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Abstract 

Microfluidics have been created to acquire, operate, and process complex fluids in 

extremely tiny volumes with high efficiency and high speed, and without the 

requirement for an experienced operator. In addition, microfluidic systems also 

enable miniaturization and incorporation of different complex functions, which can 

help bring intricate diagnostic tools out of the laboratories. Ideally, these systems 

should be inexpensive, precise, reliable, robust, and well-suited to the medical 

diagnostic systems. Most of the microfluidic devices reported previously were 

based on devices made of polydimethylsiloxane (PDMS). PDMS is a material that 

dissolves in many common organic solvents. Meanwhile, it is also prone to absorb 

small molecules like the proteins, which is detrimental to a stable and reliable result. 

Current work focuses on bioassays that are badly needed in our life and these 

bioassays are addressed based on microfluidic platform with different materials. 

The translation of microfluidic technology into large scale implementations highly 

relies on new materials that address the limitations of PDMS. 

 

Firstly, we fabricated two different microfluidic platforms for rapid antimicrobial 

susceptibility testing (AST). One was made of hydrogel, and the bacterial cells were 

cultured on the top of the device; the other was of polypropylene (PP), and bacterial 

cells were cultured inside the microchannels. Meanwhile, we developed a novel 

“barcode” sensor, a microscope-free method for cell accumulation and cell counting, 

as the downstream of the PP-based chips. As a result, AST can be accomplished 
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simply through an application on a mobile phone rather than using an expensive 

and sophisticated microscope. 

 

Secondly, we presented a self-contained paper-based system for lead(II) ion 

detection based on G-quadruplex-based luminescence switch-on assay, comprising 

a novel type of paper-based chip and a matching portable device. Different from the 

reported paper-based devices, the paper substrate we chose was art paper, which is 

used for printing magazines. This type of paper could prevent the absorption of 

liquid into the paper matrix and hold the liquid in place for a period of time; and it 

could also be used for temporary liquid containing like a plastic substrate (such as 

polypropylene (PP) and polystyrene (PS)), but the surface of the paper is inherently 

hydrophilic. In such a design, liquid drops are suspended on the surface of the 

device in designed reservoirs, rather than absorbed into the paper; when the chip is 

tilted, the liquid drops will move to other reservoirs according to the guidance of 

channels defined on the surface. To differentiate it from reported μPAD devices that 

are fabricated with water-permeable paper, we name this new type of paper-based 

devices suspending-droplet mode paper-based microfluidic devices (SD-μPAD). 

Different from the conventional μPADs that use capillary force to drive liquid, our 

SD-μPADs uses wetting and gravity as driving force. To fabricate the 

superhydrophobic pattern on the paper device, we developed a new microcontact 

printing-based method to produce inexpensive and precisely patterned 

superhydrophobic coating on paper. The coating material is poly(dimethylsiloxane) 
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(PDMS), a hydrophobic and transparent silicone that has long been used for 

fabricating microfluidic devices. Importantly, the negative-relief stamp we used is 

made of Teflon, a non-stick polymer, so that the PDMS-coated paper could be 

peeled from the stamp flawlessly. After such fabrication process, the stamped area 

of the paper is coated with a textured PDMS layer that is decorated with arrays of 

micropillars, which could provide superhydrophobic effect and most effectively 

hold the droplets in place; the remaining area of the paper is still hydrophilic. As a 

demonstration of this new design, we developed a method using the reaction 

characteristics of iridium(III) complex for rapid, onsite detection of lead(II) ions in 

liquid samples. As the reagents have already been loaded onto the paper device 

during fabrication, the only reagent the users need to add is water. Because of the 

large Stokes shift of the iridium(III) complex probe, inexpensive optical filters can 

be employed, and we were able to make an inexpensive, battery-powered compact 

device for routine portable detection using a smartphone as a detector, allowing the 

rapid analysis and interpretation of results on site as well as the automatic 

dissemination of data to professional institutes, including tests even in poor rural 

areas in developing countries. 

