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ABSTRACT 

 

Nanomaterials and their applications have attracted great research interest in 

recent years. As the sizes of materials decrease to sub-micrometers, the intrinsic 

properties of the nanomaterials become different from those of bulk materials. Since the 

intrinsic properties of nanomaterials are strongly influenced by the elemental 

composition, size and shape, it is of great importance to synthesize nanomaterials with 

controlled reaction conditions (e.g., pressure, temperature, reagent ratio) to achieve high 

uniformity and reproducibility of the synthesized nanomaterials.  

It is difficult to achieve homogeneous chemical environment during the 

conventional chemical synthesis process, where the reagents are mixed at millimeter- or 

centimeter-scale. Microfluidic reactors, which confine the reaction volume to nanoliter or 

even picoliter size, have attracted a lot of research interests due to their potential in high-

quality nanomaterials synthesis. However, broad distributions of the size and composition 

of the synthesized nanomaterials still exist within simple microfluidic reactors.  

In this dissertation, the hypothesis is that diffusion-limit reactions occur within 

microfluidic reactors, and by improving the mixing efficiency within microfluidic 

reactors, the quality (e.g., uniformity and performance) of the synthesized nanomaterials 

can be improved significantly. Furthermore, by controlling the mixing process precisely, 

the properties (e.g., shape and size) of the synthesized nanomaterials can be finely tuned. 

To prove this hypothesis, I used microfluidic reactors with designs to improve mixing 

performance to synthesize polymer-DNA nanocomplexes (polyplexes) and organic-metal 

hybrid nanomaterials. One design is the acoustic-assisted bubble based microfluidic 

reactor, which can enhance the mixing performance by random advection within the 

whole microfluidic channel. The other design used here is the acoustic-assisted three-

dimensional hydrodynamic focusing reactor, which can enhance mixing by reducing the 
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diffusion distance. Both of the designs can synthesize polyplexes with improved 

uniformity and biological performance compared to bulk mixing samples. Moreover, the 

three-dimensional hydrodynamic focusing method also shows ability to control over the 

local chemical ratio within the reaction zone. This property is demonstrated by the shape 

tunable synthesis of organic-metal hybrid nanomaterials.  
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 NONTECHNICAL ABSTRACT 

Nanomaterials and their applications have attracted great research interest in 

recent years. As the sizes of materials decrease to sub-micrometers, the intrinsic 

properties of the nanomaterials become different from those of bulk materials. For 

example, the optical absorption properties of gold and silver nanomaterials depend on 

their sizes and shapes. The conductivity behavior of conductive nano organic polymers 

can be affected by the elemental composition and morphology of the polymer. Drug 

particles at the size of nanometers have shown better bioavailability compared to drug 

particles of larger sizes. Due to their special properties, nanomaterials have been applied 

to different fields. Inorganic nanomaterials, such as novel metal nanostructures, have 

been studied intensively due to their applications in imaging and sensing. Organic 

nanomaterials such as polymeric nanoparticles have been developed as safe and efficient 

carriers for gene delivery. Since the intrinsic properties of nanomaterials are strongly 

influenced by the elemental composition, size and shape, it is of great importance to 

synthesize nanomaterials with controlled reaction conditions (e.g., pressure, temperature, 

reagent ratio) to achieve high uniformity, reproducibility and precise control over 

composition, size and shape.  

There are two general approaches, the “top-down” and the “bottom-up” 

approaches, to synthesize nanomaterials. The “top-down” methods require high energy 

input and relatively large amount of raw materials, while the fabricated nanomaterials 

suffer from issues such as broad size distribution and contamination. The “bottom-up” 

methods provide better control during the synthesis process compared to the “top-down” 

method. However, it is still difficult to achieve homogeneous chemical environment 

during the conventional “bottom-up” synthesis process, due to the macro size of the 

reaction volumes. The macro sized reaction volume requires long mixing time, during 

which reaction already takes place. As a result, the reaction happens in heterogeneous 
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chemical environment, resulting in broad distribution and non-reproducibility of the 

synthesized products. Microfluidic reactors, which confine the reaction volume to 

nanoliter or even picoliter size, have attracted a lot of research interests due to their 

potential in high-quality nanomaterials synthesis. However, broad distributions of the size 

and composition of the synthesized nanomaterials still exist within simple microfluidic 

reactors consisting straight channels, probably due to the problem of slow mixing in 

laminar flow regime within microfluidic reactors.  

In this dissertation, the hypothesis is that diffusion-limit reactions occur within 

microfluidic reactors, and by improving the mixing efficiency within microfluidic 

reactors, the quality (e.g., uniformity and performance) of the synthesized nanomaterials 

can be improved significantly. Furthermore, by controlling the mixing process precisely, 

the properties (e.g., shape and size) of the synthesized nanomaterials can be finely tuned. 

To prove the hypothesis, I used microfluidic reactors with designs to improve mixing 

performance to synthesize polymer-DNA nanocomplexes (polyplexes) and organic-metal 

hybrid nanomaterials. One design is the acoustic-assisted bubble based microfluidic 

mixer, which can enhance the mixing performance by random advection within the whole 

microfluidic channel. The other design used here is the acoustic-assisted three-

dimensional hydrodynamic focusing device, which can enhance mixing by reducing the 

diffusion distance. Both designs can synthesize polyplexes with improved uniformity and 

biological performance compared to bulk mixing samples. Moreover, the three-

dimensional hydrodynamic focusing method also shows ability to control over the local 

chemical ratio within the reaction zone. This property is demonstrated by the shape 

tunable synthesis of organic-metal hybrid nanomaterials. 
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Chapter 1 Introduction  

1.1 Nanomaterials 

Nanomaterials are materials with at least one dimension in the range of 1 to 1000 

nanometers. At such small scale, nanomaterials show special properties that distinguish 

them from bulk materials. For example, gold and silver nanoparticles show fascinating 

optical properties which enable their applications in imaging and sensing [1]. Metal and 

oxide nanoparticles show superior catalysis than their bulk counterpart. In pharmaceutical 

field, drugs with low therapeutic values in bulk size can gain enhanced therapeutic 

activities by being transformed in to nanosized compounds. Such properties have 

attracted great research interests and nanomaterials have been utilized in physical, 

chemical and biomedical applications. [2–7].  

The unique properties of nanomaterials result from their nanosized structures, 

high surface-to-volume ratio, and structure-dependent electronic configurations. 

Variation in composition, size or shape can greatly affect the properties of nanomaterials. 

Therefore, it is important to maintain uniformity and reproducibility during fabrication 

process to obtain high-performance nanomaterials. 

Besides of uniformity and reproducibility, there are also other specific 

requirements on fabrication process, depending on the types of applications. For 

industrial applications, high-throughput and continuous fabrication process is required. 

For biomedical applications, on-site and on-demand fabrication is necessary due to the 
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short shelf life of many nanomedicines. For pharmaceutical applications, in-situ analysis 

and dynamic control during the fabrication process are important to minimize the use of 

expensive materials during optimization process.  

1.2 Fabrication of Nanomaterials   

Two general approaches to fabricate nanomaterials are the “top-down” and 

“bottom-up” approaches. The “top-down” methods involve mechanical attrition of large 

raw materials into nanometer-size particles. “Top-down” technologies, such as media 

milling and high-pressure homogenization, require high energy input and relatively large 

amount of raw materials. Meanwhile, the fabricated nanomaterials suffer from issues 

such as broad size distribution and contamination. In contrast with “top-down” methods, 

“bottom-up” methods arrange smaller components into nanometer-size assemblies. 

Chemical synthesis is a generally used “bottom-up” method.  

Conventional chemical synthesis process, called batch processes or bulk mixing 

processes, involve mixing reagents through convection, stirring, or shaking at millimetre- 

or centimetre-scale [8]. In such macro-scale volume, the mixing time (the time required 

to reach complete mixing) is determined by the reactor size and turbulence diffusivity [9]. 

Depending on the flow conditions (e.g., viscosity and velocity), the mixing time can 

range from tens to hundreds of milliseconds. Meanwhile, chemical reactions take place as 

soon as the reagents are added into the reactor. Generally, reactions occur rapidly. For 

example, the second-order-reaction rate constant for metal colloidal synthesis varies 

between 1×10
-2

 M
-1
∙s

-1 
to 1×10

2
 M

-1
∙s

-1 
[10]. DNA condensation time is of hundreds of 
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milliseconds [11]. Fast protein folding/unfolding reactions only take a few milliseconds. 

Therefore, the amount of reactions that occur during the mixing time is non-negligible. 

The reactions occur in unequilibrated chemical environment before the completion of 

mixing process result in heterogeneity of the product and batch-to-batch variability, 

which hinders the translation of nanomaterials research to practical applications. As a 

result, in spite of the intensive research effort, only very few of the nanomaterials have 

received approval from the US Food and Drug Administration (FDA) [12]. 

1.3 Microfluidic Reactors   

Microfluidic reactors, which confine reagents in micro-scale channels, can be 

considered as potential solutions to the aforementioned challenge. Compared with 

conventional bulk mixing techniques, microfluidic reactors offer many potential 

advantages such as continuous synthesis, superior reaction control and safer operational 

environment. Microfluidic reactors manipulates small amount of fluids at nanoliter- or 

even picoliter-scale in a continuous manner. The flow velocity, pressure, and chemical 

molar ratio between reagents can be precisely controlled via flow rate controllers (syringe 

pumps or pressure pumps). The option of real-time control enables the adjustment of 

reaction parameters as soon as small amount of products are formed and tested, in order 

to reduce the use of expensive and precious materials during optimization process. Due to 

the small volume of fluids within microfluidic reactors, the surface/volume ratio is 

tremendously large. Thus heat diffusion becomes highly efficient within microfluidic 

reactors, which minimizes the overheating due to chemical reactions and enables efficient 

temperature control by on-chip heaters/coolers. Microfluidic reactors are also amendable 
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to automation, which can reduce the human factors during the synthesis process to 

improve the reproducibility. Even though the throughput in a single microfluidic reactors 

is low, the ability to operate multiple microfluidic reactors in parallel offers the potential 

of high-throughput microfluidic synthesis. 

1.4 Microfluidic Flows 

In micro-scale, the impact of surface forces, electrical effects, van der Waals 

interaction, and viscous forces becomes significant. Thus the flow conditions in 

microfluidic reactors are quite different from that in macro-scale reactors.  

1.4.1 Laminar Flow  

Depending on the ratio between inertial to viscous forces, the fluid flow can be 

laminar or turbulent. The ratio is characterized by Reynolds number, Re, which can be 

calculated by the following equation. 

          .      (1-1) 

The Reynolds number is determined by the density ( ) and viscosity ( ) of the fluid, the 

velocity of the flow ( ) and the diameter of the channel ( ). In microfluidic reactors, the 

channel diameter is at the range of tens to hundreds of micrometers. As a result, the 

Reynolds number in microfluidic reactors is normally less than 100, indicating the 

laminar flow situation.  

Due to the laminar flow condition in microfluidic reactors, no turbulence is 

present. Mixing between two adjacent flows occurs through slow molecular diffusion 
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only [13–15]. The time required for the reagents to be fully mixed can be calculated as 

follows:  

   
  

 
 .     (1-2) 

The diffusion coefficient is denoted by  . Within a simple straight channel, it can take up 

to seconds for coflowing reagents to be fully mixed. During this slow mixing process, a 

chemical gradient is developed within the channel, resulting in heterogeneous chemical 

environment. The chemical gradient can be predicted by Fick’s second law.  

        
   

     .     (1-3) 

The chemical concentration is   and the position is    With proper design, this predicable 

chemical concentration distribution can be used to measure fast chemical reaction rate 

accurately [16]. However, during nanomaterials synthesis process, this heterogeneous 

chemical environment generally causes variation in size and element composition of the 

synthesized product.  

1.4.2 Parabolic Velocity Distribution 

Another feature of flow motion in microfluidic reactor is the parabolic velocity 

distribution. Due to the large surface-to-volume ratio, the boundary effect becomes 

dominant in micro-scale. The non-slip boundary condition causes parabolic flow velocity 

distribution in pressure driven flow, as shown in Fig. 1-1. The fluid near the boundaries 

shows slower velocity, while the fluid at the center of the channel shows higher velocity. 
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This velocity distribution results in resident time distribution, and broadens the size 

distribution of the synthesized product.  

 

 

Figure 1-1 Fluid velocity distribution in a microfluidic channel. The fluid velocity at the walls 

must be zero because of the no-slip boundary condition. Thus pressure driven flow shows 

parabolic velocity distribution. Therefore, a section of fluid with a flat edge experience different 

residence time, and the shape is deformed with time, indicated by the shape change of the red 

color region. As a result, the synthesized particles show broad size distribution.   

 

1.5 Challenges for Microfluidics-Based Synthesis 

Due to the intrinsic properties of microfluidics discussed in Sec 1.4, it is difficult 

to obtain homogeneous chemical environment and resident time within simple 

microfluidic channels. In spite of all the aforementioned advantages of microfluidic 

reactors, the challenges still remain for high-uniformity and high-quality nanomaterials 

synthesis [17].  

