of Nanoparticles
3.3.1 Operation Principle

Figure 3.10 illustrates the concept of the continuous-flow microdroplets reaction and
rapture system for the synthesis and centrifuge-free retrieval of iron-oxide nanoparticles. The
synthesis of iron-oxide nanoparticles is based on the coprecipitation of an aqueous solution of
iron salts (Reagent 1) when reacted with a base solution (Reagent 2). These two reagents (and a
third buffer solution) are infused into the microfluidic reactor and mixed within the water-in-oil
microdroplets via a T-junction. Infused reagents forms microdroplets and they are cut by the
carrier fluid of oil with surfactant. The buffer solution prevents the reagents from generating
nanoparticles prior to droplet formation (which could lead to undesired clogging) and instead
localizes the nanoparticle generation inside the microdropets (yellow). The S-shaped winding
channel induces rapid mixing by chaotic advection to allow for full reactions [4], [23], [24] to
synthesize nanoparticles inside these microdroplets. Reagents can be mixed at controlled
concentrations by monitoring the input flow rates of each individual fluid, which influences the
size of the synthesized nanoparticles.

The continuous-flow, micropost array railing system is then used to passively guide the
nanoparticle-containing microdroplets between three distinct flow streams. First, microdroplets
are transported from the oil flow with surfactant (purple) to the oil flow without surfactant
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(gray), which serves to remove the surfactant from the droplet surface. At the second junction,
the hydro- dynamic forces of the deionized (DI) water flow (blue) result in the destabilization of
the microdroplets, thereby releasing the iron-oxide nanoparticles into the water flow. Thereafter,
the water solution containing the nanoparticles is collected at the outlet, while the remaining oil
flow is directed to the waste ports.
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Figure 3.10 Conceptual illustrations of the microfluidic system for the synthesis and retrieval of
nanoparticles. Nanoparticles are synthesized with the mixing of two reagents. A buffer solution
of water separates them until they form droplets in order to prevent reaction prior to droplet
formation. The arrayed microposts passively guide the droplets into the adjacent flow streams to
wash the droplets (and remove the surfactant) and then “rupture” the droplets. The rupture of
microdroplets enables nanoparticles inside the droplets to be retrieved for further analysis and
characterization.

3.3.2 Methods

The nanoparticle synthesis method is based on a hydrolyzing of an aqueous mixture
containing 6 mM of FeCl; 6H,0, 30 mM of FeCl, 4H,0, and 0.5M HCI (reagent I) using 2 M
aqueous ammonia (NH4OH) (reagent 2) [25]. Upon the contact with ammonia, chemical
reaction between the iron salt (iron (III) and iron (II)) and the base (NH4OH) provides
precipitation of magnetite, Fe3O4 as shown below;

2Fe3* + Fe?* + 8NH,OH = Fe;0, + 8NH,* + 4H,0 3-3)

Both solutions are prepared with deaerated DI water under argon gas to minimize the oxidation
of Fe*" during the preparation.
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The nanoparticle synthesis process is performed under an air environment in the
microreactors formed via a microdroplet (Fig. 3.11). The system is made of permeable PDMS
and some amount of oxygen can dissolve into the reagents. As FeCl, can be partially oxidized
by the dissolved oxygen in the microchannel before contacting with ammonia, we increase the
concentration of FeCl, by a factor of 10 compared with other large scale synthesis processes
[26]. Iron salts (6 mM of FeCl; 6H,O, 30 mM of FeCl, 4H,0 and 0.5M HCI) and base (2 M of
aqueous ammonia, NH4OH) are infused into the microreactors from separate channels with DI
water as a buffer from the middle channel. All reagents are infused with syringe pumps (NE-
300, New Era Pump Systems, Inc.), and we set the flow rates at 0.5 ul/min for the two reagents
and 1.0 pl/min for the DI water, yielding a mixed solution initially containing 1.5 mM of FeCls
and 7.5 mM of FeCl,, with a stoichiometric excess of base. Infused reagents are briefly mixed to
initiate hydrolysis process and form microdroplets in a microchannel containing oil as a carrier
fluid. We use Hexadecane as the carrier fluid and add 2 wt% of Span 80 as a surfactant to
prevent the merge of microdroplets during the nanoparticle synthesis process. Subsequently,
microdroplets are transferred to the winding mixing channel and nanoparticles are synthesized
inside the microreactors.

Figure 3.11a shows the design details of the sub-system for the formation of integrated
microdroplets. It has a T-junction and three microchannels for reagents (i.e. iron salt, base and
buffer solutions). The microchannels are 50 um in width and the two microchannels on both
sides are tilted at 30° leftwards and rightwards to the water microchannel at the middle. The long
winding microchannel, which is placed 75 pm away from the junction for mixing and reaction,
has a width of 50 um and length of 3.6 mm. The same fabrication process as shown in Chapter
3.2.3 is utilized to fabricate the system for the continuous synthesis and centrifuge-free retrieval
of nanoparticles. Figure 3.11b shows the fabricated results around the reagent inlets and T-
junction. We infuse solutions with syringe pumps (NE-300, New Era Pump Systems, Inc.) and
set the flow rates at 0.5 pl/min, 1.0 pul/min, 0.5 pl/min, 3.0 pl/min, 3.0 pl/min, and 10.0 pl/min
for the iron salt, the buffer, the base solution, oil carrier, washing oil, and DI water, respectively.
The flow rate of the washing oil and DI water are approximately the same for the rupture process
of microdroplets. Synthesized nanoparticles are characterized with transmission electron
microscope (TEM) (JEM-2100, JEOL) and x-ray diffractometry (XRD) (D-5000 X-Ray
Diffractometer, Siemens).
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Figure 3.11 The sub-system for the formation of integrated microdroplets around the sample
inlets and T-junction region. (a) Design details of the T-junction with three aqueous solutions.
(b) A fabricated prototype. Scale bar = 100 um
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3.3.3 Results of Iron Oxide Nanoparticle Synthesis and Retrieval

Figure 3.12 shows the infusion of the reagents, buffer, and oil phase to form
microdroplets in which the reagents are mixed and reacted to generate nanoparticles. It is
observed that infused iron salt solution (FeCly), buffer and base solution (NH;OH) formed
microdroplets in Hexadecane (with 2 wt% of surfactant Span 80) at the T-junction as shown in
Figure 3.12a. To prevent the contact of reagents before droplet formation (which can lead to
clogging); DI water is provided in the middle channel which successfully separates the two
reagents. Figurer 3.12b shows the boundaries of the three aqueous solutions at the T-junction
with dyed reagents. Generated microdroplets are subsequently mixed in the mixing channel and
formed iron-oxide nanoparticles in the microdroplets after these microdroplets are collected in a
downstream chamber region (Fig. 3.12¢). The diameter of microdroplets is characterized as
67.5£2.9 pm after mixing.
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Figure 3.12 Experimental results of the synthesis of iron oxide nanoparticles. (a) Infused
reagents can form microdroplets in the oil solution with surfactant at the T-junction region, and
the mixing occur inside the microdroplets to synthesize iron oxide nanoparticles. (b) Clear
boundaries of the three input solutions as the two reagents are separated by the middle buffer
prior to the droplet formation. The reagents are dyed in blue and green for better visibility. (c)
The average diameter of the droplets is 67.5+2.9 um after the mixing process at a downstream
chamber region. Scale bars = 50 um.