 

Thirdly, we upgraded our suspending-droplet mode paper-based microfluidic 

device (SD-μPAD), which is used for the detection of lead(II) ions in liquid solution. 

The reason is that our paper-based SD chips are not suitable for long reaction 

process (> 20 min) detection of biomolecules due to the potential permeation and 
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contaminating problems of art papers. Hence, we chose polypropylene (PP), a 

hydrophobic, cheap, and thermal stable material (< 110°C), as the material for the 

fabrication of the SD microfluidic chip. We established a convenient, low-cost, 

portable and reliable platform for monitoring VEGF165 accurately, which can be 

applied for point-of-care (POC) testing. In this project, we also employed the label-

free oligonucleotide-based luminescence switch-on assay on the microfluidic 

platform, which possesses the advantages of high sensitivity and high selectivity. 

Based on the detection of VEGF165 in a three-step reaction process, we adopted a 

new design for the droplet transfer throughout the channels. This design could 

migrate the droplet through the chambers via controlling the orientation of the chip, 

which systematically combined the superhydrophobic force of the coating, the 

gravity of the droplet and the surface tension between PP and droplet. Therefore, 

traditional micro pump could be avoided and the total cost for the device could be 

substantially reduced. In addition, we developed an automatic, matched and 

portable device for the detection of VEGF165, which assembled by a rotatable chip 

holder, a UV lamp, a filter, and a camera. 

 

Finally, we developed a new whole Teflon membrane-based chip for the aptamer 

screening. Our article “Whole-Teflon microfluidic chips” introduced the fabrication 

of a microfluidic device entirely using Teflon materials, one group of the most inert 

materials in the world. It was a successful and representative introduction of new 

materials into the fabrication of microfluidic devices, which show dramatically 
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greater anti-fouling performance. However, even such device was inadequate for 

current purpose, as it is rigid and lacks convenient valve control functions for 

particle suspensions used in systematic evolution of ligands by exponential 

enrichment (SELEX). For this project, we propose a SMART screening strategy 

based on a highly integrated microfluidic chip. This new type of whole-Teflon 

devices, which are made of flexible Teflon membranes, offering convenient valving 

control for the whole SELEX process to be performed on chip and fulfilling the 

anti-fouling requirement in the meantime. The SELEX cycles including positive 

and negative selections could be automatically performed inside tiny-size 

microchambers on a microchip, and the enrichment is real-time monitored. The 

selection cycles would be ended after the resulted signal of the aptamers with high 

specificity reached a plateau, or no target aptamer is captured after a number of 

cycles of enrichment. Owning to the antifouling property of the chip materials, the 

loss of the sample is tremendously reduced. The SMART platform therefore is not 

only free of complicated manual operations, but also high-yield and well 

reproducible over conventional methods. 
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Chapter 1. Introduction 

 

1.1. Background of microfluidics 

Microfluidic architectures, consist of microfabricated structures (lengths in the 1-

500 μm range) are suitable for the handling of liquids1. Micromachined system-

based gas chromatography was first introduced in the 1970s2, and microfluidics 

leaded to a technological revolution in scientific field in the 1990s3. Silicon and 

glass were the initial materials utilized, but the focus changed to involve 

polydimethylsiloxane (PDMS) and polymer substrates. Since then, microfluidics 

has developed to incorporate various of materials and encompass a large number of 

applications. It also has been applied in scientific researches, including cell-based 

research, diagnostics4 and both biological and chemical analysis (Figure 1.1)5. 

However, the applications of microfluidics are still hampered by a variety of other 

factors. These include selecting the right and suitable material in a particular 

application. Furthermore, the commercialization of microfluidics should be taken 

into considerations. The solutions to these issues necessitate continual exploration 

of such applications to enhance our understanding of the capabilities of 

microfluidics as a diagnostic tool. 
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Figure 1.1. A microfluidic chemostat. A microfluidic chemostat is utilized to 

examine the development of microbial populations, which is now routinely 

incorporated in certain types of plumbing. This device involves a high density of 

pneumatic valves. The colors shown are from dyes introduced to trace the channels5. 