1.6 Research Objective 

 The chemical reactions within microfluidic reactors may be considered as 

diffusion-limit reactions, during which the formation of products is faster than the 
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diffusion of reagents. Thus the reaction rate is governed by diffusion efficiency, or 

molecular collision frequency. As a result, within microfluidic reactors, the mixing 

conditions determine the chemical concentration distributions, which further determine 

the reaction processes. Based on the assumption of diffusion-limit reactions, hypothesis 

can be made that enhanced mixing can improve the uniformity of the synthesized 

nanomaterials. Furthermore, by changing the mixing process precisely, the properties of 

the synthesized products can be finely tuned.  

 The aim of the research conducted for this dissertation was to examine the 

aforementioned hypothesis, and to push the microfluidic reactors towards practical 

applications by developing microfluidic reactors suitable for mass fabrication and 

miniaturization. Four key tasks were conducted for this aim.   

The first task was to develop miniaturized microfluidic reactors suitable for mass 

fabrication for potential industrial and biomedical applications. Based on comparisons 

between existing microfluidic mixing strategies, I designed two microfluidic reactors. 

The second task was to examine the hypothesis that the uniformity of products can be 

improved by enhanced mixing. The microfluidic reactors designed during the first task 

were used. The third task was to evaluate the performance of the synthesized products, in 

order to examine if the microfluidic reactors can effectively improve the performance of 

the nanomaterials. The fourth task was to study the influence of mixing conditions on the 

diffusion-limit reactions, in order to achieve dynamic control of the nanomaterials 

properties by controlling the mixing conditions. 
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1.7 Organization of Dissertation 

Chapter 2 compares between existing microfluidic mixing strategies. Two 

microfluidic reactors designed based the comparison are presented. Chapter 3 and 4 

describe polyplexes synthesis by these two designs, respectively. These two chapters 

discuss how the uniformity of the polyplexes can be improved by mixing enhancement 

through these two different approaches. The improvements in the physical properties and 

biological performance of the synthesized polyplexes are also presented. Chapter 5 

presents organic-metal hybrid materials synthesis with different mixing conditions. These 

organic-metal hybrid materials are sensitive to chemical molar ratio, so they can be used 

to indicate the local changes in chemical molar ratio. The synthesized products show 

different morphologies depending on the mixing conditions. The formation mechanism is 

discussed. Chapter 6 presents the overall conclusion and discusses possible directions for 

future work. At the end, Appendix A introduces a new and simple method to fabricate 

corrugated silver thin films with surface plasmon resonance (SPR) properties, which have 

the potential applications as on-chip sensors for integrated microfluidic devices. 
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Chapter 2 Microfluidic Mixers  

Due to the intrinsic properties of microfluidics, it is difficult to obtain 

homogenous chemical environment within simple microfluidic channels. Thus, different 

strategies have been used to enhance mixing within microfluidic channels. Based on the 

comparisons between these strategies by considering the mixing efficiency, ease of mass 

fabrication and portability, two types of microfluidic reactors were designed for 

nanomaterials synthesis.  

2.1 Introduction 

Due to the laminar flow condition, mixing within microfluidic channels occurs 

through slow molecular diffusion only. Thus different microfluidic mixing strategies 

have been used to achieve fast mixing within microfluidic channels. Microfluidic reactors 

with fast mixing performance show great potential for applications such as on-chip 

biomedical diagnostics, drug development, and material synthesis.  

There are two general approaches to enhance mixing in microfluidic channels. 

One approach is increasing the contact area between reagent streams. The other approach 

is decreasing the length that molecules have to pass to reach complete mixing state 

(diffusion distance). Microfluidic mixing strategies can be cataloged into two schemes, 

active mixing scheme and passive mixing scheme. Active mixing scheme uses external 

forces to perturb the fluid inside microfluidic channels. As a result, turbulence can occur 

even in microfluidic channel, which can be proved by vortex formation. The turbulent 
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flow can increase the contact area between reagent streams and accelerate the mixing 

significantly. In contrast to active mixing scheme, passive mixing scheme does not 

require external energy sources, but relies on special designed microchannel 

configurations, droplet/bubble formation or flow focusing to enhance mixing efficiency. 

The flow motion induced by microchannel configuration and droplet/bubble formation 

can increase the contact area between reagent streams to enhance the mixing 

performance. Differently, flow focusing methods enhance the mixing efficiency by 

reducing the diffusion distance. The active and passive mixing schemes can be integrated 

together to further enhance the mixing efficiency.   

2.2 Overview of Microfluidic Mixing Strategies 

2.2.1 Active Microfluidic Mixing  

Active microfluidic mixing strategies use external energies, including 

acoustic/ultrasonic actuation [1,2], pressure perturbation [3], dielectrophoretic force 

actuation [4], electrokinetic time-pulsed actuation [5], magnetic field [6], thermal 

actuation [7], etc.  

 Acoustic/ultrasonic actuation technique applies oscillatory perturbation from a 

piezoelectric disk attached to the substrate. This perturbation can induce the oscillation of 

channel walls, specially designed features (e.g., pillars and sharp edges), or gas bubbles 

within microfluidic channels. As a result, fluid current (known as acoustic streaming) can 
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be induced near the oscillating area to enhance mixing. Acoustic/ultrasonic actuation 

techniques require only simple setups and can be applied for all types of fluid.  

 Pressure perturbation methods use periodic pressure change in the side channels 

to “stretch and fold” the fluid within the main channel, as shown in Fig. 2-1. Though the 

working mechanism is very simple, the multiple inlets and additional pressure controls 

make it difficult to miniaturize the device, or run multiple devices in parallel.  

 

Figure 2-1 Schematic of the pressure perturbation method. 

 

 The working mechanisms of dielectrophoretic force actuation, electrokinetic time-

pulsed actuation and magnetic field actuation are similar. Fluid or particles with certain 

dielectric or magnetic properties can be actuated by these external fields, resulting in 

periodic oscillation. These methods require certain physical properties of fluids or need to 

introduce foreign particles. Thus the choice of reagents is limited and products may be 

contaminated. 
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 Thermal actuation method generates bubbles by heat to induce a wavy liquid 

interface to accelerate the mixing process. The high temperature requirement for bubble 

generation hinders the synthesis of temperature sensitive bio-nanomaterials.   

2.2.2 Passive Microfluidic Mixing 

Passive microfluidic mixing strategies require no external energy input other than 

the pressure which drives the flows. Three methods are generally used for passive 

microfluidic mixing, including specially-designed channel configuration, droplet/bubble 

based small fluid volume confinement, and flow focusing method.  

Specially-designed channel configurations include intersecting channels, zigzag 

channels, embedded barriers, slanted wells, twisted channels, 3D-serpentine structure and 

grooved staggered herringbones [8–18]. The fluid experiences “stretch-and-fold” after 

passing through these configurations. As a result, the contact area between the reagent 

streams increases, and mixing efficiency is enhanced. However, the enhancement in 

mixing efficiency by simple 2D configurations is limited. 3D configurations can be used 

for faster mixing, but the complicated fabrication processes make them difficult to be 

massively produced.  

Droplet/bubble based mixing methods have also been proposed [19,20]. Due to 

the boundary effect at the liquid/liquid or air/liquid interface, the fluid volumes confined 

in droplets or between bubbles experience circulation motion. Therefore, the contact area 

between reagents is increased and mixing efficiency is enhanced. The droplet/bubble 

based mixing methods use simple channel designs which are easy to be massively 
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produced. During droplet generation, the use of surfactant and oil may introduce 

contamination into the synthesized products. Compared with droplet based mixing, 

bubble based mixing method are more suitable for biomedical nanomaterials synthesis 

due to less risk of contamination.   

Flow focusing method uses sheath flow to compress the reagent streams, in order 

to reduce diffusion distance and enhance the mixing efficiency. At the same time, since 

the reagents are confined in a narrow stream by sheath flow, the resident time distribution 

due to the velocity distribution is narrowed, resulting in products with improved 

uniformity, as shown in Fig. 2-2. Two-dimensional hydrodynamic focusing (2D-HF) 

method only focus the reagent streams horizontally, while 3D-HF method can achieve the 

focusing in both horizontal and vertical directions. Therefore, 3D-HF method can provide 

better enhancement in mixing efficiency.  

  

 

Figure 2-2 Hydrodynamic focusing (HF) can improve the homogeneity of the synthesized 

particles. (a) Fluid velocity distribution in a microchannel. The fluid velocity at the walls must be 

zero because of the no-slip boundary conditions, resulting in parabolic velocity profile. Therefore, 

a section of fluid with a flat edge will experience different residence time, and the shape will be 
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deformed. The synthesized particles will show broad size distribution. (b) During 2D-HF, the 

reaction is confined to a central plane. However, the velocity distribution still exists in the vertical 

direction. (c) During 3D HF, the reaction is limited in the central flow in both horizontal and 

vertical directions, where the fluid velocity is nearly uniform, resulting in improved homogeneity 

in synthesized particles. 

 

Due to the intrinsic planar property of the on-chip devices, it is more difficult to 

achieve on-chip 3D-HF than 2D-HF. One straightforward method is to use multi-layer 

configurations to achieve on-chip 3D-HF [21–26]. Complicated patterns on channel walls 

can also induce 3D flow motion to achieve 3D-HF. However, both of multi-layer 

configurations and patterns on channel wall require complicated fabrication process 

including multiple steps of soft-lithography and alignment. Laser milling can simplify the 

fabrication process, but it is difficult to be applied in practical applications due to low 

throughput.  

Within microfluidic channels with curved structure or variation in width, fluid 

experience migration due to inertial effect [25,27–30]. This phenomenon can be used to 

achieve single-layer on-chip 3D-HF. These devices meet the requirement of good 

focusing effect and ease of massive fabrication [25,27–33]. Therefore, inertial based 3D-

HF devices are more suitable for practical applications. 

2.3 Designs of Microfluidic Reactors for Nanomaterials Synthesis  

Based on the above discussion, acoustic/ultrasonic actuation method, bubble 

based mixing method and 3D-HF method are suitable for nanomaterials synthesis due to 

the simple setups, ease of mass fabrication, and low risk of contamination. In addition, 

the acoustic/ultrasonic actuation method can be integrated with the other two methods to 
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achieve better mixing performance. Accordingly, two microfluidic reactors are designed 

for the following studies on nanomaterials synthesis.  

The first design is acoustic-assisted bubble based microfluidic reactor, as shown 

in Fig. 2-3. Bubbles are generated as nitrogen gas is injected through one of the inlets. As 

bubbles pass through the mixing area with chambers, they oscillate “up and down” due to 

the instability of motion induced by previous bubbles. This oscillation can “stretch-and 

fold” the fluid to enhance mixing. Later the serpentine channels further enhance the 

mixing performance by introducing circulation motion within fluid volumes confined 

between bubbles. Additionally, a piezoelectric transducer is attached by the side of the 

channel to supply external perturbation.  

 

Figure 2-3 Schematic of the acoustic-assisted bubble based microfluidic reactor. 

 

The second design is acoustic-assisted 3D-HF microfluidic reactor, as shown in 

Fig. 2-4. The reagent injected through inlet A can be focused in horizontal and vertical 

directions by flows from inlet B, C and D. As the diffusion distance is decreased by flow 

Piezo Transducer 
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focusing, mixing is enhanced. Similar to the first design, a piezoelectric transducer is 

attached to the substrate to supply external perturbation.  

 

 

Figure 2-4 Schematic of the acoustic-assisted 3D-HF microfluidic mixer. 
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Chapter 3 An Acoustic-Assisted Bubble Based Microfluidic Reactor for 

Polyplex Synthesis 

This chapter presents polyplexes synthesis by an acoustic-assisted bubble based 

microfluidic reactor. This bubble based microfluidic reactor can enhance mixing without 

acoustic perturbation, but the mixing efficiency is not high enough to synthesize high-

quality polyplexes. With the acoustic perturbation, the synthesized polyplexes show 

higher uniformity and better biological performance compared to the ones synthesized by 

bulk mixing method.  

3.1 Introduction 

Gene therapy has shown significant promise in the treatment of many acquired 

and inherited diseases. To effectively delivery genes into cells, intensive research efforts 

have been made to develop safe and efficient carriers. While viral carriers show very high 

efficiency, they also associate with high risk of infection. Nonviral gene carriers, on the 

other hand, are much safer, but cannot deliver genes as efficiently as viral carriers [1].  

Great amount of noviral gene carriers have been designed and synthesized in 

order to enhance the gene delivery efficiency [2–5]. However, there have been few 

research interests on optimization of the physical process of DNA-polymer 

nanocomplexes (polyplexes) formation.  

Currently, polyplexes are prepared by adding a polymer solution to a DNA 

solution, followed by vigorous pipetting or vortex mixing of the resulting solution in a 

centrifuge tube. The polyplexes form spontaneously following the introduction of 
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polymer and DNA solutions due to electrostatic interaction between the cationic polymer 

and the negatively charged nucleic acid. Although rapid vortexing or repeated pipetting 

can accelerate mixing, but mixing time in macro-scale reactors is still comparable with 

the DNA condensation time, as discussed previously in Chapter 1. Additionally, the 

operator’s experience, or even the sequence in which reagents is added, can also greatly 

alter the physical properties of the resulting polyplexes [6–8]. Thus polyplexes prepared 

by such bulk mixing produces often suffer from poor uniformity, batch-to-batch 

variability, as well as subsequent aggregation. As a result, polyplexes prepared by bulk 

mixing processes show poor biological performance and reproducibility [9,10].  