The typical microdroplets rupture process is recorded in Figure 3.13. In Figure 3.13a,
three continuous flow microchannels are shown with nanoparticle-containing microdroplets in
the first microchannel. Figure 3.13b shows microdroplets being guided via the arrayed
microposts and transferred from the first microchannel (Hexadecane solution with Span 80, 2%
wt.) to the second microchannel (pure Hexadecane solution) via the first junction. The pure
Hexadecane can wash the surface of the microdroplets to reduce the amount of surfactant such
that some microdroplets are found to fuse together due to increased surface tension between oil
and aqueous phases. At the second junction between the second microchannel and the third
microchannel (DI water), microdroplets are transported into the water flow microchannel,
resulting in the collapse of the microdroplets and iron oxide nanoparticles are released in the
water microchannel. Figure 3.13¢ shows the merging and collapse of the microdroplets into the
water, which was dyed in blue for better visibility. The released nanoparticles are collected at
the water flow outlet.
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Figure 3.13 The typical microdroplets rupture process and the retrieval of nanoparticles from
the microreactors. (a) Microdroplets with synthesize iron oxide nanoparticles in the oil solution
with surfactant. Microdroplets in oil solution with surfactant, oil, and water solutions are
infused continuously. (b) Microdroplets are guided by the micropost array and transferred to
the second microchannel with pure washing oil flow at the first junction. (c¢) Microdroplets are
ruptured into the third microchannel with water solution and the iron-oxide nanoparticles are
released into the water flow.

The nanoparticles are collected and examined under transmission electron microscopy
(TEM) to characterize their material properties (Fig. 3.14a). The samples are mounted on the
TEM carbon grid and results show clear boundary of each nanoparticle as they are separated
from the oil solution. The average diameter of the nanoparticles is characterized as 5.5 nm + 1.5
nm. The nanoparticles are agglomerated because no ligands are used during the synthesis
process to separate them. The XRD analysis in Fig. 3.14b shows the 20 peak at 33° which
corresponds to magnetite, Fe;O4. Other peaks correspond to goethite, FeOOH, or silicon
substrate on which the nanoparticles are mounted. Furthermore, under a magnetic field by using
a permanent magnet as shown in Figure 3.14¢, the nanoparticles aggregate and move towards
the magnet, indicating strong magnetic property of the collected nanoparticles. These results
suggest that the continuous-flow microdroplets reaction and rapture system can be used for the
synthesis and centrifuge-free retrieval of nanoparticles, which could be utilized for diverse
nanoparticle-based synthesis processes.
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Figure 3.14. Material characterizations of the synthesized iron-oxide nanoparticles. (a)
Nanoparticles under TEM examinations show the size of nanoparticles as 5.5 nm + 1.5 nm. (b)
Under an applied magnetic field by a permanent magnet, nanoparticle move and aggregate
toward the magnet. (c) X-ray diffraction (XRD) pattern of synthesized nanoparticles showing a
peak signal at 33° which corresponds to the iron oxide magnetite.

3.4 Continuous Rupture and Solution Alteration for Bead-in-Droplets
3.4.1 Operation Principle

Figure 3.15 illustrates the concept of the bead-in-droplet solution alteration system which
consists of three major components: (i) the continuous-flow microposts railing system, (ii) four
microfluidic flow channels in green, grey, yellow and blue colors, respectively, corresponding to
continuous loading of water-in-oil droplets containing microbeads suspended in oil with
surfactant (green), washing oil without surfactant (grey), washing water (yellow), and a second
solution (blue), and (iii) a T-junction at the outlet for new droplet formations. Micropost array
railing techniques are utilized to guide both droplets [15], [17] and microbeads [18]-[20] into
distinct, adjacent fluids of flows (e.g., oil and water). First, loaded bead-containing
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microdroplets are passively guided by the arrayed microposts from the initial oil suspension
(green) into the surfactant-free washing oil (grey) at the first junction. In the second
microchannel, the washing oil without surfactant removes and reduces the surfactant on the
surface of the droplets to allow the droplet to ‘rupture’. At the second junction between the
washing oil microchannel and washing water (yellow) microchannel, bean-in-droplets are broken
apart and microbeads are released in to the washing water microchannel. The released
microbeads are further guided by microposts to the second solution channels (blue) and its outlet
port. During the process, microbeads can be washed in the washing water microchannel to
remove the initial binding solution on the surface of the beads. Afterwards, a T-junction is used
to form new microdroplets containing both the beads and the second solution assay. The bead-
in-droplets in the second solution are collected at the outlet for experiments or they can go
through other stages of solution alternation processes depending on the overall system/reaction
requirements. As such, the specific solutions in the microdroplets can be continuously altered
for specific bead-in-droplets microfluidic systems.
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Figure 3.15 Conceptual illustrations of the continuous-flow bead-in-droplet solution alteration
system. Loaded microdroplets containing microbeads and a “first” solution (red) are passively
guided into the adjacent flow streams via a micropost array railing technique. Microdroplets
are washed by oil without surfactant (grey) to enable the rupture of bead-in-droplets at the
interface of oil and water (yellow) microchannels. Microbeads are released into the washing
water. Subsequently, released microbeads are transported into the “second” solution (blue). A
T-junction is used to form new microdroplets containing microbeads and the second solution.
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3.4.2 Methods

Figure 3.16a shows the design details of a prototype system targeting o = 15 pm beads
based on the design principle described in the previous section (Chapter 3.2.2). Specific design
parameters include: 15x15 pm? square-shape microposts with a 5 pm gap between posts and 1°
tilted angle for the microposts array with respect to the flow direction for successful guidance of
bead-in-droplets and beads. Similar to the previous design, the main microchannels are 200 pm
in width and the inlet and outlet microchannels are 50 pm in width. A 50 pm-wide T-junction
design at the final outlet is used to generate new droplets for the microbeads with an approximate
distance of 4.5 mm from the rupture component. The prototype system is fabricated with the
same procedure shown in the previous section (Chapter 3.2.3). Figure 3.16b shows optical
images of the fabrication prototype system.

Polystyrene beads (Crosslinked Polystyrene Particles, 13.0-17.9 um in diameter, 2.5 wt%,
Spherotech, Inc.) are initially suspended in red-dyed DI water with overall concentration of 0.25
wt% and infused into a T-junction to be encapsulated in the water-in-oil droplets. Washing oil
and washing water is infused with a pressure pump (MFCS series with flow-rate platform,
Fluigent) to control the pressure head at the microchannel inlet ports set as 1.2 bar for the
washing oil and 0.8 bar for the washing water. Syringe pumps (NE-300, New Era Pump
Systems, Inc.) are set for infusing solutions with flow rates of 0.1 pl/min, 0.25 pl/min, 0.75
pl/min, and 1.5 pl/min for the bead suspension microchannel, the oil for the first droplet
formation microchannel, the second droplet solution microchannel, and the oil for the second
droplet formation microchannel, respectively.
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Figure 3.16 (a) Design details of the continuous rupture and solution alteration system for
bead-in-droplets with o = 15 um microbeads. Square microposts (15%15 um?’) with 5 um gaps
are arrayed at a 1° tilted angle with respect to the flow direction for successful guidance of
microdroplets and microbeads. (b) Optical photos of a fabricated prototype system.
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3.4.3 Experimental Demonstrations

First, bead-in-droplets are generated with water as the droplet solution containing o = 15
um polystyrene microbeads at a T-junction preceding the inlet with diameter of 61.1+1.4 um.
Red-color dyed deionized (DI) water is used as the first microdroplets solution, and Hexadecane
is used as an oil carrier with 2 wt% of Span 80 as surfactant (Fig. 3.17a). The bead-in-droplets
are transported into the system (Fig. 3.17b) from the 50 um-wide microchannel to the 200 um-
wide microchannel. The larger microchannel causes the reduction in flow rate. As such, the
bead-in-droplets are piled together as shown in Fig. 3.17b. It is also observed that most of the
microdroplets don’t have encapsulated beads due as concentration of beads in the solution is low
in the prototype experiments.