 

1.2. Materials for the generation of microfluidics 

Materials for microfluidic devices initially had silicon and glass substrates. As 

microfluidic is developed, other different materials were eventually examined (e.g., 

ceramics, PDMS…). These materials can be divided into 4 main groups: inorganic, 

elastomers and plastics, hydrogels, and paper6. We discuss both pros and cons of 

each material in this section.  

 

1.2.1. Inorganic Materials 

1.2.1.1. Silicon 

Silicon was the original material used for microfluidics7, generation of structures 

on silicon devices is normally done by subtractive methods (e.g., wet or dry 
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etching)8.� The silicon devices usually possess stable surface and good solvent 

compatibility6. However, silicon is not transparent visible light, making difficulty 

in fluorescence detection. This problem could be addressed by fabricating hybrid 

system9,10. 

 

1.2.1.2. Glass 

Glass was the second substrate for microfluidics fabrication for a long time. 

Microscale-structures are generated by wet or dry etching into the glass like silicon8. 

The glass devices also have the advantages in both surface stability and solvent 

compatibility. Other advantages of glass are that it has low adsorption of 

biomolecules, it is compatible with bio-samples, and it is impermeable to gas. In 

addition, glass can be used for fluorescence detection. However, the channels of 

glass devices suffer low aspect ratio (<0.5) and irregular section profile, and are 

limited to planar layout only11. 

 

1.2.2. Elastomers and Plastics 

1.2.2.1. Elastomers 

PDMS was originally introduced as a substrate of microfluidic chip in about 

1990s12. PDMS has been widely used in microfluidic device fabrication due to its 

relatively low cost, flexibility and optical transparency6,13. The device molds are 

made by photolithography. PDMS microstructures are obtained from these molds. 
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1.2.2.2. Thermoset 

SU-8 and polyimide have been widely used in microfluidics fabrication14. 

Thermosets are stable under high temperature and optical transparency. Also, 3D 

microstructures can be fabricated. However, the applications are limited by its high 

cost. 

 

1.2.2.3. Thermoplastics 

Thermoplastics are densely crosslinked polymers that can be reshaped at a certain 

temperature and solidifies upon cooling15. Properties of thermoplastics are that they 

are generally robust, flexible to microfabricating processes. In addition, they have 

good optical property, good resistance to small molecules. The applications of 

thermoplastics are limited by the needing of suitable microfabrication for mass 

production16. 

 

Poly(methyl methacrylate) (PMMA) is generated by the polymerization of methyl 

methacrylate. PMMA microstructures can be generated by hot embossing or 

injection molding17. PMMA is compatible with biological samples and it is gas 

impermeability. In addition, PMMA has a good optical property (form visible to 

ultraviolet (UV) light range18). Polystyrene (PS) is a synthetic aromatic 

hydrocarbon polymer made from the monomer styrene19. It can be considered the 

standard in cell culture systems20. PS is hydrophobic, but it can be modified to 

hydrophilic by plasma oxidation or chemical modification21. Polycarbonate (PC) 
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microstructures are generated by a fabrication process called hot embossing22,23. 

 

Perfluoroalkoxy (Teflon PFA) and fluorinated ethylenepropylene (Teflon FEP) are 

two types of perfluorinated polymers that are thermoprocessable. All Teflons are 

extremely inert to chemicals and solvents. They also have nonstick and antifouling 

properties. Importantly, they are optically transparent, which makes them soft 

enough to make diaphragm valves. They are also moderately permeable to gases. 

Although they have high melting temperatures (over 280°C), it can be form a 

variety of microfluidic devices with nanometer resolution by thermomolding 

technique24. The resulting whole-Teflon chips possess excellent antifouling 

properties, a high degree of resistance with organic solvents, and compatibility for 

culturing cells (Figure 1.2)24. 
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Figure 1.2. Solvent-resistance (A, B) and antifouling property (C, D) of Teflon 

channels. (A) A PFA chip with two-layer microchannels separated by a thin FEP 

membrane that are filled with acetone (colored with a red dye) and DMSO (colored 

in a blue dye). (B) Laminar flow of dyed organic solvents in a whole-Teflon chip. 