Microfluidic devices [11–13] amenable to automated operation have attracted 

increasing interest due to their ability to minimize human factors and synthesize uniform 

products [14–27]. The reaction conditions (e.g., reagent ratio, flow rate, ionic 

concentration) can be finely tuned, leading to highly controllable parameterization 

throughout the complexation process [27–29]. However, due to the intrinsic properties of 

flow in microfluidic channel, efficient mixing is difficult to achieve.  

Fast and efficient mixing is particularly important for reactions of fast kinetics, 

such as charge neutralization of polyelectrolytes [30]. Towards this end, microfluidic fast 

mixing strategies have been used to enhance mixing and provide homogenous parameters 

[31]. A wide variety of designs for fast mixing in microfluidic devices have been 

proposed. However, most of the designs require complex configuration and fabrication of 

3D microfluidic channels. The complication fabrication processes are not suitable for 

mass production. Therefore, designs with complex configurations have limited potential 
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in practical applications [32–39]. Ho et al. showed that the self-assembly of polyplexes 

through simple microfluidics-assisted confinement (MAC) in picoliter droplets produces 

more homogenous and compact polyplexes [5,8]. Although promising, the MAC 

approach requires the use of oil and surfactant to generate and stabilize water-in-oil 

emulsion [5,8,40], which may introduce contamination into the synthesized polyplexes.  

In Chapter 2, two designs of microfluidic reactors were presented. Here, the first 

design, the acoustic-assisted bubble-based microfluidic reactor, is used for polyplexes 

synthesis. The device includes one inlet for gas (middle) and two inlets for polymer 

(cationic carrier) solution and DNA solution, as well as a series of hexagonal expansion 

chambers to enhance mixing (Fig. 3-1). The serpentine channel following the expansion 

chambers can induce circulation within fluid volumes. Finally, to further enhance the 

mixing performance, a disc transducer is glued to the side of the microfluidic channel to 

supply acoustic perturbation. This single-layer microfluidic device requires no alignment 

or complicated fabrication process.  
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Figure 3-1 The Schematic of the acoustic-assisted bubble based microfluidic reactor for polyplex 

synthesis. 

3.2 Materials and Methods 

3.2.1 Device Fabrication 

 The bubble based microfluidic reactor is a single-layer polydimethylsiloxane 

(PDMS) microchannel fabricated using soft lithography techniques [41,42]. Firstly, the 

mold was patterned on a silicon wafer with photoresist (SU8-2050). The surface of the 
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mold was modified to render hydrophobicity by coating it with 1H,1H,2H,2H-

perfluorooctyl-trichlorosilane. The PDMS mixture was prepared by mixing the base and 

curing agent (Sylgard 184 Silicone Elastomer from Dow Corning) at the weight ratio of 

10:1. Then the PDMS mixture was poured onto the mold, degassed in a vacuum chamber, 

and later cured at 65 ºC for 30 min. Subsequently, the half-baked PDMS channel was 

removed from the mold and inlets and outlets were drilled with a Harris Uni-Core 

puncher. The half-baked PDMS channel was then treated with oxygen plasma, bonded to 

a micro cover glass slide, and further cured at 65 ºC overnight. Finally, a piezoelectric 

transducer was attached to the side of the microfluidic device using. Before polyplexes 

synthesis, the channel was washed with 70% ethanol in water, rinsed with water, and then 

exposed to UV light for 1 h. 

3.2.2 Materials 

 Two reporter DNA vectors were used. The first reporter DNA vector is pmax-

GFP (Amaxa, Cologne, Germany), which encodes with green fluorescent protein (GFP). 

The other reporter DNA vector used here is VR1255C (Vical, San Diego, CA), which 

encodes firefly luciferase (Luc). These two reporter DNA vectors are generally used to 

quantify the transfection efficiency. 

 The polymer used here is turbofect (poly(2-hydroxypropyleneimine), pHP) 

transfection reagent (Thermo Scientific).  

 All materials were used directly without any further treatment.  
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3.2.3 Polyplexes Synthesis in the Microfluidic Reactor 

 The microfluidic reactor was connected to syringes via tubing, and the flow rate 

was controlled by a neMESYS syringe pump system (Cetoni GmbH). DNA stock 

solution was diluted to 13.2 µg/mL in Opti-MEM reduced-serum medium. Turbofect 

transfection reagent was also diluted to 26.4 µL/mL in Opti-MEM reduced-serum 

medium. The DNA solution and turbofect solution were co-injected at the same flow rate 

of 50 µL/min into the microfluidic reactor. Meanwhile, nitrogen gas was injected from 

the central inlet, as demonstrated in Fig. 3-1.  

3.2.4 Polyplexes Synthesis by Bulk Mixing Method 

 The concentrations of DNA and turbofect solutions were kept the same as the 

ones used in microfluidic experiments. In a 2 mL centrifuge tube, 1 mL of the turbofect 

solution was added to 1 mL DNA solution, followed by vigorous pipetting for 1 min. 

3.2.5 Cell Culture 

The cell type used here is the human embryonic kidney (HEK293T) cell line. The 

HEK293T cells were cultured in culture medium at 37 ºC with 5% CO2 in the incubator. 

The culture medium is Eagle's Minimum Essential Medium (EMEM) containing 10% 

heat-inactivated fetal bovine serum and 1% Penicillin/Streptomycin medium. 
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3.2.6 Transfection 

Before transfection, HEK293T cells were seeded in 12-well plates at a density of 

1 × 10
5
 cells/well, with 1 mL/well of cell culture medium. Then the HEK293T cells were 

cultured at 37 ºC with 5% CO2 in the incubator for 24 hours.  

During transfection, the cell culture medium in each well was replaced by 400 µL 

Opti-MEM solution containing polyplexes. The polyplexes used in each well contained 

1.5 µg of DNA. The cells were then incubated for 4 hours. After that, Opti-MEM solution 

with polyplexes was replaced by cell culture medium. Finally, the cells were incubated 

for 24 hours when using pGFP and 36 hours when using pLuc before characterization. 

3.2.7 Characterization 

The polyplex size (Z average diameter, Zave) and polydispersity index (PdI) were 

directly measured using the Zetasizer NanoS system (Malvern Instruments).  All 

measurements were carried out at 25 ºC, using the refractive index (1.330) and viscosity 

(0.8872 cP) of water for data analysis. Each sample was measured at three minute 

intervals for a total time of one hour. The reported standard deviation was calculated as 

σ
2
=PDI×(Zave)

2
  with the assumption of a Gaussian distribution [8]. 

For the pGFP transfection study, the transfected cells were characterized by using 

fluorescence microscopy and flow cytometry. The apoptosis assay was carried out 

through flow cytometry after Annexin-V (AV) and Propidium Iodide (PI) staining [43].  
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For the pLuc transfection study, the transfected cells were lysed in 400 µL of  Glo 

Lysis Buffer (Promega). Then the lysate was transferred to a 96-well plate and mixed 

with equal amount of Steady-Glo Assay Reagent (Promega). After 20 minutes, the 

luminescence intensity was measured through the Fluoroskan Ascent FL. 

3.3 Results and Discussion 

3.3.1 Optimization of Operation Parameters 

The flow rates of DNA and polymer solutions were fixed at 50 µL/min, while the 

pressure of the nitrogen was undetermined. The optimization of nitrogen pressure value 

was based on the mixing efficiency. Water and ink were co-injected at the same flow rate 

of 50 µL/min. Then the mixing performance was measured by the mixing index (M) of 

fluids near the outlet channel [44,45] 

  √
 

 
∑  

     

  
   

     ,    (3-1) 

where    is the gray scale value at the measured point along the width of the channel. The 

average gray scale of all the measured points is    , and the total number of measured 

points is  . A mixing index value of 1.0 indicates complete separated solutions and a 

mixing index of 0.0 indicates completely mixed solutions. The mixing index near the 

outlet channel with different pressure of nitrogen is shown in Fig. 3-2 a, indicating that 

the mixing performance is improved with the increase of pressure. The best mixing 
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performance was obtained with 20 psi of pressure. Since further increase in pressure may 

cause leakage in microfluidic reactors, 20 psi was used as the optimized pressure.  

3.3.2 Size Distribution 

At the optimized pressure, polyplexes prepared by bubble based microfluidic 

reactor without acoustic perturbation show smaller size compared to those prepared by 

bulk mixing (Zave,bubble = 171.0 nm versus Zave,bulk = 419.1 nm). However, the size 

distribution of the polyplexes synthesized by the bubble based mixer without acoustic is 

broad, as shown in Fig. 3-2 b.  

To improve the size distribution, acoustic perturbation was applied. The acoustic 

oscillation of the microfluidic channel and the bubbles can cause liquid motion or 

vortices known as acoustic streaming [46]. Even at micrometer scale, turbulence can still 

be induced actively by acoustic oscillation, resulting in fast mixing. Fig. 3-2 b show the 

size distribution of polyplexes prepared by bulk mixing, the bubble based microfluidic 

reactor with and without acoustic perturbation. As expected, introduction of acoustic 

perturbation helps in generating particles with smaller size compared to bulk mixing 

sample (Zave,bubble, acoustic = 262.1 nm), and lowest polydispersity in all cases.  
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Figure 3-2 Comparison of polyplexes prepared by bulk mixing and bubble based microfluidic 

reactor. (a) The change of mixing index with the change in nitrogen pressure. (b) Intensity-based 

size distribution (Zave,bubble = 171.0 nm, Zave,bubble, acoustic = 262.1 nm, Zave,bulk = 419.1 nm); (c) 

aggregation kinetics. 

3.3.3 Aggregation Kinetic Studies 

Aside from the heterogeneity, significant aggregation is also observed in 

polyplexes prepared by bulk mixing method, presumably due to a corona of excess 

polycation and an uneven surface coverage [47]. As shown in Fig. 3-2 c, comparison of 

the aggregation kinetics of polyplexes prepared by bulk mixing and bubble based 

microfluidic reactor without and with acoustic perturbation suggests that the latest 

produces more stable particles without any treatment, such as PEGylation or addition of 

anti-caking agent. The improved size uniformity and slower aggregation rate exhibited by 

polyplexes prepared with bubble based microfluidic reactor, especially with acoustic 

perturbation, is most likely due to the enhanced mixing, which in turn led to a more 

uniform surface property of the synthesized polyplexes. Thereby the aggregation or 

flocculation that typically occurs in solution is reduced.    
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3.3.4 Biological Performance of the Synthesized Polyplexes 

 

Figure 3-3 Microscopic observation of GFP transfection at 24 h post-transfection. Scale bar = 100 

µm. 

 

Fig. 3-3 to Fig. 3-5 show the comparison of the biological performance between 

the polyplexes prepared by bulk mixing and acoustic-assisted bubble based microfluidic 

reactor. The reporter DNA vectors pmax-GFP encoding green fluorescent protein (GFP) 

was used for polyplexes synthesis. Qualitatively, the cells in the case of acoustic-assisted 

bubble based microfluidic reactor show healthier morphologies and higher transfection 

efficiency (Fig. 3-3). Quantitatively, acoustic-assisted bubble based microfluidic reactor 

prepared polyplexes achieve ~75% transfection, which is about 10% increase compared 

to the 65% in the case of bulk mixing (Fig. 3-4 e).  

Similar distributions in forward scatter/side scatter (FSC/SSC) plots (Fig. 2-4 a, b) 

suggest that the cells maintained comparable morphologies after transfection with 

polyplexes prepared in both cases. Further investigation show that polyplexes prepared 

by acoustic-assisted bubble based microfluidic reactor induced less cell death (PI+) and 
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apoptosis (PI-, Annexin V+) [43] than those prepared by the bulk mixing method (Fig. 3-

4 c, d). The percentages of viable cells are shown Fig. 3-4 f. 

 

 

Figure 3-4 Quantification of transfection efficiency and cytotoxicity. (a, b) The FSC/SSC plots 

suggest that the cells maintained comparable morphology after transfection with polyplexes 

prepared in both cases. (c, d) Bivariate plots showing the fluorescence of PI and Annexin V-Cy5 

staining. The polyplexes prepared by acoustic-assisted bubble based microfluidic reactor induced 

less cell death and apoptosis. (e)  Quantification of GFP expression level  (n = 3). *p < 0.0445. (f) 

Quantification of cell viability. (n = 3). **p < 0.0013. (Unpaired t test, CI 95%, two-tailed p-

value). 
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To complement the transfection parameter of percent cells transfected, I also 

measured the total gene expression level using the firefly luciferase (pLuc) reporter gene. 

The results are shown in Fig. 3-5. Consistent with the GFP-transfection results, 

polyplexes prepared by acoustic-assisted bubble based microfluidic reactors showed 

greater luminescence intensity when compared to the bulk mixing case. 

 

Figure 3-5 Quantification of Luciferase Assay  (n = 3). ***p < 0.0036. (Unpaired t test, CI 95%, 

two-tailed p-value).  

 

 

3.4 Conclusion  

In this chapter, the polyplex synthesis using an acoustic-assisted bubble based 

microfluidic reactor is demonstrated. Firstly, the mixing enhancement by this acoustic-

assisted bubble based microfluidic reactor is proved by experiments using ink and water. 