(a) Droplet Formation

Hexadecane
with Surfactant Formed Droplets

--

Polystyrene Microbeads

First Droplet Solution

(Red Water) 100 pm

(b) Infuse Droplets with Microbeads
Infused Droplets

== \\ashing Oil

Qashing Water

- /.;
== Second Solution
~
200 um

Figure 3.17 Formation of bead-in-droplet and transportations. (a) Bead-in-droplets containing
o = 15 um microbeads are formed at the T-junction. Red dyed DI water is used as the first
microdroplets solution and Hexadecane with 2 wt% of surfactant Span 80 is used as the oil
phase carrier flow. (b) Generated microdroplets and bead-in-droplets (o = 61.1+1.4 um) are
infused into the system from the 50 um-wide microchannel to the 200 um-wide microchannel.
The larger microchannel causes the reduction in flow rate and the pile-up of microdroplets.
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These bead-in-droplets and microdroplets are guided by the micropost array to the second
flow channel of pure Hexadecane flow to wash away the surfactant (Fig. 3.18a). Since the
diameter of the microdroplets is larger than the designed gap between the micropost and the
dividing wall between the first (Hexadecane with surfactant) and second (pure Hexadecane)
microchannels, some of the microdroplets are squeezed above the microposts array as shown in
Fig. 3.18a. Figure 18b illustrates that after the droplet washing process, the bead-in-droplets can
be ruptured at the second junction (oil-water interface) to release microbeads into the water
microchannel (yellow dyed DI water). Subsequently, the released microbeads are washed in the
water flow and transferred into the second droplet solution flow (blue dyed DI water) in Fig.
3.18¢c. Afterwards, the second T-junction section enables the formation of new microdroplets
containing both the microbeads and the second droplet solution (Fig. 3.18d).
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(b) Release Microbeads into Water
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Figure 3.18 Demonstration of the solution alternatoin process with o = 15um microbeads.
Infused bead-in-droplets are successfully transferred by the microposts railing system to (a) the
pure Hexadecane flow microchannel to wash surfactant; (b) the yellow-dyed water for the
rupture of micro droplets and the release of microbeads; (c) blue-dyed water as the second
microdroplets solution; and (d) the T-junction section for the formation of bead-in-droplets
containing microbeads and the second droplet solution (o = 38.6+1.0 um).

~
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Average diameter of the second microdroplets is measured as 38.6£1.0 um. The size of
the second droplets can be controlled by changing the flow rate of the oil flow at the T-junction.
Furthermore, the configuration of these bead-in-droplets is compatible with the existing
microdroplets sorting methods [14], [27], [28]. For example, continuous-flow separation of
microdroplets can be integrated to the system to increase the collection efficiency of the second
bead-in-droplets at the outlet port. These results suggest that the bead-in-droplet solution
alteration system could be developed for bead-based microfluidics platforms that require
multiple fluidic reactions, for lab-on-a-chip systems, such as genomics, cellular studies, and
point-of-care diagnostics.
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Chapter 4: Microdroplets Encapsulated with Magnetic Particles
Filled Polymer Shells

4.1 Introduction

The main focuses of carrier-based drug delivery systems include; (i) encapsulating active
drugs to prevent degradations, (ii) targeting the specific locations, and (iii) controlling drug
release rates while maintaining effective drug concentrations [1]-[3]. In recent years, researchers
have been utilizing functionalized micro/nano carriers such as nanoparticles [4], [5], micelles [6],
droplets [7], and double emulsions [8], [9] to realize the encapsulations of the drugs and targeted
deliveries. The drug delivery rate and effectiveness, however, are difficult to control because the
aforementioned methodologies rely on passive drug delivery schemes without active control.

In the state-of-the-art drug delivery applications, magnetic systems are promising due to
various potential benefits of the magnetic materials in: (i) remote manipulation of the carriers to
specific locations via the guidance of a magnetic field (e.g., a magnet) [10], [11], and (i7) active
drug release and control with the assistance of induction heating remotely by altering the
porosity of the encapsulating membranes with alternating magnetic fields [12]-[15] (e.g.,
electromagnetic coil with alternating current). Since the formations of microfluidic double
emulsions in flow focusing device have been widely studied [8], [9], [16], [17], the challenge is
to integrate magnetic materials with the microdroplets. Previously, the encapsulation of
magnetorheological fluid has been achieved in a core-shell microdroplets system [11]. A variety
of polymeric structures with embedded magnetic particles have also been demonstrated [10],
[18]-[22]. This work investigates the techniques in integrating microdroplets with magnetic
polymer shells as the potential carriers for therapeutic drug delivery applications.

Figure 4.1 illustrates the basic concept of the microdroplets encapsulated with magnetic
particles filled polymer shells for drug delivery applications. Biocompatible polymer shells
containing magnetic nanoparticles are used to encapsulate aqueous phase solutions with active
therapeutic drug materials. These magnetic capsules may be injected into blood vessels and
guided via the externally applied DC magnetic field to the desirable locations as the “targeting”
process [11]. Afterwards, an AC magnetic field may be applied for local heating of the magnetic
particles to break or increase the porosity of the polymeric shells for active control of the drug
delivery system [15], [23]. The proposed microcapsules have the potential to overcome a
number of hurdles associated with current state-of-art technologies: (1) magnetic shells can be
guided by DC magnetic field for location control; (2) magnetic particles can be heated by AC
magnetic field to break or change the porosity of the shells for active drug release control; and
(3) encapsulated microdroplets can prevent the possible degradation and contamination of the
drug materials during the transportation processes.
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Figure 4.1 Concept of the microdroplets encapsulated with magnetic particles filled polymer
shells for therapeutic applications. Active drug materials are encapsulated in biocompatible
polymer shells filled with magnetic particles to provide the magnetic functionality, including (1)
to remotely manipulate the location of the carriers via the DC magnetic field, and (2) to release
the drug on-demand via the AC magnetic field to heat up the magnetic particles and break or
increase the porosity of the polymeric shells.