(C) Fluorescence images of different kinds of micro- channels filled with a 100 

μg⁄mL GFP aqueous solution. (D) Fluorescence images of the channels in C after 

washing with buffer for 1 min24.  

 

1.2.3. Hydrogels 

Hydrogels, which resemble the extracellular matrix, are widely used for cell culture 

in biological and medical research25. Cells or solutions are delivered in the 

microchannels within the hydrogels25,26. Over 99% of the content of hydrogels is 

water. They are porous and the pore sizes could be controlled, so the molecules or 

bioparticles can diffuse in them. Hydrogels are the ideal materials for 3D cell 
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culture, due to the excellent aqueous nature and permeability25. 

 

1.2.4. Paper 

Paper is a porous, cellulose-based material that obtained from wood or grass. First, 

paper is low cost and accessible. Paper can be easily be disposed of by a few 

methods, such as burning or natural degradation. The patterns can be easily made 

by printing ink or wax. The porous nature of paper enables a combination of flow, 

filtering, and separation for applications. Paper is also good in biological 

compatibility. Paper can be modified through chemistry modification. Paper can be 

applied for color-based detection methods due to its white background 2,27. Paper-

based microfluidics usually move solutions by capillary action. 

 

1.3. Applications of Microfluidic Technologies 

As described above, microfluidics has numerous advantages. The use of 

microfluidics is extending into other areas, such as chemical, biological, and 

medical research areas. Microfluidics offers great potential in other fields due to the 

possible application of miniaturized, portable, and low-cost commercial 

devices1,3,28. Additional applications of microfluidics include environmental 

monitoring and space exploration. In the next sections, we describe several of the 

vast and diverse applications of microfluidic systems. 
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1.3.1. Cell Biology 

One of the widely applications of microfluidics is cell biology29, including in vitro 

model in microscale, cell culture and single-cell analysis (separation, sorting and 

lysis). For example, a PDMS-based chip was applied for cell culture (Figure 1.3)30. 

In this method, the human lung was mimicked on the chip. Furthermore, the “organ-

on-a-chip” microdevices could be expanded for drug screening. 
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Figure 1.3. Schematic Biologically inspired design of a human breathing lung-on-

a-chip microdevice. (A) The microfabricated lung mimic device uses compart- 

mentalized PDMS microchannels to form an alveolar-capillary barrier on a thin, 

porous, flexible PDMS membrane coated with ECM. (B) During inhalation in the 

living lung, contraction of the diaphragm causes a reduction in intrapleural pressure 

(Pip), leading to distension of the alveoli and physical stretching of the alveolar-

capillary interface. (C) Three PDMS layers are aligned and irreversibly bonded to 

form two sets of three parallel microchannels separated by a 10-mm-thick PDMS 

membrane containing an array of through-holes with an effective diameter of 10 

mm. Scale bar, 200 mm. (D) After permanent bonding, PDMS etchant is flowed 

through the side channels. Selective etching of the membrane layers in these 

channels produces two large side chambers to which vacuum is applied to cause 

mechanical stretching. Scale bar, 200 mm. (E) Images of an actual lung- on-a-chip 

microfluidic device viewed from above30.  

 

1.3.2. Droplet-based Analysis 
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Droplet-based analysis, another popular application on microfluidic platform, is a 

critical area of research in which microfluidics can make substantial 

contributions31,32. A significant challenge in droplet-based microfluidics is 

generating and manipulating droplets (motion, sorting, merging and separation) in 

small sample volumes, which requires a deep understanding of relevant theories, 

like Reynolds number and laminar flow33.� A droplet dispersion has been 

demonstrated using a T-junction microfluidic device (Figure 1.4)34. 