Later, the polyplexes prepared by this reactor show smaller size, slower aggregation rate, 

higher transfection efficiency, and lower cytotoxicity compared to those prepared by the 
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bulk mixing method. The acoustic-assisted bubble based microfluidic reactor can produce 

high-quality polyplexes in an operator-independent, simple, and scalable manner. The 

improved reproducibility and efficacy derived from this acoustic-assisted bubble based 

microfluidic reactor may contribute to the future development of translational nucleic 

acid therapeutics. 
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Chapter 4 A Three-Dimensional Hydrodynamic Focusing Method for 

Polyplex Synthesis
‡
 

This chapter presents the use of 3D-HF microfluidic reactor for polyplexes 

synthesis. Compared with the acoustic-assisted bubble based microfluidic reactor, this 3D 

hydrodynamic focusing device is easier to operate since no gas is involved. The 

polyplexes synthesized by this 3D hydrodynamic focusing device also show better 

biological performance.  

4.1 Introduction 

 Successful intracellular delivery of nucleic acid relies on multi-aspect 

optimization, one of which is formulation. While there has been ample innovation on 

chemical design of polymeric gene carriers, the same cannot be said for physical 

processing of polymer-DNA nanocomplexes (polyplexes). In Chapter 3, synthesis of 

polyplexes by acoustic-assisted bubble based microfluidic reactor was demonstrated. The 

synthesized polyplexes show smaller size and better stability compared to those by bulk 

mixing method. However, one disadvantage of the bubble based microfluidic reactor is 

the introduction of gas phase, which makes it difficult to miniaturize the device for on-

site and on-demand synthesis applications.   

  

 
‡
This chapter is based on: M. Lu, Y.-P. Ho, C. L. Grigsby, A. A. Nawaz, K. W. Leong, 

and T. J. Huang,  “A three-dimensional hydrodynamic focusing method for polyplexes synthesis,” 

ACS Nano, 8, 332-339, (2014) 
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 Another microfluidic mixing strategy, hydrodynamic focusing, has been used to 

enhance mixing and provide homogenous environment within the reaction zone [1–16]. 

As the central solution is focused by the sheath of outer fluids, the diffusion distance 

decreases, resulting in faster mixing [3,17]. Two-dimensional (2D) hydrodynamic 

focusing, which focuses the central solution in the horizontal plane only, has been used to 

prepare polyplexes [4] and lipolexes [5]. However, transverse diffusive broadening 

observed in existing two-phase laminar flows [6] in the vertical direction compromises 

the quality of the synthesized polyplexes. A better design to ensure effective mixing in 

microfluidic devices is needed [7]. Compared with 2D hydrodynamic focusing, 3D 

hydrodynamic focusing (3D-HF) can further enhance mixing by squeezing the center 

stream in both horizontal and vertical direction.
  

 In recent years, different designs with intrinsic 3D structures for 3D-HF have 

been proposed, which require complicated fabrication and are not suitable for mass 

fabrication [8,9,11]. Rhee et al. have demonstrated a single-layer 3D-HF device for 

polymer nanoparticles synthesis. In their design, three sequential inlets with precisely 

controlled size and alignment are used for vertical focusing, and a conventional cross 

junction is used for horizontal focusing [15]. Rhee’s 3D-HF device show advantages in 

synthesis applications over 2D-HF devices, but the stringent control required for the inlet 

drilling and the low flow rate diminish the appeal of this design. Previously, a 

“microfluidic drifting” technique was developed to achieve 3D-HF in a single-layer, 

planar microfluidic structure for on-chip flow cytometry application [10,12,13]. This 3D-

HF device can be fabricated through single-step standard soft lithography without multi-
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layer assembly requirements, rendering it ideal for low-cost and large-scale production. 

However, this first generation of “microfluidic drifting” based 3D-HF device is not 

suitable for nanoparticle synthesis due to a relatively low ratio between central and total 

flow rate (~1:17), which may result in diluted concentration of the synthesized 

polyplexes.  

 I redesigned the “microfluidic drifting” based 3D-HF device for polyplexes 

synthesis application. The new device has an 1 0  curved channel section, and the ratio 

between central and total flow rate is 1:3, as shown in Fig. 4-1. In addition, external 

acoustic perturbation is introduced to further enhance the mixing in the focused stream 

[18–26]. 

. 

 

Figure 4-1 Schematic of the microfluidic device for polyplex synthesis by 3D-HF. The DNA 

solution is injected through inlet A, while the polymer solution is injected from the inlet B, C, and 

D.  
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4.2 Materials and Methods 

The materials information and details about device fabrication, bulk mixing 

synthesis, cell culture, transfection and characterization are the same as described in Sec 

3.2. Here I will only present the details about polyplexes synthesis in the 3D-HF 

microfluidic reactor and computational simulation.  

4.2.1 Polyplexes Synthesis in the 3D-HF Microfluidic Reactor 

To prepare the polyplexes by 3D-HF, the DNA stock solution and the turbofect 

transfection reagent were diluted in Opti-MEM Reduced-Serum Medium to 13.2 µg/mL 

and 13.2 µL/mL, respectively. As demonstrated in Fig. 4-1, the DNA solution was 

focused after injected through inlet A. The polymer solution was injected from inlets B, 

C, and D. Additionally, a very long channel length was used to allow a longer residence 

time and ensured completion of reaction within the microfluidic reactor. The polyplexes 

were collected at the outlet directly without any further purification or separation. Several 

flow rates were tested for optimization of operation parameters based on the size of the 

synthesized polyplexes, while keeping the flow rate ratio between inlets A:B:C:D as 

3:4:1:1. The optimized flow rate was then used to synthesize polyplexes with the 

introduction of acoustic perturbation. The voltage and frequency applied to the 

piezoelectric transducer were 20 Vpp and 55 Hz.  
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4.2.2 Computational Simulation  

The concentration distribution of DNA solution was simulated at different flow 

rates using a commercial CFD simulation software (CFD-ACE+, ESI-CFD), by assuming 

the diffusion coefficient of the 390 kD pGFP as 0.5 × 10
-12

 m
2
/s and the initial 

concentration as 1.905× 10
-9

 M [27]. The simulation did not consider the reaction 

between the DNA and polymer. 

4.3 Results and Discussion 

4.3.1 Optimization of Operation Parameters 

Several flow rates were tested for optimization based on the size of the 

synthesized polyplexes, while keeping the flow rate ratio between inlets A:B:C:D as 

3:4:1:1. The computational fluid dynamics (CFD) simulation of the experimental 

parameters show the confinement of the DNA solution in both horizontal and vertical 

directions at various flow rates (Fig. 4-2). As the flow rate increases, the size of the 

highly concentrated DNA region decreases, and the region of lower DNA concentration 

increases, indicating the enhancement of mixing.  

The size (Z average diameter, Zave) and polydispersity index (PdI) of polyplexes 

synthesized with different flow rates were measured (Fig. 4-3). This experimental result 

shows the expected trend that the size of the polyplexes decreases with the increase in 

flow rate (Fig. 4-3 a). However, as the total flow rate increases from 270 µL/min to 360 

µL/min, the decrease in particle size is less than 30 nm, and further increase in flow rate 



 

 

47 

 

might cause leakage of the microfluidic channel. Therefore, the total flow rate of 360 

µL/min was used as the optimized flow rate.  

 

Figure 4-2 The DNA concentration distribution in cross-section areas at location 1, 2, 3, and 4 in 

Figure 1 at different flow rates. The total flow rate is (a) 90 µL/min, (b) 120 µL/min, (c) 180 

µL/min, (d) 270 µL/min, and (e) 360 µL/min.  
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4.3.2 Reducing Polyplex Size by 3D-HF and Acoustic Perturbation 

At the total flow rate of 360 µL/min, the 3D-HF-prepared polyplexes show 

smaller size compared to those prepared by the bulk mixing method (Zave,3D = 263.0 nm 

versus Zave,bulk = 419.1 nm), while the size distribution is comparable in both conditions 

(PDI3D = 0.131  versus PDIbulk = 0.142 , n = 3, p = 0.789). Besides 3D-HF, as discussed 

in Chapter 2, the acoustic streaming can further enhance the mixing performance [28]. 

Fig. 4-3 b shows the size distribution of polyplexes prepared by bulk mixing, 3D-HF, and 

acoustic-assisted 3D-HF. As expected, introduction of acoustic perturbation further 

decreases the particle size and polydispersity index (Zave,3D,acoustic = 200.0 nm, PDI3D,acoustic 

= 0.067).  

 

 

Figure 4-3 Comparison of polyplexes prepared by bulk mixing and 3D-HF. (a) Size of polyplexes 

as a function of flow rate. (b) Intensity-based size distribution (Zave,3D,acoustic = 200.0 nm, Zave,3D = 

263.0 nm, Zave,bulk = 419.1 nm; PDI3D,acoustic = 0.067, PDI3D = 0.131, PDIbulk = 0.142); (c) 

aggregation kinetics. 

4.3.3 Aggregation Kinetic Studies 

As discussed in Chapter 3, aside from heterogeneity in size, significant 

aggregation is often observed in polyplexes synthesized by the bulk mixing method [29]. 
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Fig. 4-3 c shows the comparison of the aggregation kinetics of polyplexes prepared by 

the bulk mixing method and 3D-HF with and without acoustic perturbation. This result 

suggests that 3D HF method can produce more stable particles without any post-

processing. The aggregation kinetics over 4 hours (the time required for transfection) 

shows the same trend (Fig. 4-4). The improved size uniformity and slower aggregation 

rate exhibited by polyplexes prepared with 3D-HF, especially with acoustic perturbation, 

is most likely due to enhanced mixing. 

   

Figure 4-4 Aggregation kinetics over 4 hours after synthesis. 

4.3.4 Estimation of Shear Rate and Temperature Increment 

Even though the mixing performance can be enhanced by increasing the flow rate 

and external acoustic field, the potential degradation of DNA becomes a concern due to 
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the increased shear stress and introduction of acoustic power. High shear rate (for 

example, 40 milliseconds of shear rate at 3.5×10
5
/s) [30]

 
or long time of relatively low 

shear rate (~100 seconds of shear rate at 2.1×10
4
/s) [31] may break the phosphodiester 

backbone of DNA and physically fragment DNA into small pieces [30–32]. Ultrasound 

may also fragment DNA via mechanical or thermal degradation [33]. Degradation of 

DNA by these mechanisms will negate the benefits of the proposed acoustic-assisted 3D-

HF method for polyplex synthesis.  

I first evaluated the shear stress under this experimental setting, based on the 

applied flow rate and time of operation. At the highest flow rate of 360 µL/min, the 

residence time of the DNA in the microfluidic channel is shorter than 400 milliseconds. 

The velocity distribution was simulated (Fig. 4-5). The shear rate ( ) is calculated as 

hv  / , where v  is the velocity of the fluid and h  is the distance from the channel 

wall. The maximum shear rate is 8.1×10
4
/s near the channel wall, and the shear rate 

decreases from the wall to the center of the channel, where the DNA condensation takes 

place. The relatively low shear rate [30] and the short time interval [31] suggest that 

DNA degradation due to shear stress is negligible in these experiments. 
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Figure 4-5 (a) The velocity distribution of fluid velocity in a cross-section at a total flow rate of 

360 µL/min. (b) The velocity distribution at the center line in the cross-section in (a).   

 

 

 

The two main mechanisms of DNA degradation by an acoustic field are cavitation 

and direct mechanical or thermal degradation. When acoustic pressure is in the order of 

one atmosphere or higher, gas bubbles appear and oscillate vigorously, resulting in 

mechanical stress that can be several orders of magnitude higher than that in fluid without 

bubble [35]. However, acoustic cavitation is negligible in my experiments because no 

bubble was observed due to the extremely low acoustic pressure (< 100 Pa). Another 
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concern is the heat generated by the piezoelectric transducer, which was made of Lead 

zirconium titanate (PZT), and the absorption of acoustic energy in the fluid. This has 

been an issue extensively investigated in other ultrasound applications, and the 

relationship between heat generation in PZT materials and acoustic frequency is already 

known [36]. The low frequency (55 Hz) applied in my experiments produced temperature 

increase less than 1°C. As an analogy, this low frequency is similar to the frequency of a 

normal bench-top shaker. It should not damage the pDNA, as confirmed through an 

agarose gel electrophoresis experiment (Fig. 4-6), which shows that 3D-HF with acoustic 

perturbation causes no significant DNA fragmentation or degradation. In summary, the 

external acoustic perturbation provided additional active mixing in the proposed 3D-HF 

mechanism, while maintaining the integrity of the DNA. 

 

Figure 4-6 Gel electrophoresis experiment result. There is no noticeable difference between the 

control sample and the sample that experienced 3D-HF and acoustic perturbation, indicating the 

integrity of DNA after exposure to flow conditions in acoustic-assisted 3D-HF microfluidic 

reactors. 
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4.3.5 Biological Performance of the Synthesized Polyplexes 

 

 

Figure 4-7 Microscopic observation of GFP transfection. At 24 h post-transfection, the human 

embryonic kidney (HEK293T) cells transfected by turbofect polyplexes were examined by 

fluorescence microscopy. Visually, the cells show comparable transfection efficiency in all cases. 

Scale bar = 100 µm. 

 

Fig. 4-7 and Fig. 4-8 compare the biological performance of the polyplexes 

prepared by the bulk mixing method and 3D-HF with and without acoustic perturbation. 