4.2 Methods

4.2.1 Formation of Microdroplets with Magnetic Particles Filled Polymer Shells

Figure 4.2 conceptually depicts the synthesis of magnetic particle filled polymer shells
with encapsulated microdroplets via photopolymerization of emulsion microdroplets formed by
the dual-stage flow-focusing junctions [24]. A newly developed magnetic UV curable composite
is utilized as the shell material — superparamagnetic iron oxide nanoparticles with fatty acid
coatings, dispersed in poly(ethyleneglycol) diacrylate (PEGDA). At the first junction, aqueous
solutions are continuously injected into the magnetic PEGDA stream for the formation of water-
in-PEGDA microdroplets. At the second junction, the water-in-PEGDA microdroplets are in the
magnetic PEGDA stream are injected and compartmentalized into water for the formation of
double emulsion. Subsequently, exposure to UV light selectively polymerizes the polymeric
shells filled with magnetic particles [25], [26]. Under the proper design and process control,
these magnetic microcapsules can be formed continuously as a potential high-throughput process
to fabricate these drug delivery carriers. The UV light intensity has to high enough for the
polymerization process while low enough without causing any possible damages to the internal
drug materials. The property and concentration of the magnetic particles have to be carefully
chosen to assure smooth operations for the later drug targeting and delivery operations using
both DC and AC magnetic fields.
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Figure 4.2 Conceptual diagram showing the formation of magnetic core-shell microcapsules.
The multi-stage flow focusing microfluidic system forms double emulsions of inner aqueous
phase and outer PEGDA solution with embedded magnetic nanoparticles. The UV exposure
process polymerizes PEGDA shells selectively, and results in microcapsules with magnetic
nanoparticles filled polymeric shells with aqueous cores as the microcapsules. These magnetic
core-shell microcapsules could be used for therapeutic delivery applications with abilities to
remotely control the targeting location and release of drugs.

4.2.2 Device Fabrication

Figure 4.3 shows the prototype design and dimensions of the microfluidic flow-focusing
system. The main microchannels are all 200 um in width and the two junction regions have
orifices with 50 pm in width and 200 pm in length. Distance between the two junctions is 800
um in length. A large UV exposure chamber with 1 mm width and 2mm length is placed after
the second flow-focusing junction to reduce the flow rate and increase the duration of the
polymerization process. The slower flow rate at the UV exposure chamber is also beneficial for
visual observations. The first junction is made hydrophobic for the formation of water-in-
PEGDA microdroplets in the magnetic PEGDA fluid [24]. The second junction is made
hydrophilic for the formation of PEGDA-in water microdroplets in water [16], [27]. Figure 4.4
illustrates the fabrication process. The prototype devices are fabricated using standard soft
lithography processes [28].  Briefly, SU-8/2050 photoresist (SU-8/2050, Microchem) is
patterned on a silicon wafer with a thickness of 100 um as a master mold to transfer the
structures to poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning). Cured PDMS is then
peeled off the mold and the inlet and outlet ports are made by punching holes (¢ = 7.5 mm) with
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a circular-tip cutter (Harris Uni-Core Series, Ted Pella). The surface of PDMS is treated with
oxygen plasma (120W for 10 s) (Reactive Ion Etcher, PETS, Inc.) to modify the surface from
hydrophobic to hydrophilic and to promote the bonding process [16], [27], [29], [30]. PDMS is
naturally hydrophobic and it turns the state to hydrophilic by applying oxygen plasma. The first
junction was selectively covered with Kapton tape (o = 1.5 mm) to maintain the hydrophobicity
state of the PDMS. After attachment to the glass substrate (Fisher Scientific), deionized (DI)
water is infused to the second junction from the outlet to keep its hydrophilic state. Plasma-
treated PDMS recovers its hydrophobic state after approximately 30 minutes of continuous
exposure to air. Thermal treatment at 75°C for 30min is conducted afterward to form covalent
bonding between the PDMS and glass substrate. The prototype devices are left in the air under
room temperature for at least one hour to recover the hydrophobic state inside the microchannels
of the fabricated PDMS devices except for the second junction regions and the chamber/outlet
parts where DI water are filled to preserve their hydrophilic states. Figure 4.5 shows optical
micro photos of fabricated microfluidic system for the formation of magnetic core-shell
microcapsules: (a) first junction region, and (b) second junction region. The thickness of these
microchannels is defined by the SU-8 mold insert with a target of 100 um.

PEGDA Incorporated with

Aqueous Phase Magnetic Nanoparticles Water with Surfactant

1. Outlet

Hydrophilic Region

Figure 4.3 Design details of the microfluidic system for the formation of magnetic core-shell
microcapsules. Flow focusing junctions have 200um-wide main microchannels and 50um-wide
orifices. The first junction is made hydrophobic for the formation of aqueous microdroplets and
the second junction is made hydrophilic for the formation of PEGDA-in-water emulsions.
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Figure 4.4 Fabrication process of the microfluidic system for the formation of magnetic core-
shell microcapsules. (a) SU-8/2050 with 100 um in thickness is spincoated on a silicon wafer.
(b) Microchannels are patterned with UV photolithography. (c¢) Pre-mixed PDMS is poured. (d)
Microstructures are transferred to the cured PDMS. (e) PDMS is cut and inlet/outlet ports are
punched. (f) Surface of PDMS is treated with oxygen plasma while the first junction is covered
with a Kapton tape. (g) PDMS is covalently bonded to a glass substrate. (h) DI water is added
from the outlet port to maintain the hydrophilic state.

(a) First Junction b) Second Junction

Figure 4.5 Optical micro photos of fabricated microfluidic system for the formation of magnetic
core-shell microcapsules: (a) first junction region, and (b) second junction region.
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4.2.3 Magnetic PEGDA Solution

Iron oxide magnetic nanoparticles (EMG 1200 - dry magnetic nanoparticles, Ferrotec) are
added to the PEGDA solution (average Mn = 250, Sigma Aldrich) with surfactant. In order to
identify the right surfactant for the prototype microfluidic system for the formation of water-in-
PEGDA-in-water double emulsions, three different types of 1 wt% surfactants for PEGDA
solution have been considered: Tween 20 (Sigma Aldrich), Span 80 (Sigma Aldrich), and
Pluronic F-127 (Sigma Aldrich). The experimental results are presented in the next section.
Toluene is added and the mixed solution is sonicated for at least 30 minutes to uniformly
disperse the iron oxide nanoparticles. After the dispersion process, we remove the toluene via
high-speed centrifugation (ARE-310, Thinky). Afterwards, 1 wt% of photoinitiator, 2,2-
Dimethoxy-2-Phenylacetophenone (DMPA) (99%, Sigma Aldrich), is added to the magnetic
PEGDA solution and the mixture is sonicated for 30 minutes. In the first experiment, the
magnetic PEGDA mixture is tested under UV light to determine if the mixture can be the photo
cured. The quick experiment is designed to have high UV light intensity to validate the
hypothesis that the magnetic mixture can be cured under UV light. In the prototype test, the
magnetic PEGDA mixture with 5 wt% of Iron Oxide nanoparticles is poured and sandwiched
between two glass slide with an approximate gap of Imm, and exposed to a UV light (365 nm
wavelength, 25 mW/cm® UV-KUBI, KLOE) source of approximately 10 cm away for two
seconds. The duration of UV exposure in this preliminary experiment is in the same order of the
duration of on-chip UV exposure that is used in the following chapters (Chapter 4.3.2) with an
assumption that the double emulsions path through the exposed area in the microchannel with a
few seconds. As expected, it is observed that the suspended magnetic nanoparticles and PEGDA
are polymerized together as illustrated in Fig. 4.6. After the UV exposure, the two glass slides
was attached firmly with the strong adhesion force by the sandwiched magnetic PEGDA mixture,
and it confirmed that the polymerization is completed. Because the thickness of the magnetic
PEGDA mixture is approximately ten times thicker than the microfluidic device we use in the
following experiments, this result indicates that the magnetic PEGDA solution could be
photocurable with on-chip UV exposure in the following chapters.