 

 

Figure 1.4. Various double emulsions: (a) Formation of aqueous droplets enclosing 

organic droplets at a hydrophobic T-junction. The diameters of internal and external 

droplets were 68 and 170 μm, respectively. (b) Formation of organic droplets 

containing many aqueous droplets. (c,d) Alternate formation of red and blue 

aqueous drops at a cross-junction. (e) Red and blue drops flowing between the first 

junction and the second junction. (f) Organic droplets enclosing blue and red 

aqueous drops. The diameter of the external drop is 175 μm34. 

 

1.3.3. DNA Assays 

Genetic tests that provide rapid results are often developed with biomolecular 
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strategies, including DNA hybridization or polymerase chain reaction (PCR)35. 

Several excellent reviews on microfluidics-based methods for DNA 

hybridization35,36 and nucleic acid amplification37 provide further details regarding 

these methods.�A integrated microchip was developed for DNA-based HBV-C 

detection (Figure 1.5)38.  

 

 

Figure 1.5. Fabrication process of the microfluidic chip and the schematic 

illustration of the microfluidic chip for HBV-C detection by using of a personal 

glucose meter38. 

 

1.3.4. Point-of-Care (POC) Testing 

POC testing is beneficial for medical analysis or disease testing at home39,40. POC 

diagnostics can also be used in the military, forensics, and space41. POC assays can 
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only be useful if they are rapid, accurate, and user-friendly to non-experts42. Many 

reviews have summarized various POC assays in details43,44. For example, polymer-

based and paper-based microfluidic systems are advantageous because the features 

of cheapness and disposability for POC testing applications (pregnancy testing, 

blood glucose meter, diagnosis of human immunodeficiency virus (HIV28). 

However, the way for commercialization of microfluidic-based POC tests is hard 

and steep. This is result from the challenges in several key factors, such as 

sensitivity, quantitation, and operational complexity28. The analysis of urine 

glucose and protein can be performed using a paper-based microfluidic chip 

(Figure 1.6)27. 
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Figure 1.6. μPADs for analysis of glucose and protein in urine. A) Patterned paper 

after distributing 5 μL of Waterman red ink to show the integrity of the hydrophilic 

channel. The darker lines are cured photoresist; the lighter areas are unexposed 

paper. B) Complete μPAD after spotting the reagents. The square zone on the right 

is for a protein test, and the circular zone on the left is for glucose analysis. The 

circular zone on the top was used as a control. C) Positive assays for glucose and 

protein using 5 μL of a solution that contained glucose (20 mM) and BSA (75 μM) 

in an artificial urine solution. D) Results of paper-based glucose and protein assays 

using a range of concentrations of glucose and BSA in artificial urine27.  

 

1.3.5. Drug Administering 

High-throughput screening methods in drug discovery are often accompanied by 

lengthy wait times and complicated and expensive sample processing45. In this 

regard, microchips are used to developing the industry of drugs (like evaluating 
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drug combinations46, predicting toxicity).  

 

1.4. Research motivation 

Based on the information above, current work focuses on bioassays that are badly 

needed in our life and these bioassays are addressed based on microfluidic platform 

with different materials. The translation of microfluidic technology into large scale 

implementations highly relies on new materials that address the limitations of 

PDMS. 

 

Specifically, the objectives of present work are described as following: 

 

1. Antimicrobial susceptibility testing 

a) Cell-on-hydrogel platform made of agar and alginate for rapid, low-cost, 

multidimensional test of antimicrobial susceptibility 

b) Reliable and reusable whole-polypropylene plastic microfluidic devices 

for rapid, low-cost antimicrobial susceptibility test 

c) “Barcode” sensor for rapid, convenient and resource-independent 

antimicrobial susceptibility testing 

 

2. A suspending-droplet mode paper-based microfluidic platform for low-cost, 

rapid, and convenient detection of lead(II) ions in liquid solution 
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3. A suspending-droplet mode plastic-based microfluidic platform for low-cost, 

convenient, and multi-step detection of VEGF165 

 