The reporter DNA vectors pmax-GFP encoding green fluorescent protein (GFP) was used 

for polyplexes synthesis. Qualitatively, the cells show comparable transfection efficiency 

in all cases (Fig. 4-7). Quantitatively, 3D-HF polyplexes prepared with or without 

acoustic perturbation achieve ~75% transfection compared to the 60% by bulk-mixed 

polyplexes (Fig. 4-8 g). The improvement in transfection efficiency again confirms that 

there is no obvious DNA damage during polyplexes synthesis by 3D-HF with and 

without acoustic perturbation.  
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Similar distributions in forward scatter/side scatter (FSC/SSC) plots (Fig. 4-8 a-c) 

suggest that the cells maintained comparable morphologies after transfection with 

polyplexes prepared in all cases. Further investigation show that polyplexes prepared by 

3D-HF induce less cell death (PI+) and apoptosis (PI-, Annexin V+) [1] than polyplexes 

prepared by the bulk mixing method (Fig. 4-8 d-f), which is also shown in Fig. 4-8 h.   
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Figure 4-8 Quantification of transfection efficiency and cytotoxicity. (a-c) The FSC/SSC plots of 

the cells after transfected with polyplexes synthesized by bulk mixing method, and 3D-HF 

method without and with acoustic perturbation. (d-f) Bivariate plots to quantitatively evaluate 

cytotoxicity of polyplexes synthesized by bulk mixing method, and 3D-HF method without and 

with acoustic perturbation. (g)  Quantification of GFP expression level  (n = 3). *p < 0.026. (h) 

Quantification of cell viability. (n = 3). **p < 0.0042 (i) Quantification of luciferase assay  (n = 3). 

***p < 0.0004. (Unpaired t test, CI 95%, two-tailed p-value). 

 

  To complement the transfection parameter of percent cells transfected, I also 

measured the total gene expression level using the firefly luciferase (pLuc) reporter gene. 

The results are shown in Fig. 4-8 i. Consistent with the GFP-transfection results, 

polyplexes prepared by 3D-HF show two-fold greater luminescence intensity as 

compared to the bulk mixing case. No statistical significance is found between the 

luminescence intensity in 3D-HF cases with or without acoustic perturbation. 

     The acoustic-assisted 3D-HF method shows the ability to synthesize polyplexes 

with better control of physical properties, such as size and colloidal stability, over the 

traditional bulk mixing method. The throughput of 3H-HF method can also be improved 

through optimization of the device and flow parameters, or at the very least through 

integration of multiple 3D-HF devices in parallel for mass production of polyplexes 

[36,37]. 

4.4 Conclusion  

Polyplex synthesis using a 3D-HF method is demonstrated, along with external 

acoustic perturbation. The polyplexes prepared by this 3D-HF method show smaller size, 

slower aggregation rate, higher transfection efficiency, and lower cytotoxicity compared 

to the ones prepared by the bulk mixing method. Furthermore, acoustic perturbation can 
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further decrease the particle size. The 3D-HF method can produce high-quality 

polyplexes in an operator-independent, simple, and scalable manner. Compared with the 

bubble based microfluidic reactor described in Chapter 3, 3D-HF method requires no gas 

injection during the synthesis, which simplifies and also miniaturizes the device, making 

it possible for on-site and on-demand biomedicine synthesis.  
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Chapter 5 Shape Tunable Synthesis of Hybrid Nanomaterials by Three 

Dimensional Hydrodynamic Focusing Method 

Previous chapters presented two designs to enhance mixing in microfluidic 

reactors and the polyplexes synthesis by using these two designs. Compared with the 

bubble based microfluidic reactor, it is easier to operate the 3D-HF microfluidic reactors 

since no gas is involved, which enables the simplification of operation and 

miniaturization of the device.  

The chemical concentration distribution in the bubble based microfluidic mixer is 

uniform since it enhances mixing in the whole channel, so it is easy to predict the 

reaction conditions. In contrast, the chemical concentration distributions in the 3D-HF 

microfluidic reactors are dependent on the flow conditions (e.g., flow rate and flow rate 

ratio). The variation of the chemical concentration distribution requires more effort to 

understand the reaction condition within the 3D-HF microfluidic reactors. At the same 

time, it also provides a new way to precisely control the reaction condition. This chapter 

presents the study on the chemical concentration distribution within the 3D-HF 

microfluidic reactor via the synthesis of tetrathiafulvalene-Au (TTF-Au) hybrid materials. 

The TTF-Au hybrid material synthesis process is sensitive to the feed molar ratio 

between the reagents. As a result, while the flow condition changes, the synthesized 

materials show different morphologies. Therefore, the chemical concentration 

distribution within the microfluidic device can be understood by studying the 

morphology changes of the synthesized materials. 
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5.1 Introduction 

Nanomaterials have attracted great research interests for their special chemical 

and physical properties and applications in catalysis [1], photonics [2,3], imaging [2,3], 

nanoelectronics [4], sensors and biomedicine [5]. Their intrinsic properties are strongly 

influenced by the elemental composition, size and the shape [1,3,6–8]. Therefore, 

significant effort has been devoted to synthesize nanomaterials with well-controlled 

shapes. For example, noble metal nanostructures in the shape of rods [9], wires [10], belts 

[11], cubes [12], polyhedral [13], plates [14,15], stars [16] and dendrites [17,18] have 

been produced recently. Various synthetic methods have been proposed for fabricating 

nanomaterials with well-defined shapes, such as wet chemical methods [2], 

nanolithographic techniques [19] and template based synthesis [20]. For practical 

applications, it is of great importance to synthesize nanomaterials in large quantities and 

at reasonably low cost. Solution synthetic methods have been used broadly because of 

their simplicity and high throughput. Recently, microfluidic devices amenable to 

automated operation have attracted increasing interest due to their ability to minimize 

human factors. The laminar flow conditions in microfluidic reactors can confine the 

reaction zone (the region where reaction occurs) to the interface between two reagent 

flows [21]. Therefore, the reaction conditions (e.g., reagent ratio, flow rate, ionic 

concentration) can be finely tuned, leading to highly controllable parameterization 

throughout the synthesis process.  

     Hydrodynamic focusing has been used to enhance mixing within the reaction 

zone in microfluidic reactors. Two-dimensional hydrodynamic focusing (2D-HF) 
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method, which focuses the central solution in the horizontal plane only, has been used to 

synthesize nanomaterials [22]. However, in the case of 2D-HF, the profiles of the reagent 

streams still show 3D distributions, which can be influenced by the channel shape and 

flow conditions [23]. Compared with 2D-HF, 3D-HF can further reduce the reaction 

volume and compress the center stream in both horizontal and vertical directions, 

enabling better control of the reaction conditions within the reaction zone.  

While most reported nanomaterials synthesis by hydrodynamic focusing methods 

has centered on the improved uniformity of products, the possibility of size and shape 

tenability has received limited attention. Due to the great influence of shape in 

nanomaterials properties and behavior, synthesis of nanomaterials with tunable 

morphologies is of critical importance to the field of functional nanomaterials.  

Tetrathiafulvalene (TTF) has been widely used for synthesizing organic 

conductors [24,25]. Different TTF-based complexes have been synthesized by 

conventional bulk mixing and microfluidic synthesis methods. This chapter presents an 

investigation on how the flow conditions modulate the shape of TTF-Au hybrid 

nanomaterials within a 3D-HF device.  

The 3D-HF device for TTF-Au hybrid materials synthesis is shown in Fig. 5-1. 

The microfluidic device consists of four inlet channels and one outlet channel. Fluid 

injected from inlet A is firstly focused vertically by the vertical sheath flow from inlet B. 

Then the horizontal sheath flow from inlet C and D finally compress the fluid from inlet 

A to the center of the channel.  



 

 

64 

 

 

Figure 5-1 Schematic of the microfluidic device for hybrid nanomaterials synthesis by 3D-HF. 

The iso-curve shows the focusing of reagent A and the slices show the concentration distribution 

of reagent B. While keeping the flow rate of reagent A and B the same and changing the flow rate 

of buffer C and D, nanomaterials with different shapes can be synthesized.  

 

5.2 Materials and Methods 

The details about the device fabrication are the same as described in Sec 3.2. 

Therefore, only the information about materials and details about experiments are 

presented here.  

5.2.1 Materials  

 Tetrathiafulvalene (TTF) and hydrogen tetrachloroaurate (HAuCl4) were 

purchased from Sigma-Aldrich. The reagent solutions were prepared by dissolving TTF 
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in acetonitrile at the concentration of 1.1 mM and HAuCl4 in acetonitrile at the 

concentration of 0.27 mM. All materials were used directly without any further treatment. 

5.2.2 Synthesis of TTF-Au Hybrid Materials in 3D-HF Microfluidic Reactors  

The 3D-HF microfluidic reactor was connected to syringes via tubing, and the 

flow rate was controlled by the neMESYS syringe pump system (Cetoni GmbH). Two 

groups of experiments were carried out. In the first group of experiments, TTF solution 

was injected from inlet A at flow rate of 30 µL/min, and HAuCl4 solution was injected 

from inlet B at flow rates of 370 µL/min. Acetonitrile was injected from inlet C and D as 

buffer solutions. In the second group of experiments, HAuCl4 solution was injected from 

inlet A and TTF solution from inlet B at flow rates of 30 µL/min and 370 µL/min, 

respectively. The resultant solution was collected at the outlet into a centrifuge tube 

containing 1 mL acetonitrile solution. For each experiment, 0.3 mL of the resultant 

solution was collected.  

5.2.3 Synthesis of TTF-Au Hybrid Materials by Bulk Mixing Method 

To prepare TTF-Au Materials by the bulk Mixing method, TTF solution at 1.1 

mM and HAuCl4 solution at 0.27 mM were mixed at different molar ratio, while keeping 

the total volume as 0.5 mL. Vortexing was performed for 60 seconds after the reagents 

were added.  
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5.2.4 Computational Simulation  

The concentration distributions of reagents were simulated at different flow 

conditions using commercial CFD simulation software (CFD-ACE+, ESI-CFD). The 

simulation did not consider the reaction between TTF and HAuCl4. 

5.2.5 Characterization of the Synthesized Materials  

The transmission properties of the resultant solutions were measured immediately 

after collection using a spectrometer.  

For SEM imaging, a droplet of each collected solution was dropped on a silicon 

wafer. After evaporation, the samples were observed by a field emission scanning 

electron microscope (FESEM).  

For XRD sample preparation, silicon wafers were placed in a 50 mm diameter 

petridish containing 2 mL of resultant solution of each sample from bulk mixing 

experiments. The amount of solution was chosen to obtain enough powder after 

evaporation for XRD characterization. 

 

5.3 Results and Discussion  

5.3.1 Different Morphologies of TTF-Au Materials Prepared by 3D-HF method 

The flow rate ratio (FRR) is defined as the ratio between the total flow rate from 

inlets A and B to the total flow rate from inlets C and D, or FRR = (A+B):(C+D). For the 
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first group of experiments, as shown in Fig. 5-2, as the FRR varies from 20 to 0.2, the 

morphologies of the synthesized materials experience changes through (a) branching 

aggregates consisting of irregularly aligned polyhedral crystals, (b) triangle or hexagonal 

shape, (c) multi-layered structures consisting of thin and flat layers, (d) two dimensional 

dendritic nanostructures, (e) flower-like aggregates consisting of thin, flat petals with 

holes and (f) coral-like aggregates consisting of fibers. In general, the size of the 

synthesized materials increases and the morphologies become more complex with the 

decrease in FRR. 
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Figure 5-2 SEM images of nanomaterials prepared while using 1.1 mM TTF solution as reagent 

A and 0.27 mM HAuCl4 solution as reagent B. The flow rates were set to 30 µL/min for TTF 

solution and 370 µL/min for HAuCl4 solution, while the flow rate of buffer (ACN) was changed. 

As the FRR = (A+B):(C+D) decreased, the morphologies of the synthesized nanomaterials 

experienced changes through (a) branching aggregates consisting of irregularly aligned 

polyhedral crystals, (b) triangle or hexagonal shape, (c) multi-layered structures consisting of thin 

and flat layers, (d) two dimensional dendritic nanostructures, (e) flower-like aggregates consisting 

of thin, flat petals and (f) coral-like aggregates consisting of fibers. 

 

For the second group of experiments, as shown in Fig. 5-3, as the FRR increases 

from 0.2 to 20, the morphologies of the synthesized materials experience changes through 

(a) diamond shapes with apex angle of 58º, (b) long and hollow wires of several tens of 

micrometers, (c) wires of ~10 micrometers and (d) wires of 3-5 micrometers. In general, 

the products show one-dimensional structures, whose sizes first increase and then 

decrease with the increase in FRR. 

 

Figure 5-3 SEM images of nanomaterials prepared while using 0.27 mM HAuCl4 solution as 

reagent A and 1.1 mM TTF solution as reagent B. The flow rates were set to 30 µL/min for 

HAuCl4 solution and 370 µL/min for TTF solution, while the flow rate of buffer (ACN) was 

changed. As the FRR = (A+B):(C+D) increased, the morphologies of the synthesized 



 

 

69 

 

nanomaterials experienced changes through (a) diamond shapes with apex angle of 58º, (b) long 

and hollow wires of several tens of micro meters, (c) wires of ~10 micrometers and (d) wires of 

3-5 micrometers. 