Figure 4.6 Polymerized magnetic PEGDA solution with 5wt% of Iron Oxide nanoparticles after
exposed to the UV light (365 nm wavelength, 25 mW/cm®) source source of approximately 10 cm
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away for two seconds. Black part is the suspended magnetic nanoparticles (5 wt%) and the
matrix is polymerized PEGDA.

4.2.4 Experimental Setup

Different fluids are used in the experiments. First, green-dyed DI water with surfactant is
used as the outer fluid is added from the outlet port to maintain the hydrophilic state to the third
inlet port right after the fabrication process. The best combinations of surfactants for the
prototype system are investigated by conducting a series of experiments on three different types
of surfactants in magnetic PEGDA, including Span 80 (Sigma Aldrich), Pluronic F-127 (Sigma
Aldrich), and Tween 20 (Sigma Aldrich), as well as in the green-dyed DI water, including
Pluronic F-127 (Sigma Aldrich), Pluronic P-85 (BASF), and Pluronic F-68 (BASF) [31].
Second, red-dyed DI water is used as the aqueous core and added to the first inlet port. Third,
magnetic PEGDA solution is added to the second inlet port. These fluid solutions are inputed
into the fabricated prototype devices by using syringe pumps (NE-300, New Era Pump Systems,
Inc.). UV light is directly applied to the prototype system at the UV exposure chamber after the
formation of the double emulsions. The light source is a quartz halogen microscope bulb (30 W)
and the light is focused through 4’,6-diamidino-2-phenylindole (DAPI) filter (350 nm
wavelength). The microdroplet formation processes are observed under a microscope (Motic
AE31, Motic, Inc.), recorded with a charge-coupled device (CCD) camera (QImaging Corp.)
which is caribrated with QCapturePro (QImaging). Captured images are analyzed with the
imaging software, ImageJ (National Institutes of Health (NIH)), and MATLAB (The
Mathworks) to characterize the size of microdroplets and microcapsules.

4.3 Results and Discussion
4.3.1 Microfluidic Systems for the Formation of Double Emulsions

In the first stage of the experiments, the effects of different types of surfactants are tested
by injecting red-dyed DI water solution into the magnetic PEGDA solution (0.5 wt% of iron
oxide nanoparticles) at the first junction to form the water-in-PEGDA microdroplets which are
then injected into the green-dyed DI water solution at the second junction to form the double
emulsions, water-in-PEGDA-in-water microdroplets. The infusion flow rates are 1.5 xl/min, 3.5
ul/min, and 5.5 ul/min for the aqueous core (red-dyed DI water), magnetic PEGDA with 0.5
wt% of iron oxide nanoparticles, and green-dyed DI water, respectively. Various combinations
of different types of 1 wt% surfactants have been tested and characterized experimentally to
determine the best combinations of surfactants for the formation of double emulsions in the
prototype system as listed in Table 4.1. In general, the microdroplets may rupture or coalesce
with inappropriate surfactant combinations and several of the failed experiments are shown in
Figure 4.7. For example, Fig. 4.7a is an optical photo showing the rupture of the aqueous core
microdroplets around the first junction while Fig. 4.7b shows the coalescence of water-in-
PEGDA microdroplets around the second junction. It is found that the best combinations of
surfactants are 1 wt% of Tween 20 in the magnetic PEGDA solution and 1 wt% of Pluronic F-
127 or 1 wt% of P-85 in the green-dyed DI water. Furthermore, several failed experiments have
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been observed with poor designs in the microfluidic system or if the surface modification
processes are not conducted appropriately. For example, Fig. 4.7¢ is the optical photo showing
failure in the formation of the water-in-PEGDA microdroplets without the design of a narrower
ejection neck with wetted water flows on the PDMS walls. On the other hand, Figure 4.7d
shows the formation of green-dyed water-in-PEGDA microdroplets around at the second
junction when the surface around the second junction is hydrophobic instead of hydrophilic.

(a) Rupture of the Core (b) Coalescence of the Shell

Ruptured Core

PEGDA Merged PEGDA
\ :

200 um Aqueous Core 200 um

(c) Wetted Core (d) Wetted PEGDA

Wetted Water  Water Droplet |
\ | ! AN »,
—N

Aqueous Core

Figure 4.7 Examples of several failed operations on the formation of double emulsions due to
improper combinations of surfactants, inferior designs or surface treatment processes. (a) Some
microdroplets with aqueous core (red-dyed water) are ruptured in PEGDA microchannel as
observed around the second junction due to improper combinations of surfactants. (b) PEGDA-
in-water microdroplets (double emulsions) are merged together around the second junction due
to improper combinations of surfactants. (c) Failure in the formation of water-in-PEGDA
microdroplets without the design of a narrower ejection neck around the first junction. (d) The
undesirable formation of microdroplets of the green-dyed water-in-PEGDA microdroplets
around at the second junction when the surface around the second junction is hydrophobic
instead of hydrophilic.

Table 4.1 Combinations of Surfactants for the Formation of Double Emulsions

Magnetic Span | Span | Span Tween | Tween | Tween
PEGDA 8o | so | 8o |F127|F127\FA27 1 o 20 20
Green-Dyed | F-127 | P-85 F-68 | F-127 | P-85 F-68 | F-127 | P-85 F-68
Water
Rupture/
Coalescence | Yes Yes Yes Yes Yes Yes No No Yes

When the right combination of surfactants are used in the prototype system with the right
design and process parameters, the formation of double emulsions with aqueous core (red-dyed
DI water) and PEGDA shells (light brown) is achieved as shown in Fig. 4.8. In this
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demonstration, a “standard process” is conducted by using magnetic PEGDA with 0.5 wt% of
iron oxide nanoparticles and 1% of Tween 20, and green-dyed water with 1% of P-85 and the
infusion flow rates are 1.5 ul/min, 3.5 ul/min, and 5.5 ul/min for the aqueous core (red-dyed DI
water), magnetic PEGDA, and green-dyed DI water, respectively,. Specifically, the optical
micro photos Fig. 4.8a are the (1) formation of water-in-PEGDA microdroplets around the first
junction, (2) the formation of water-in-PEGDA-in-water (green-dyed DI water) double
emulsions around the second junction, and (3) the accumulations of double emulsions around the
outlet region. The size distributions of the double emulsions and their aqueous cores are
characterized as shown in Fig. 4.8b. The outer diameter is measured as 247.0£10.8 ym and the
inner diameter is measured 93.6+8.0 um.

The size of microdroplets can be tuned by changing the flow rates of the fluids [32]. As
an example demonstration of size control with different flow rates, PEGDA droplets without the
core is formed at the second flow-focusing junction. We infuse the plain PEGDA as the droplet
solution and green-dyed water with 1 wt% of P85 as the outer fluid. the size the diameter of the
PEGDA droplets increases from 136.6+23.1 to 241.2+30.1 um by increasing the flow rate of
PEGDA from 0.5 ul/min to 2.0 ul/min while keeping the flow rates of outer water at 3.5 ul/min
as shown in Fig. 4.8c. These results indicate that the size of PEGDA droplets can be tuned with
the flow rates. The size distribution of the PEGDA droplets is larger than the results of double
emulsions (Fig. 4.8b) due to the capacitance from the air bubble in the closed inlet port for the
first channel.