5.3.2 Possible Mechanism of Morphology Variation  

 At the first glance, it is surprising that, variation of the buffer solution flow rate 

alone can lead to significant changes in morphologies of the synthesized materials. Here, 

the reactions are considered to have reached completion due to dilution as the product 

solution is ejected from the outlet channel into the acetonitrile solution. Thus the entire 

reaction takes place within the microfluidic channel, at the interface between the two 

reagent streams. One of the reagents is focused at the center of the channel, so the 

reaction zone is near the outer profile of the focused reagent stream. The change in FRR 

by varying the buffer solution flow rate affects both mechanical and chemical conditions 

within the microfluidic channel.  

With the increase in FRR, the shear force at the interfaces of the co-flowing 

streams increases. Since it is known that shear force can affect the crystallization process 

by aligning or rotating molecules along the flow direction, increased shear force may lead 

to orientation-induced structures [26]. One might attribute the morphological changes in 

the experiments to the shear force changes. However, as shown in Fig. 5-2, the materials 

synthesized from the first group of experiments show dendritic and aggregates features 

without any directionality or alignment. This phenomenon suggests that the change in the 

mechanical conditions is not the main reason for the change in morphologies.  
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 Change in FRR can also affect the chemical conditions, or the concentration 

distribution within the channel. Fig. 5-4 shows the computational fluid dynamic (CFD) 

simulation of the concentration distribution of the reagents after the introduction of buffer 

flows. As described in previous work [27,28], the reagent injected from inlet A drifts 

laterally to the opposite side of channel by the virtue of the Dean vortices caused by the 

high flow rate of the reagent injected from inlet B, resulting in vertical focusing. Reagent 

A becomes wrapped within reagent B. The introduction of the buffer solution from inlet 

C and D compresses the combined streams of reagents A and B horizontally and further 

focuses reagent A to the center of the channel. The reaction zone, as defined above, exists 

at the outer profile of the focused reagent A. There are two effects of FRR change on the 

chemical condition within the reaction zone. First, as the flow rate of the buffer solution 

increases, FRR decreases, and the reagent B is diluted due to diffusion at the interface 

between reagent B and buffer streams. The concentration distribution of reagent A, in this 

case, only shows a slight variation, since it is “wrapped” inside reagent B and shares no 

interface with the buffer streams. Second, as the flow rate of the buffer solution increases, 

the stream of reagent B is further focused to the center of channel. The outer profile of 

reagent B, where the concentration of reagent B is lower, is “pushed” towards the 

reaction zone. As a result, the molar ratio of A:B decreases as the FRR increases.   
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Figure 5-4 The concentration distribution of reagent A and B in cross-section at the location just 

after the inlets of buffer. The flow rate of reagent A and B are kept as 30 µL/min and 370 µL/min, 

respectively, and the flow rate of buffer C and D are changed. The reaction zone (at the interface 

between reagent A and B) are of interest. As the flow rate ratio (A+B):(C+D) decreases, the 

concentration of reagent A at the reaction zone almost stayed the same, while the concentration of 

reagent B at the reaction zone decreases. As a result, as the FRR = (A+B):(C+D) decreases, the 

molar ratio of A:B at the reaction zone increases. 

 

Therefore, the morphological changes in the synthesized materials may be 

primarily due to molar ratio changes between reagents A and B within the reaction zone. 

According to the experimental details, the products shown in Fig. 5-2 a were synthesized 

with the lowest molar ratio of TTF/HAuCl4, and products shown in Fig. 5-3 d were 

synthesized with the highest molar ratio of TTF/HAuCl4.  
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5.3.3 Mechanism of Structure Formation 

 To determine the effects of molar ratio on the synthesized materials, the formation 

mechanism of TTF-Au hybrid materials must be understood. TTF is a well-known 

electron donor unit. As shown in Fig. 5-5 a, electron-rich TTF can reversibly lose one or 

two electrons to form cation TTF
+•

 and dication TTF
2+ 

[29–34]. At the same time, this 

electron transfer reaction from TTF to gold cations leads to the formation of zero valent 

gold (Au) [35]. Fig. 5-5 b shows the 1D crystallization by the interaction between cation 

TTF
+•

 and the neutral TTF along the c-axis, which results in 1D structures [36–38].   

 

Figure 5-5 Schemes illustrating (a) the oxidation of TTF and (b) the 1D crystallization through 

the interaction between the neutral and oxidized TTF. 

 

 

When the molar ratio of TTF/HAuCl4 is very low, the concentration of HAuCl4 is 

much higher than TTF, so the major products are gold crystals. TTF acts as a capping 
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agent by being absorbed on the (111) plane of gold crystals [35]. Due to the stabilization 

and inhibition of further growth on this plane, gold crystals with top face of the (111) 

plane are formed. Therefore, the materials in Fig. 5-2 a-c should be gold structures. In the 

case of Fig. 5-2 a, the molar ratio of TTF/HAuCl4 was so low that only very few gold 

cations were reduced to Au, and the low concentration of Au resulted in small gold 

structures. From Fig. 5-2 a to c, as FRR decreases, the molar ratio of TTF/HAuCl4 

increases and the concentration of Au
 
increases, resulting in concomitant increase in size. 

Simultaneously, due to the capping agent effect of TTF, the gold structures appear in thin 

layers with top face of the (111) plane.  

Further increase in molar ratio of TTF/HAuCl4 results in structures showing 

features dramatically different from gold crystals, which may be caused by the interaction 

of gold and TTF crystallization process. In this case, it becomes difficult to get pure 

structures, as shown in Fig. 5-2 d-f. Fig. 5-2 d shows two dimensional dendritic fractal 

structures, which are generally associated with nonequilibrium growth phenomena 

[39,40]. As the particles travel through Brownian trajectories to the growing cluster, they 

stick to cluster arms and growth preferentially takes place at exterior sites, resulting in 

fractal structures. However, the branches of structures in Fig. 5-2 d are straight, which is 

different from random fractal structures [41], indicating that the 1D crystallization of the 

neutral and oxidized TTF may have played a role during structure formation. Fig. 5-2 e 

shows flower-like aggregates consisting of thin and flat petals with holes. The formation 

of this type of structures may be due to the fast crystallization process. The molar ratio of 

TTF/HAuCl4 is high enough to cause large amount of TTF molecules to be quickly 
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wrapped within the gold crystals. Later in the acetonitrile, the wrapped TTF can be 

dissolved gradually, leaving the observed holes on the gold disks [35]. Fig. 5-2 f shows 

coral-like aggregates consisting of fibers, which indicates features of 1D TTF 

crystallization.  

   In the synthesis illustrated in Fig. 5-3, the higher molar ratio of TTF/HAuCl4  

results in  TTF-based crystal structures, with gold clusters acting as a capping agent by 

bonding to the S site of the TTF crystals through the Au-S bonds [42]. The Au-S bond 

can inhibit the lateral or multidimensional growth of TTF nanocrystals [42].As a result, 

all the products in Fig. 5-3 show 1D features. From Fig. 5-3 a to b, increase in molar ratio 

of TTF/HAuCl4 results in higher concentrations of both neutral and oxidized TTF, 

leading to the increase in size. However, further increase in the molar ratio from Fig. 5-3 

c to d decreases the HAuCl4 available to oxidize TTF. The lack of oxidized TTF results 

in decrease in size.     

5.3.4 Optical Properties of the Resultant Solutions 

The UV-vis absorption spectra of the freshly made solutions collected from the 

outlet channel are shown in Fig. 5-6. All of the samples show absorption peaks at 442 and 

587 nm, which are the absorption bands derived from the π-π* transition of the TTF 

cation [36,43]. This indicates the existence of cation TTF
+•

.  

   The top group of data corresponds to samples shown in Fig. 5-2. The absorption 

peak around 510 nm is enhanced with increase in FRR. This 510 nm peak is caused by 

the surface plasmon resonance absorption of gold nanoparticles, evidencing the formation 
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of gold nanocrystals (Fig. 5-2 a-c) [44]. When FRR ≤ 5, the absorption at 510 nm 

diminishes, indicating the change in synthesized structures (Fig. 5-2 d-f). This top group 

of curves also show small absorption peaks at 402 nm, which may be the absorption peak 

of the TTF cation dimerization, (TTF
+
)2 [45,46]. 

   The spectra in the second group show no absorption peak at 510 nm, indicating 

the absence of discernible gold nanocrystals. The UV-vis absorption spectra detect the 

neutral and oxidized TTF in the resultant solution, including chemicals both within and 

outside the reaction zone. Since flow rates of TTF and HAuCl4 solutions are constants 

within this group of experiments, the molar ratio of TTF/HAuCl4 in the whole resultant 

solution are identical. Therefore, the UV-vis absorption spectra in this group are similar.   

  

 

Figure 5-6 Absorption spectra of the solution collected from the outlet of the microfluidic channel. 

Two evident absorption bands derived from the π-π* transition of the TTF
+
 appeare at 442 and 
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587 nm in all the cases, indicating the electron-transfer reaction and formation of TTF
+
. For the 

group of samples using TTF solution as reagent A and HAuCl4 solution as reagent B, as the flow 

rate ratio of (A+B):(C+D) increases, the absorption at wavelength around 406 nm and 510 nm 

increases. The absorption at 510 nm indicates the formation of gold nanoparticles. This 

absorption band is significantly damped because of small particle size and the organic capping by 

TTF. The absorption at 406 nm may be due to the coupling effect between gold nanoparticles and 

the TTF
2+

.    

 

5.3.5 Examination of the Possible Mechanism of FRR Effect by Bulk Mixing Synthesis 

 The morphological changes caused by FRR variation may be explained by the 

molar ratio change within the reaction zone. If this explanation is correct, similar 

structures should be able to be synthesized by conventional bulk mixing methods with 

different feed molar ratios. Therefore, bulk synthesis experiments were carried out with a 

series of feed molar ratio of TTF/HAuCl4. As expected, structures similar to Fig. 5-2 and 

Fig. 5-3 were obtained, as shown in Fig. 5-7 and Fig. 5-8. The morphologies of samples 

synthesized by bulk mixing with different feed molar ratios follow the hypothesis about 

structures formation discussed in Sec 5.3.4.   
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Figure 5-7 SEM images of nanomaterials prepared using bulk mixing method. As the feed molar 

ratio TTF/HAuCl4 increases, the morphologies of the synthesized nanomaterials experience 

changes through (a) branching aggregates consisting of irregularly aligned polyhedral crystals, (b) 

triangle or hexagonal shapes, (c) multi-layered structures consisting of thin and flat layers, (d) 

two dimensional dendritic nanostructures, (e) flower-like aggregates consisting of thin, flat petals 

and (f) coral-like aggregates consisting of fibers. 
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Figure 5-8 SEM images of nanomaterials prepared using bulk mixing method. As the feed molar 

ratio of TTF/HAuCl4 increases, the morphologies of the synthesized nanomaterials experience 

changes through (a) diamond shape with apex angle of 58º, (b) long and hollow wires of several 

tens of micro meters, (c) short wires of several micro meters and (d) nano-sized needles.  .   

 

The UV-vis absorption spectra of the bulk mixing samples are also similar to the 

3D-HF samples, with only slight differences. As shown in Fig. 5-9, the UV-vis 

absorption spectra of bulk mixing samples can be divided into two groups. The first 

group of samples have molar ratio of TTF/HAuCl4 less than 0.171. The absorption 

spectra of this group of samples show small peaks at 510 nm, and the absorption at 510 

nm increases as the molar ratio increases, indicating the formation of gold nanoparticles. 

In contrast to the 3D-HF samples, no obvious peaks of the TTF cation (442 nm and 587 

nm) can be observed in this group of data, due to the lack of TTF in the solution. The 

second group in Fig. 5-9 are the samples with molar ratio higher than 0.43. When 
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TTF/HAuCl4 equals to 0.43, the absorption curve exhibits a new peak around 402 nm. 

This absorption spectrum is similar to that of samples shown in Fig. 5-2 d, indicating the 

existence of similar compounds. Further increase in TTF/HAuCl4 decreases the intensity 

of the absorption peak at 442nm and 587 nm. When TTF/HAuCl4 ≥  2.64, the peak at 

587 nm almost disappears, underlying the decrease of TTF
+
.  

 

 

Figure 5-9 Absorption spectra of the solution after bulk mixing. When the feed molar ratio 

TTF/HAuCl4 ≤ 0.171, the absorption band at 510 nm increases as the TTF/HAuCl4 increases, 

indicating formation of more gold nanoparticles. The absorption bands at 442 nm and 587 nm are 

weak, indicating almost no formation of TTF
+
. When the feed molar ratio TTF/HAuCl4 ≥ 0.43, 

the absorption band at 510 nm decreases as the TTF/HAuCl4 increases, indicating less gold 

nanoparticle formation. The strong bands at 442 nm and 587 nm show the presence of TTF
+
. In 

the case of TTF/HAuCl4 =0.43, the absorption band at 406 nm appears, may be due to the 

coupling effect between gold nanoparticles and the TTF
2+

.  
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The nanostructures synthesized by the bulk mixing method were further 

characterized by X-ray diffraction (XRD) to determine their crystal direction. The results 

are shown in Fig. 5-10. According to the unit cell data for the TTF-chlorides in Table 5-

1[47], different crystal structures can be recognized. 

 

 

Table 5-1 Unit cell data for the TTF-chlorides 

 

     When the initial feed molar ratio TTF/HAuCl4 ≤0.18, the XRD patterns show 

sharp reflections corresponding to the face-centered cubic (fcc) structure of metallic gold 

with the (111) top planes, indicating that the disks are made of pure gold and their top 

face planes are the (111) planes. This is a very common structural configuration in plate-

like gold crystals such as gold nanoprismes or nanodisks [48]. As the molar ratio of 
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TTF/HAuCl4 increased to 0.43, the XRD result indicates (313) plane of the (TTF)Cl2 

crystals. When TTF/HAuCl4 = 0.87, no diffraction peak can be observed.  

When the molar ratio of TTF/HAuCl4 is in the range between 1.09 and 1.64, the 

diffraction peaks show a pure plane in direction of (101) of the ordered mixed valence 

salts of TTF. According to Table 5-1, the (101) plane is at 29º to the c-axis, which agrees 

well with the 58º apex angle of samples in Fig. 5-8 a. As the molar ratio of TTF/HAuCl4 

further increases, the diffraction peak from (102) plane becomes dominant in the ordered 

mixed valence salts of TTF. When TTF/HAuCl4 > 8.7, another diffraction peak (004) 

emerges. Finally, when TTF/HAuCl4 increases to 43.49, the (102) diffraction peak 

becomes sharper, indicating it is the dominant plane of the sample. 
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Figure 5-10 The XRD pattern of the samples synthesized by bulk mixing method. The samples 

can be divided into 4 groups. (1) When the feed molar ratio TTF/HAuCl4 ≤ 0.18, the samples 

show a primary peak corresponding to the face-centered cubic (fcc) structure of metallic gold 

with the (111) diffraction intensified considerably. (2) When TTF/HAuCl4 = 0.43, the (313) 

structure of (TTF)Cl2 appears, indicating the presence of TTF
2+

 . (3) When TTF/HAuCl4 = 0.87, 

no obvious peaks can be observed. (4) When TTF/HAuCl4 ≥ 1.09, multiple peaks showing the 

crystal structures of ordered mixed valence salt, indicating the presence of both TTF
+
 and TTF. 

When 1.09 ≤ TTF/HAuCl4 ≤ 1.64, the (101) plane is the major crystal structure. With the further 

increase in TTF/HAuCl4, the (102) plane becomes the primary structure.   

 

Overall, the morphologies, optical properties, and crystalline structures of the 

materials synthesized by the bulk mixing method agree well with the hypothesis of the 

structure formation mechanism, validating the assumption about the FRR effect on 

morphologies in 3D-HF experiments.  

Even though similar structures can be obtained by either 3D-HF or the bulk 

mixing method, the samples fabricated by 3D-HF method show better uniformity (Fig. 5-

11). 
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Figure 5-11 Size distribution of selected TTF-Au hybrid structures synthesized by 3D-HF and 

bulk mixing method.   

5.4 Conclusion 

The TTF-Au hybrid materials, which are sensitive to the reagent molar ratios, 

have been synthesized in 3D-HF microfluidic reactors. Interestingly, while keeping the 

flow rate of reagents the same, and changing only the flow rate of buffer, materials with 

different morphologies can be synthesized. This experimental result is explained by 

changes in the molar ratio of TTF/HAuCl4 within the reaction zone. This explanation is 

supported by the fact that similar structures can be synthesized by the conventional bulk 

mixing method with different molar ratios. The morphologies, optical properties and 

crystalline structures of the bulk mixing samples agree well with the predictions. 

Therefore, the chemical distribution within 3D-HF microfluidic reactors can be finely 

controlled by changing the buffer flow rate, which can be used to control the properties of 

synthesized nanomaterials. 
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Chapter 6 Conclusions and Future Research 

6.1 Conclusion 

 In Chapter 1, a hypothesis was made that within microfluidic reactors diffusion-

limit reactions occur during materials synthesis, and enhancement in mixing can improve 

the uniformity of the synthesized product. The central aim of the research reported in this 

dissertation was to examine this hypothesis and to push the microfluidic reactors towards 

real industrial and biomedical application by developing miniaturized microfluidic 

reactors suitable for mass fabrication. To achieve this aim, I firstly compared different 

types of microfluidic mixing strategies, and designed two microfluidic reactors, the 

acoustic-assisted bubble based microfluidic reactor and the acoustic-assisted 3D-HF 

microfluidic reactor, for the studies on nanomaterials synthesis. Both reactors can 

enhance mixing. These two reactors were used for polyplexes synthesis. The uniformity 

of the polyplexes were characterized and compared with those synthesized by the 

conventional bulk mixing method. As the polyplexes synthesized by these two reactors 

showed high uniformity, the biological performance of the polyplexes were also 

enhanced, confirmed by the DNA transfection experiments. Compared with the acoustic-

assisted bubble based microfluidic reactor, the acoustic-assisted 3D-HF microfluidic 

reactor is more attractive due to its portability. At the end, I studied how the mixing 

conditions can affect the local chemical ratio within the 3D-HF device by synthesizing 

TTF-Au hybrid materials. The morphologies of the synthesized materials varied with the 

change of mixing conditions. Computational simulation of the chemical concentration 
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distribution and study of formation mechanism of the hybrid materials provided a good 

understanding of the effect of mixing condition. Therefore 3D-HF device can provide 

precise control over the shape and element composition of the synthesized products.  

 The scientific consequences of these results can be summarized as follows: 

1. Microfluidic reactors with simple configuration and good mixing performance 

were designed. These microfluidic reactors are suitable for massive fabrication for 

industrial applications. Additionally, the 3D-HF microfluidic reactor can be 

miniaturized for on-site and on-demand synthesis for biomedical applications.  

2. The hypothesis was proved that generally diffusion-limit reactions occur within 

microfluidic reactors, and enhancement in mixing can improve the uniformity of 

the synthesized product.  

3. It was proved that, polyplexes with improved uniformity show better biological 

performance, which again confirms the importance of mixing in microfluidic 

devices. 

4. Within the “microfluidic-drifting” based 3D hydrodynamic focusing device, the 

mixing conditions can affect the local chemical ratio, providing precise control 

over the shape and element composition of the synthesized products. The 

morphologies, optical properties, and crystalline structures of the materials 

synthesized by control experiments agreed well with the hypothesis of the 

structure formation mechanism, which validated the assumption about the mixing 

condition effect on local chemical ratio in 3D-HF devices. 
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6.2 Future Research 

One important direction for future work is to study the variation of the physical 

properties of polyplexes synthesized by microfluidic reactors with different flow 

conditions. Chapter 3 showed the mixing performance varies with the nitrogen pressure 

change. Chapter 4 showed the size of polyplexes changes with the flow rate. As in the 

field of gene therapy, the best transfection efficiency occurs with the optimized size of 

polyplexes, which is not necessarily the smallest size. Thus, microfluidic reactor can be a 

versatile tool to control the size of polyplexes for the best biological performance while 

using various types of DNA and polymers.  

Another direction of future work could be design of scaled-up microfluidic 

devices for high throughput synthesis. To achieve the aim of translation the research 

achievement to industrial applications, the synthesis device should meet the requirements 

including high throughput synthesis, small number of flow controls, ease to replace parts 

of the device (or local problem such as clogging will not affect the performance of the 

whole device) and low-cost. Therefore, additional efforts are needed to push the reported 

microfluidic devices for real industrial applications. In the future, the mature high 

throughput scaled-up microfluidic reactors with low cost will be superior to current 

synthetic technologies and fulfill significant unmet needs in the market.   
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Appendix  Single-Step Holographic Fabrication of Large-Area Patterned 

Corrugated Metal Films for Potential Application as Microfluidic Sensor
‡
 

This appendix introduces a new and simple method to fabricate patterned 

corrugated silver thin films, which can be easily integrated to on-chip devices. A dip in 

the transmission spectra of these silver films is observed due to certain visible 

wavelengths coupling to surface plasmon polaritons (SPPs) and the wavelength of this 

dip has a linear relationship with the surrounding material’s refractive index (RI) with a 

sensitivity of 553.4 nm/RIU. The sensitivity of the silver thin films and the ease of 

integration to on-chip device make it promising candidates as on-chip sensors. This low-

cost fabrication method also enables the applications as disposable sensors.  

A.1 Introduction 

 Surface plasmon polaritons (SPPs) are electromagnetic waves travelling along a 

metal-dielectric or metal-air interface. The excitation wavelength of SPPs greatly 

depends on the refractive index (RI) of surrounding materials [1–3]. Therefore, SPPs 

have been widely used for label-free and real-time biological and chemical sensing 

applications [2,4–8]. Integration of SPPs and microfluidic on-chip system enables the 

miniaturized biosensing platform for rapid analysis with low cost [9–13]. Recently, 

fabrication of portable, fast, and disposable sensors based on SPPs has become an active 

area of research in order to fulfil the end users’ requirement [14–17].  

 
‡
This appendix is based on: Lu, M., Juluri, B.K., Liu, Y.J., Bunning, T.J. and Huang, 

T.J., “Single-step holographic fabrication of large-area periodically corrugated metal films,” 

Journal of Applied Physics, 112, 113101 (2012) 
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 SPPs cannot be directly excited by illumination on a flat metal surface because 

the momentum of light in free space is not sufficient to match the momentum of the 

SPPs. A traditional solution is the Turbadar-Kretschmann-Raether configuration
†
 (i.e., 

the prism-coupling technique) [18–20]. Even though sensors based on this technique 

show great sensitivity up to 13800 nm/RIU (refractive index unit) [4], they are not 

applicable for disposable and multi-analyte sensing because of the requirement of 

expensive optical prisms and tedious optical alignment.  

 An alternative technique is to use sub-wavelength, periodically structured metal 

films to excite SPPs through direct illumination [21–25]. By measuring the normal 

incidence transmission or reflection, the excitation wavelength can be determined from 

the peak wavelength of the spectra, and only simple optical setup is required for this 

method. Miniaturized sensors have been developed based on this technique. The high 

surface area and strong local confinement of surface plasmon fields on the structured 

metal films can enhance the interaction with the analyte layer [26,27], resulting in high 

sensitivity and low detection limit. For most applications, the analytes are in aqueous 

solutions which have strong absorption at 970 nm and 1160 nm [17]. Therefore, to avoid 

these absorption wavelengths, the periodicities of such structures are typically designed 

†
Turbadar-Kretschmann-Raether configuration is often called Kretschmann 

configuration or Kretschmann-Raether configuration after the authors of a 1968 paper [18]. 

However, Turbadar had anticipated the work of Kretschmann and Raether completely in 

1959 [19,20]. Turbadar showed that, by using a thin aluminum film deposited on a glass 

prism, the reflectance showed a sharp dip as the angle of incidence exceeded the critical 

angle for a glass/air interface. He also showed that the reflectance can be lowered down to 

zero with the proper choice of the thickness of the metal film. Although Turbadar had not 

used the word “plasmon”, propriety demands that Turbadar’s contribution be adequately 

acknowledges.   
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so that the resonance wavelength of SPPs is in the visible region. Sensors using periodic 

metal structures have shown sensitivity in the range of ~70 to ~800 nm/RIU [6]. To 

further improve the sensitivity and accuracy of this type of sensor, one key step is to 

fabricate uniform structures over the whole detection area [17]. In addition, in order to 

achieve multi-analyte sensing through multichannel sensors, uniform structures over a 

large area are needed.   

 To date, it remains a challenge to fabricate uniform, sub-micron periodic metal 

structures over a large area with low cost. Electron-beam lithography (EBL) [28] and 

focused ion beam (FIB) milling [29] can fabricate most desired patterns with high yield 

and outstanding resolution, but they are limited by their low processing speeds, high 

capital cost, and difficulty in accessing the facilities. Nanosphere lithography (NSL) was 

reported as a more practical method, but it suffers from the low sensitivity (~150 

nm/RIU) because it is difficult to fabricate defect-free patterns over large areas [30]. 

 Nanoimprint lithography (NIL) is a low-cost process with high resolution and 

high throughput which has produced sensitive sensors (800 nm/RIU) based on metal 

nanostructures [6]. Massively parallel nanofabrication using NIL is ideal for low-cost 

sensor fabrication. However, in the NIL approach, EBL or FIB is still needed for molds 

fabrication with sub-wavelength structures [31], and multiple steps are required to 

transfer the pattern to the metal surface [32]. Direct nano-imprinting of metal has been 

reported recently [33–35]. However, it requires either high-temperature and high-pressure 

control [34], or multi-step preparations including spin-coating of polymer and metal 
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deposition by sputtering or thermal deposition [35]. Therefore, capital cost is still high for 

sensor fabrication by the NIL method.  

 Holographic lithography transfers a multi-beam interference pattern into a 

photosensitive material which enables large-scale fabrication at low cost with high 

uniformity [36]. It has been implemented to fabricate two-dimensional (2D) [37–39] and 

three-dimensional (3D) micro/nanostructures [40–44]. Direct patterning of metals by 

lasers has mainly focused on the generation of surface structures based on high-power-

laser-induced ablation, melting, evaporation, phase transformations, or thermal 

decomposition of metal ions [45–49]. These methods require expensive femtosecond 

lasers [45], nanosecond lasers [46,47], or CW lasers with high power density (e.g., 

8,000,000 W/cm
2
) [48,49]; furthermore, they rely on laser irradiation and melting-

induced mass transfer, making it difficult to generate patterns with sub-micron resolution.    