Furthermore, in order to increase the magnetic property of the microcapsules, higher
concentrations of iron oxide nanoparticles at 5 wt% has been tested by using the prototype
microfluidic system. The higher concentration of the magnetic nanoparticles results in opaque
magnetic PEGDA shells as seen in Fig. 4.9a. Red fluorescent nanoparticles (¢ = 500 nm) of 1
wt% are added to the aqueous core solution and the experimental results confirm the successful
encapsulations of the aqueous core solutions in these magnetic microcapsules as shown in Fig.
4.9b.
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(a) Formation of Double Emulsions
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Figure 4.8 (a) Sequential optical micro photos showing the formation of double emulsions with
aqueous cores and magnetic PEGDA shells at the first junction, second junction and outlet
region, respectively. PEGDA shells have 0.5 wt% of iron oxide nanoparticles. (b) The size
distributions of the microdroplets with statistical analyses: 247.0+10.8 um outer diameter and
93.6+8.0 um aqueous core. (c) The size of the double emulsion microdroplets can be adjusted by
using different fluid flow rates. In this example, the outer diameter of the PEGDA droplets
increases from 136.6+23.1 to 241.2+30.1 um when the flow rate of PEGDA is increases from 0.5
to 2.0 ul/min while keeping the flow rates of outer water at 3.5 ul/min.
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(a) Bright Field Image (b) Fluorescent Image

Core with Fluorescent
Nanoparticles

"
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PEGDA Shell

Figure 4.9 Formation of magnetic microcapsules with increased concentration of Iron Oxide
nanoparticles to 5 wt%. (a) The microcapsules become opaque under the bright field image. (b)
After adding red fluorescent nanoparticles (o = 500 nm) in the aqueous core, the fluorescent
image photo shows encapsulated aqueous solutions in the magnetic microcapsules. Scale bar is

100 um.

4.3.2 Polymerization of Microcapsules

The polymerization process is an important step in the formation of microcapsules.
Several characterization processes have been conducted in order to study the optimal processing
parameters. First, the quick off-chip experiment is designed to validate the hypothesis that the
intensity of directly exposed UV light through the DAPI filter (30 W, 350 nm wavelength) in the
optical microscope (Motic AE31, Motic, Inc.) provides sufficient energy to polymerize PEGDA-
in-water droplets. We prepare the PEGDA-in-water droplets by sonicating the mixture of the
pure DI water and the PEGDA solution (10:1 weight ratio) containing 1 wt% of DMPA and 1 %
of F127. We do not add magnetic nanoparticles in the PEGDA solution nor the surfactant to the
DI water in this experiment because for ease in observing the polymerization process.
Approximate 50 pl of the solution containing PEGDA droplets is placed on a microscope slide,
and UV light is exposed from the quartz halogen microscope bulb (30 W) through the DAPI
filter and the 10x objective lense (Plan Achromat Inverted Microscope Objective, Motic, Inc.).
As expected, it is observed that the PEGDA droplets are polymerized after an exposure for
approximately 3 seconds as illustrated in Fig. 4.10. The bright field image in Fig. 4.10i shows
the microdroplet has the typical spherical shape of about 367.3 um in diameter in the pure DI
water. Figures 4.10ii-iv are optical photos taken before, during and after the UV exposure under
a UV filter. It is observed that during the UV exposure a ring-shape shallow can be observed
around the microdroplet. Figure 4.10v is the regular optical photo after the UV exposure and it
is observed that the size of the polymerized PEGDA droplet is about 345.7 um in diameter,
indicating a 5.87 % reduction in diameter after the polymerization process.
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Polymerization Process via Direct UV Exposure
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Figure 4.10 Direct polymerization of PEGDA-in-water emulsions. It is observed that the size of
the PEGDA droplet has 5.87 % reduction in diameter after the polymerization process. Scale
bar is 200 um.

In the second characterization process, we perform the on-chip polymerization while the
double emulsions are in the flow. Figure 4.11 shows the direct polymerization process of the
PEGDA-in-water double emulsions without magnetic nanoparticles for better visibility using the
mixture of the PEGDA containing 1 wt% of DMPA and 1 % of Tween 20, while the green-dyed
DI water contains 1 wt% of Pluronic P-85. The infusion flow rates of fluids are 1.5 ul/min, 3.5
ul/min, and 5.5 ul/min for the aqueous core (red-dyed DI water), PEGDA without magnetic
nanoparticles, and green-dyed DI water, respectively. UV light is exposed onto the double
emulsions (approximate size of 128.4 um in outer diameter) in microfluidic channel from the
quartz halogen microscope bulb (30 W) through the DAPI filter and the 10x objective lense
(Plan Achromat Inverted Microscope Objective, Motic, Inc.) (Fig. 4.11a). Aqueous payload
(i.e., red-dyed DI water) remains encapsulated inside the microcapsules (approximate size of
118.6 um in outer diameter) after the polymerization process (Fig. 4.11b). We mechanically cut
a polymerized microcapsule in half with a needle and the cross sectional view showed the clear
boundary of the shell part (Fig. 4.11¢).

Next, a permanent magnet is used to actuate the magnetic microcapsules fabricated by the
same procedure in the previous process with 0.5 wt% of Iron Oxide nanoparticles added. Figure
4.12a illustrates experimental results of fabricated and polymerized magnetic microcapsule with
a size of about 164 um in outer diameter. Under a backward flow after the formation and UV
exposure of the double emulsions microdroplets. While droplets show easy deformation in the
channels with different widths, the cured magnetic capsule showed no deformation at the
junction verifying the solidification of shell after UV exposure (Fig. 4.12b). The magnetic
property of these magnetic capsules were demonstrated by transporting them using ~50 mT
external magnetic field from approximate distance of 2cm (Fig. 4.12¢).

We observe the polymerized magnetic microcapsules under a scanning electron
microscope (SEM) (TM-1000 SEM, Hitachi) (Fig. 4.13a). Figure 4.13b shows the shape of the
formed microcapsules is disk shape with clear boundary between the top flat surface and the
curved side. One microcapsule is observed to have a leakage from the core (Fig. 4.13c). We
assume the leakage has been formed during the polymerization process because the size
reduction of the PEGDA shell causes a pressure increase in the aqueous core. Increased pressure
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would locally break the thin part of the PEGDA shell that is formed due to the squeezed aqueous
core. Such issue could be prevented by reducing the size of the core with increased flow rate of
the PEGDA solution, or by polymerizing spherical emulsions.

(a) UV Exposure

(c) Cross Section of the Capsule

Figure 4.11 On-chip polymerization of the PEGDA shells of the microcapsules without
magnetic nanoparticles. (a) Double emulsions of PEGDA and DI water under UV exposure
(approximate outer diameter of 128.4 um). (b) The aqueous payload remains encapsulated
inside the microcapsule after the polymerization process (approximate outer diameter of 118.6
um). (c¢) Cross sectional view of the polymerized capsule indicates the clear boundary of the
encapsulated core.

Figure 4.12 Selective polymerization of the magnetic shells of the microcapsules. (a) Aqueous
payload remains encapsulated inside the microcapsule (164 um in outer diameter). (b) In the
presence of a backward flow, the microcapsule is not deformed at the junction verifying that the
magnetic PEGDA shell is solidified/cured after UV exposure. (c¢) Transport of cured magnetic
microcapsule with the application of ~50 mT external magnetic field demonstrates the magnetic
property of fabricated particles. Scale bar is 200 um.
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(a) SEM of Directly Polymerized Capsules

(b) Surface Observation

Figure 4.13 SEM micrograph of directly polymerized magnetic capsules. (a) Polymerized
microcapsules were disk-shape. (b) Boundary between the top flat surface and curved side. (c)
Ruptured microcapsule during the polymerization process.
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To make spherical microcapsules, we polymerize the double emulsions off-chip. We
transfer the uncured double emulsion from the flow-focusing device to a petri dish and expose
UV light using a mask aligner (365 nm wavelength, 25 mW/cm® UV-KUBI1, KLOE) for 10
seconds. Figure 4.14a shows the SEM pictures of polymerized microcapsules. Surface of the
polymerized microcapsules were spherical without leakage (Fig. 4.14b).

(a) SEM of Polymerized Capsules

(b) Surface Observation

Figure 4.14 (a) SEM micrograph of microcapsules polymerized off-chip. (b) Shape of the
polymerized microcapsules were spherical compared with the microcapsules polymerized on-
chip.

Furthermore, we perform the off-chip polymerization with magnetic microcapsules with
increased concentration of Iron Oxide nanoparticles (5 wt%). Figure 4.15a shows the SEM
micrographs of the polymerized microcapsules. We observe numbers of holes on the surface of
the microcapsules (Fig. 4.15b), and one microcapsule has large openings (Fig. 4.15¢). We
assume these holes are formed due to the aggregated Iron Oxide nanoparticles is dissolved into
the surrounding water fluid after polymerization. These issues could be solved by reducing the
concentration of the magnetic nanoparticles as demonstrated in Fig. 4.12, or by utilizing surface-
coated Iron Oxide nanoparticles to prevent the aggregation.

Off-chip polymerization process successfully forms spherical microcapsules. On the
other hand, it reduces the throughput of the formation process compared with the direct
polymerization process. Additionally, we observe more ruptured capsules during the retrieval
from the flow-focusing device. Such issues could be solved by exposing UV light at the
chamber with locally increased thickness to form spherical microcapsules via direct
polymerization process.
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(@)

(b) Surface Observation
Ed

Figure 4.15 (a) SEM micrograph of polymerized magnetic capsules with increased
concentration of Iron Oxide nanoparticles (Swt%). Aggregated nanoparticles form (b) holes and
(c) large openings on the surface of the microcapsules.
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Chapter 5: Conclusions and Future Directions

5.1 Conclusions

There are numbers of advantages in droplet-based microfluidic systems for potential use
in the field of advanced biological and chemical applications. In this dissertation, several novel
microfluidic systems have been presented and investigated to promote the potential of droplet-
based microfluidic systems.

In Chapter 2, we have developed integrated, finger-powered, pressure driven pumps for
microfluidic applications, including the formation of microdroplets. The multi-port system with
a single pressure chamber has been achieved with the help of sample storage chamber and
passive fluidic diodes for the regulations of microfluidic flows. These finger-powered
microfluidic systems have been designed and constructed by using either a multilayer soft
lithography or injection molding process. Experimental results show that the pressure chamber
size can directly influence the maximum pressure, thereby providing an effective means to
control working pressure heads. For example, the measured pressure head generated by a human
finger from the prototype systems is 4.2 kPa with a PDMS pressure chamber of 10.0 mm in
diameter and 7.6 kPa with an injection-molded pressure chamber of 15.0 mm in diameter. The
prototype finger-powered microfluidic systems have effectively facilitated microfluidic
operations, including basic pumping of fluids from inlet ports to an outlet port, generating
microdroplets, and encapsulating endothelial cells in water-in-oil microdroplets. These results
suggest that the finger-powered microfluidic systems could be applied to a wide range of systems
towards fully integrated lab-on-a-chip applications.

In Chapter 3, a variety of continuous-flow microdroplets rupture and content alteration
systems have been developed to provide wash, rupture, collection and solution alteration
processes for microdroplets in sequences via the continuous-flow micropost array railing
methodology. The key microdroplets rupture process involves the transportation and guidance
of water-in-oil microdroplets into different liquids of microchannels to wash out surfactant with
pure Hexadecane and to rupture microdroplets at the interface of the oil-water microchannels. In
these experiments, a total of four different microdroplets generations system have been made and
the different designs and operation conditions results in different sizes of microdroplets,
including 41.1 wm for the basic microdroplets rupture demonstration, 67.5 um for the
nanoparticle synthesis experiments, 61.1 wm in the original solution, and 38.6 um for the new
solution in the bead-in-droplets alternation experiments. By integrating the microdroplets
rupture system with microreactors for the synthesis of nanoparticles, iron-oxide nanoparticles
have been synthesized inside microdroplets and subsequently released and retrieved within a few
seconds without the need of a conventional centrifuge process. This method reduced the post
processing time required to remove oil phase from the outputted solution at the end of the
synthesis process. In a second demonstration, a rapid solution alteration system for the bead-in-
droplet microreactors has been demonstrated via the continuous-flow micropost array railing
technique. The prototype system has accomplished: (i) the retrieval of microbeads in water-in-
oil droplets by the ‘rupture’ of the droplets, (i) transfer of the released microbeads into a second
solution, and (iii) the formation of new water-in-oil droplets containing the original microbeads
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and a different, second aqueous solution. As such, the presented technique could be tailored to a
wide range of chemicals, beads and particles for a variety of applications. For example, living
cells or functionalized microbeads could be used to conduct cell rupture for high-throughput
polymerase chain reaction or bead-based assays for point-of-care diagnostics screenings.

In Chapter 4, we have developed microcapsules with nanoparticle-based magnetic shell
and aqueous core. We successfully formed double emulsions of water-in-magnetic PEGDA with
flow-focusing devices, and selectively polymerized the PEGDA shells containing magnetic
nanoparticles. It is observed that these magnetic microcapsules are able to move following the
magnetic field using an external permanent magnet. The encapsulated aqueous phase core
enables the introduction of water-soluble therapeutic agents into the core of the microcapsules.
Additionally, it could be possible to provide heating power remotely with the assistance of an
external alternating magnetic field to potential dissolve/alter the porosity of the magnetic shells
for controlled drug delivery functions. We believe these functionalized core-shell microcapsules
could serve as an effective platform in advanced therapeutic drug delivery applications.