 I developed a single-step, high-throughput method to fabricate one-dimensional 

(1D) and 2D, sub-wavelength patterned silver structures over centimeter scale areas by 

direct deposition of silver from solutions using holographic patterning at room 

temperature. This setup uses only a low-power (157 mW) green laser and a simple prism. 

Each sample uses only a standard glass slide, 1 mL of ammonia, 0.02 gram of silver 

oxide, and 0.5 gram of glucose. The fabricated silver structures show a periodicity of 570 

nm. The patterned structures enable the excitation of SPPs. The 1D patterned corrugated 

silver films show a high sensitivity of 553.4 nm/RIU to the change in the surrounding RI. 

The figure of merit (FoM) is calculated by dividing the sensitivity by the full width at 

half maximum (FWHM) of the transmission dip. The FoM of the 1D patterned 
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corrugated silver film is in the range of 1223. The sensitivity of this system is 

comparable to other disposable SPP sensors; however, it does not require the high capital 

cost of nanofabrication equipment such as EBL or FIB, a cost inherent in most existing 

techniques. With its simplicity, low cost, and competitive sensitivity, this method is 

promising for disposable sensing applications. 

A.2 Experimental 

 The experimental setups are shown in Fig. A-1 a and b. The patterning 

experiment was carried out in a dark ambient environment at room temperature. Standard 

glass slides were cleaned with acetone, methanol, isopropyl alcohol (IPA), and DI water 

in ultrasonic baths for 15 min each. Then, a reusable polydimethylsiloxane (PDMS) well, 

with the dimensions of approximately 30 mm × 10 mm × 5 mm, was placed on top of a 

glass slide. Next, the glass slide with the PDMS well was placed on top of a prism. A 

collimated laser beam with a wavelength of 514 nm and a power of 157 mW impinged 

upon the bottom of the prism, and was divided into two beams by the right-angle prism 

(Fig. A-1 a) or four beams by the square pyramid prism (tilting angle of the facet, θt = 

45º ) (Fig. A-1 b). The beam size was 1.5 cm in diameter, so the intensity of the laser 

beam was 88.8 mW/cm
2
. In both cases, the prisms are made of BK7 glass with a RI of 

1.517, and the separated light beams interfere at an angle of 34.43º. The periodicity of the 

interference patterns can be calculated according to the following equation. 

 a = λ/(2 sinθ).     (A-1) 
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The periodicity of the interference light pattern a is determined by the wavelength  λ  of 

the incident laser beams and the half angle θ between two laser beams. According to this 

equation, the periodicities in both the 1D and 2D cases should be 572 nm.  

 

Figure A-1 Schematics of the experiment setup for fabrication of (a) 1D and (b) 2D patterned 

corrugated silver films. The incident laser beam from the bottom of the prism is split at the prism 

surface to form interference patterns on the reservoir containing Ag(NH3)2
+
 and glucose mixture. 

A visualization of the interference patterns are shown in the glass slides. Silver is generated faster 

at positions with high light intensity, resulting in a silver film with surface profile that mimics the 

interference pattern. (c) and (d) are the AFM images showing the surface profile of the 1D and 

2D patterned corrugated silver film, respectively. Both (e) 1D and (f) 2D patterned corrugated 

silver films show diffraction colors under illumination with white light. 
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 The solution containing silver-ammonia complex ions, Ag(NH3)2
+
, was made by 

adding 5 mL ammonia drop-by-drop into 0.1 gram silver oxide. The reaction at this step 

can be described as Ag2O + 4 NH3+H2O → 2 Ag(NH3)2
+
 + 2 OH

-
. After centrifugation, 1 

mL of the purified solution was mixed with 1 mL 50% (w/v) glucose solution by vortex 

mixing. The mixture was then immediately injected into the PDMS well and exposed to 

the interference laser pattern. The exposure time was optimized to be 20 min to obtain the 

highest transmitted diffraction efficiency (Fig. A-2). This silver deposition method is 

known as the Tollens’ reaction: Ag(NH3)2
+
(aq) + RCHO(aq) → Ag(s) + RCOOH(aq). 

Finally, the glass slide was removed from the prism, detached from the PDMS well, 

rinsed with DI water, and dried with nitrogen.      

 

Figure A-2 The relative first-order transmitted diffraction efficiency of the one dimensional 

patterned corrugated silver films as a function of incident angle of a 633 nm laser. The fabrication 

parameters of 157 mW laser power and 20 min exposure time were chosen to maximize the 

diffraction efficiency.   
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 The fabricated silver films were examined by measuring the transmission spectra. 

The dependence of the transmission spectra on incident angle was measured by rotating 

the sample slides while fixing the position of the light source and detection fiber. The RI 

sensitivity of the 1D pattern was evaluated by recording the transmission spectra at a 

normal incident angle while fluids with various RIs, such as air (n=1), deionized (DI) 

water (n=1.333), and several CaCl2 solutions at different concentrations 

(n=1.33431.437), were subsequently sandwiched in between the sample slide and a 

glass slide.  

A.3 Results and Discussion 

 The surface profiles for both 1D and 2D periodic corrugated silver films were 

characterized by atomic force microscopy (AFM) and the results are shown in Fig. A-1 c 

and d. The periocidicities measured by AFM (570 nm) agree well with the theoretical 

calculation (572 nm). The surface roughness is caused by the grain size of the silver 

particles during deposition. The 1D and 2D patterns have a total size of 10 mm × 8 mm 

and 10 mm × 10 mm, respectively.  

 The formation of the patterns is also indicated by the “rainbow” colors on both 

samples under general room lighting, as shown in Fig. A-1 e and f. The “rainbow” colors 

are caused by light diffracted into different directions on patterned surface. To show the 

diffraction color more clearly, a UV-vis light source from an optical fiber was used. As 

shown in Fig. A-3, the 1D pattern sample shows different color as the incident angle 

changes.  
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Figure A-3 The diffraction color of the one dimensional patterned corrugated silver films. 

Incident angle of the UV-vis light source was changed while the detection angle was fixed at 

around 10˚. The wavelength of the diffraction light red-shifted as the incident angle increased. 
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Figure A-4 Experimental transmission intensity of the 1D patterned corrugated silver film as a 

function of wavelength and incident angle α, with theoretical calculations for the surface 

plasmons at silver/air interface (dashed line) and silver/glass interface (dashed dotted line). The 

inset shows the geometry of the experiment. 

 

 

 Analysis of the transmission as a function of the incident angle, α, verifies that the 

transmission loss is consistent with the SPP theory [50]. As α varies, the minimum and 

maximum transmission wavelengths of the 1D silver pattern change (as shown by the 

abrupt color changes in Fig. A-4). The patterned corrugated silver films can be 

considered as arrays of nanoparticle cluster, since the surface roughness is caused by the 

grain size of silver particles. In this case, the interparticle distance is small and near-field 

coupling is dominant, and the SPP wavelength will not shift with the particle size [51]. 

Therefore, for SPP wavelength calculations, I can model the 1D silver patterned films as 

1D silver gratings without any surface roughness. A calculation based on SPP theory [50] 

shows that the surface plasmons excited at the silver/air interface cause minimums in the 
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transmission, while the surface plasmons at the silver/glass interface enhance the 

transmission. Surface plasmons are excited when their momentum matches the 

momentum of the incident photon and the grating, as follows [29]: 

                .     (A-2) 

The component of the incident light’s wave vector in the plane of the pattern is calculated 

as . The free-space wavelength of the incident light is . The 

expression  is used to calculate the grating momentum wave vector, and  is 

an integer [29]. The real part of the surface plasmon wave vector,         , can be 

expressed as [52]:  

                                           {
  

 
 √            } ,   (A-3) 

with  and  as the dielectric constants of silver and the adjacent dielectrics (      
 

or            in this case). 

 At a certain incident angle, the free-space wavelength which excites surface 

plasmons can be theoretically calculated at silver/air (       ) and silver/glass (   

      ) interfaces by using Eq. (A-2). The dashed line in Fig. A-4 is the theoretical 

calculation of the surface plasmons on a silver/air interface, which fits well with the 

minimum transmission from the experimental results. The dashed-dotted line is the 

calculation of the surface plasmons on silver/glass interface and it fits well with the 

maximum transmission. 

 At normal incidence, as the RI of surrounding media increases, the transmission 

minimum (λres) red-shifts, while the transmission maximum (λres,glass) remains unchanged, 

 sin)/2( xk 

aGx /2 m

m d
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as shown in Fig. A-5 a. This is expected because the fluid in contact with the silver film  

is altered while the glass remains the same. A linear function, λres = 553.4 n + 56.43, is 

used to fit the experimental results by using a least-squares regression. The slope, 553.4 

nm/RIU, can be taken as the sensitivity factor. This value is comparable to sensors 

fabricated by FIB milling (400 nm/RIU) [53] and much better than the substrates 

prepared by NSL (150 nm/RIU) [30].  

 

 

Figure A-5 (a) At normal incidence, the transmission spectra of the 1D patterned corrugate silver 

film immersed into air, DI water, and several solutions of CaCl2 at different concentrations. The 

spectra have been displaced along the ordinate for clarity and corresponding materials 

information is indicated by the side of each curve. (b) Dependence of the lowest transmission 

wavelength and the RI of surrounding materials and the figure of merit (FoM) calculated from 

(a). The inset shows the data point when the surrounding material is air.   

 

 The linear relationship between λres and n can be predicted using SPP theory as 

expressed in Eq. (A-2) and (A-3), with the assumption that ε = n
2
 for the fluid in contact 

with the silver film. This relationship is shown as the dashed line in Fig. A-6 b and the 

theoretical sensitivity (slope) is 573 nm/RIU. As discussed, λres,glass remains constant. The 
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calculated wavelength of λres,glass using εglass = 2.3 is 887 nm, and the experimental value 

ranges from 860 to 870 nm. The differences between the theoretical prediction and the 

experimental results could be caused by the uncertainty in the experimental incident light 

angle and/or tarnishing of silver due to the presence of atmospheric sulphur [54]. As the 

RI of surrounding material becomes close to the RI of glass slide, λres approaches λres,glass, 

making the dip narrower. Therefore, the FoM increases with the increase of RI, as shown 

in Fig. A-6 b.  

 

 

 

Figure A-6 The absorbance of the mixture of Ag(NH3)2
+
 and glucose solution (a) without and (b) 

with 514 nm laser exposure. The insets show the schematic of the experimental setup. (c) The 

peak position and (d) the peak intensity of the absorbance of the mixture as a function of time 

without and with laser exposure. The data of (c) and (d) are extracted from (a) and (b).   

 

 The pattern formation should mainly be attributed to the photo-enhanced chemical 

reaction [55–57]. To confirm this hypothesis, a control experiment was carried out. In the 
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control experiment, the absorbance spectra of the reaction between Ag(NH3)2
+
 and 

glucose was measured in real-time with and without laser exposure, as shown in Fig. A-6 

a and b. A peak in the absorbance spectra and continuous red-shift of that peak indicates 

the nucleation and growth of silver nanoparticles, respectively, owing to the localized 

surface plasmon resonances (LSPR) of the nanoparticles [30,58]. Fig. A-6 c and d show 

the peak position and intensity as a function of time with and without laser exposure. In 

Fig. A-6 c, there is no significant difference in the peak positions with or without laser 

exposure, indicating that the laser irradiation does not affect the nanoparticles’ shape or 

size during the growing process. However, the absorbance peak value of the sample 

under laser exposure grows much faster than that without laser exposure (Fig. A-6 d). 

Therefore, when the Ag(NH3)2
+
 and glucose mixture is subjected to holographic 

exposure, the rate of silver nanoparticle formation is much faster in the regions of high 

light intensity, thus a pattern is formed in accordance with the interference pattern of the 

light.  

 Studies that examine photo-induced silver deposition in liquid phase are generally 

based on two main mechanisms: photoreduction [59,60] and thermally induced 

decomposition [48,55,59].  Usually, pure photoreduction of silver occurs only under UV 

irradiation [55], while thermally induced decomposition takes place in the presence of 

significantly elevated temperatures (>80 ºC) [48]. In this case, however, the incident 

photons at 514 nm do not have sufficient energy to break the chemical bonds in 

Ag(NH3)2
+
, and the low laser intensity (88.8 mW/cm

2
) cannot produce discernible 

increase in the bulk fluid temperature. Therefore, I explain the enhancement in silver 
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production in a different way. In this experiment, small silver nanoparticles are first 

nucleated based on the Tollens’ reaction. Afterwards, the rise in local temperature due to 

the light-to-heat conversion related to LSPR [61–65] induces decomposition of 

Ag(NH3)2
+ 

[57], increasing the reaction rate in the immediate vicinity of the silver 

particles [66]. As a result, with laser exposure, LSPRs can significantly enhance the 

photochemical reaction, leading to a significant increase in nanoparticle nucleation 

[55,56]. 

A.4 Conclusion 

 Here, a simple and cost-effective method to holographically fabricate 1D and 2D 

patterned corrugated silver films over large areas is demonstrated. The fabrication 

consists of a single-step process and only requires laser with power density as low as 88.8 

mW/cm
2
. The silver films have high sensitivities (553.4 nm/RIU) to their surroundings’ 

refractive indices, which makes them promising for disposable chemical/biological 

sensing applications. By simply confining the reagents within microfluidic channel, the 

silver films can be easily integrated into microfluidic devices as on-chip sensors, which 

may contribute to microfluidic reactors with feedback systems. 
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