5.2 Future Directions
5.2.1 Finger-Powered Saliva-Based Diagnostics

In the finger-powered microfluidic systems for point-of-care diagnostics discussed in
Chapter 2, it is often required to prepare body samples in advance of the infusion into the
system for point-of-care diagnostic applications. Typical sample preparation steps involve the
collection of the sample from human body (e.g., whole blood, saliva, and body liquid) and the
separation of the unnecessary materials (e.g., removal of red blood cells from whole blood),
which require additional labor and equipment. Therefore, it would be desirable to include parts
of the sample preparation processes with the microfluidic systems for point-of-care diagnostic
applications [1]-[5]. Since the finger-powered system utilizes negative pressure to fill the fluidic
reservoirs when the finger is released from the pressure chamber, this negative pressure could be
used to directly collect body samples (i.e., saliva) as illustrated in Fig. 5.1. Additionally,
microfluidic filter components could be integrated between the inlet of the body samples and the
reservoir to separate and adsorb unnecessary particles or molecules [6]. By infusing the oil and
reagents after collecting the body sample solution at the reservoir, microdroplets containing the
mixture of the samples and reagents, which could be utilized to detect biomolecules of interest at
the observation chamber. Since microdroplets-based systems could be utilized as microreactors
with less background noise than the conventional bulk processes, the proposed system could
provide a powerful approach for quick and accurate detection of the biomolecules such as
glucose or cholesterol for diagnostic purposes in the future.
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Biomolecule Detection
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Figure 5.1 Conceptual illustrations of finger-powered saliva-based diagnostic system. Negative
pressure generated in the pressure chamber to collect saliva samples from mouth directly.
Integrated filter components separate unnecessary particles and molecules. After infusion of oil
and reagents to form droplets of a mixture of the reagents and the samples, droplets could be
collected and analyzed at the observation chamber for quick and accurate biomolecule
detections.

5.2.1 Temperature Controlled Synthesis of Nanoparticles

In Chapter 3.3, the processes in microdroplets-based synthesis and centrifuge-free
retrieval of nanoparticles are all conducted at room temperature. Nanoparticles synthesis,
however, often prefers to be processes at an alternative temperature. For instance, CdSe
quantum dots are typically synthesized with a temperature change from room temperature to
over 200 °C to initiate the growth of the nanoparticles [7]. Furthermore, the duration of the
nanoparticle growth greatly affects the resulting size of the quantum dots, which directly related
with the physical characteristics of the quantum dots. Because the microdroplets rupture system
is based on the continuous-flow microfluidic system, it is possible to use heated oil stream as one
of the microchannels to introduce temperature control in the system as shown in Fig. 5.2.
Microdroplets are transferred to the hot oil and cold oil sequentially via the continuous-flow
micropost array railing system. In the heated microchannel, the nanoparticle growth is initiated
and in the cooled microchannel, the reaction is quenched. This configuration could enable rapid
and fine control of temperature and processing time periods because the heat and mass transfer
distance is shorter than in the bulky systems. The reaction time for the nanoparticle growth can
be controlled by tuning the flow rate and/or by modifying the dimensions of the system for
longer/shorter exposure of the microdroplets. Such rapid temperature adjustment and precise
control of the reaction time is nearly impossible in bulk scale processes. As such, the presented
system could lead to better monodispersed and high-quality nanoparticles synthesis process.
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Figure 5.2 Conceptual illustrations of temperature controlled synthesis of nanoparticles.
Microreactors containing reagent mixture is transported through streams of hot oil and cold oil
to precisely control the initiation and quenching of nanoparticle growth. Synthesized droplet
can be retrieved at the water stream via the droplet rupture process.

5.2.2 Fusion of Microdroplets for Multi-Step Nanoparticle Synthesis

For the microdroplets-based synthesis and centrifuge-free retrieval of nanoparticles
processes as discussed in Chapter 3.3, a single step reaction is used to synthesize single crystal
iron oxide nanoparticles. Due to the high surface area-to-volume ratio of the nanoparticles, most
of the nanoparticles are highly reactive and often requires to be coated with non-reactive
materials [8]. Coating of nanoparticles in the microdroplets can be realized in the following
approach as illustrated in in Fig. 5.3a. Microdroplets with the nanoparticle synthesis process can
be merged together with other microdroplets containing coating materials from the bottom
microchannel as shown because the surfactant on the microdroplets is washed [9]. The timing
and manipulation of these microdroplets in the pure oil microchannel will be carefully designed
to assure the merge process. The merged microdroplets will allow the adsorption of coating
materials onto the nanoparticles by mixing the nanoparticle solution with reagents containing the
coating material [8]. After the coating process, microreactors can be ruptured and the
nanoparticles are released at the water stream. By releasing the nanoparticles into the water
stream, it also dilutes the excess coating material and the nanoparticles are washed to prevent
unnecessary reactions. The presented system would provide high-throughput synthesis and
coating of nanoparticles by reducing the labor for mixing and washing of coating materials.
Figure 5.3b shows the preliminary demonstration of the merging process of water microdroplets
in pure oil (Hexadecane). The first microdroplet has nanoparticles inside and the second
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microdroplet has coating material inside. They travel in the pure oil microchannel and merge
together as shown.

(a) Concept of Microreactor Fusion for Multi-Step Nanoparticle Synthesis

Microreactors for
Nanoparticle Synthesis

Pure Oil Oil Wastes

Coated
Nanoparticles

Coating
Droplets

Oil Wastes

Figure 5.3 (a) Conceptual illustration of micrordroplets fusion and merging for the coating of
nanoparticles. The additional bottom microchannel of oil with surfactant is added into the
original system to allow the second type of coating material-in-oil microdroplets to also feed into
the pure oil microchannel. Washed microdroplets with synthesized nanoparticles from the first
microchannel and the washed microdroplets from the bottom microchannel are merged at the
middle pure oil microchannel for the coating of nanoparticles. After the coating process,
microreactors can be ruptured, and the nanoparticles are released and washed in the water
stream. (b) Preliminary demonstration of two microdroplets merging in pure oil (Hexadecane).
Washed microdroplets merge together and mix their contents.

5.2.3 Remote and On-Demand Release of Drug Materials from Magnetic
Microcapsules

The magnetic characteristics of the magnetic microcapsules discussed in Chapter 4 can
be further studied to remotely transport the microcapsules via an external magnetic field. After
the microcapsules are injected inside human body, they need to be transported to specific target
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sites. These require extended studies on the parameters of the magnitude of the external
magnetic field, the concentration of the magnetic nanoparticles in the shells, the size of the
microcapsules and other things. In addition to the transportation and targeting capabilities, the
feasibility to release the drug material on-demand remotely also requires further investigations
[10], [11]. The presented magnetic capsules could be modified by replacing the shell material
with different types of polymer such as thermosensitive polymers, to realize the on-demand
release of the encapsulated drug materials. Magnetic nanoparticles can be heated remotely via
induction heating to change the porosity of the shell material [12]. For instance, temperature of
iron oxide nanoparticles with approximate size of 5-10 nm in diameter could reach 43 °C in
approximately three minutes by applying AC magnetic field at 500 kHz [13], [14]. Heated
thermosensitive polymer changes its characteristics (e.g., faster diffusion rate or transition of
hydrophobicity), resulting in the faster release of drugs. As an example of thermosensitive
polymer, poly(N-isopropylacrylamide) (PNIPAAm) is a thermosensitive hydrogel that has a
lower critical solution temperature (LCST) in the range of 37-39 °C [15]. Below the LCST
temperature, PNIPAAm is in hydrophilic coil state, and above the LCST temperature, a
reversible phase transition (i.e., coil-to-globule) occurs and PNIPAAm becomes hydrophobic
globule state. In the globule state, porous size of PNIPAAm increases and the diffusion rate
through PNIPAAm increases. It could be possible to employ the mixture of PEGDA and
PNIPAAM with suspended magnetic nanoparticles as photocurable magnetic polymer with
thermosensitivity as the shell material of the capsules. Below the LCST temperature, the coil-
state polymer shell retains the encapsulated drug, and it starts releasing the drug materials when
it is heated above the LCST via induction heating. Such functionality to remotely release drug
materials on-demand would enable safe and effective drug delivery.
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