4. The next generation aptamer screening system: a SMART, high yield, label-

free and high throughput microfluidic platform 
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Chapter 2. Cell-on-hydrogel platform made of agar and alginate for rapid, 

low-cost, multidimensional test of antimicrobial susceptibility 

 

2.1. Introduction 

The development of antimicrobial resistance (AMR) is a natural phenomenon in 

microorganisms, and is accelerated by misuse of antibiotics47-49. AMR simply 

makes the treatment difficult, costly, or even impossible. World Health 

Organization (WHO) warned that AMR is "a problem so serious that it threatens 

the achievements of modern medicine"50-52. Though AMR is a complex global 

challenge, key remedies are clear. Because of the huge cost in developing new 

antibiotics, new drugs are largely insufficient as our weapon to fight against AMR. 

In this case, the most effective way to suppress the development of AMR is to use 

narrow-spectrum antibiotics based on accurate diagnosis, preferentially, using 

antimicrobial susceptibility test (AST)53-55. 

 

However, current AST methods are far from meeting this requirement. An AST 

involves a large number of tests, especially when the minimum inhibitory 

concentration (MIC)56,57 of each drug is desired. Although there are a variety of 

methods available for AST, like disc diffusion53-55 and broth dilution test58,59, these 

methods are based on observing colony formation60, which is costly and time-

consuming61. A similar challenge exists in the drug development which requires 

large-scale screening62,63. Tremendous efforts have been made to improve AST 
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technology; however, those new strategies, based on PCR, nanoparticles, or 

dielectrophoresis, are still impractical to be used for real specimens, because of 

various types of interferences to the result64-67. New methods based on automated 

zone-readers are more reliable than standard disc diffusion techniques, yet these 

methods are still costly, require ancillary testing, and are limited by the growth rate 

of suspected bugs. Moreover, the accuracy of detecting the broad range of resistance 

phenotypes are still concerned66,68. Most recently, emerging techniques are 

developed based on microfluidic platform6,69-72. These methods culture target cells 

in microfabricated channels or chambers with drug loaded, and use microscopy to 

detect the effect of drug73-75. These methods do not need the cells to grow into 

macroscopic colonies, and therefore could save time for analysis16,71,76-79; labour 

cost and operation error in pipetting are also significantly reduced. However, most 

of the on-chip methods are based on devices made of PDMS, which is easy to foul80-

82, and the fouling effect is enhanced by the large surface-to-volume ratio of 

microchannels; it is revealed in various reports that the concentration of drugs 

inside a PDMS channel are hard to control precisely24,83-85. This becomes a 

fundamental problem of PDMS-based platform in quantitative applications which 

is necessary for MIC test. In all, users of current AST methods may suspect that in-

channel incubation of bacteria would produce different results compared with 

traditional methods, thus be reluctant to accept microfluidic AST technologies.  

 

Herein we propose a new strategy of AST which combines conventional plate 
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culture with microfluidic technology. This strategy cultures cells on top of a 

microfluidic device made of hydrogel (rather than inside a microchannel); it 

eliminates the effect of shear flow and allows users to operate and interpret the 

result using their experience on conventional plate culture, while incorporating the 

advantages of microfluidics without the problem of channel fouling. To realize this 

idea, we developed a novel microfabrication method to produce inexpensive 

hydrogel microfluidic devices. Hydrogels are inherently biocompatible, and have 

long been the material for solid media cell culture; their porosity allows small 

molecules to penetrate and form gradient across concentration difference86-91. A 

mixture of agar and sodium alginate was used in this work. Agar solidifies under 

room temperature and makes it possible to cast the mixture gel; alginate crosslinks 

upon addition of Ca2+, making it possible to bond the chip. The device we prepared 

was entirely in hydrogel without any other structures as support or frame. Parallel 

channels were designed to generate a continuous and linear gradient. Bacterial 

samples were applied directly on top of the gel device, and incubated in the same 

manner as in traditional plate culture; as compared to cell culture inside 

microchannel, this setup is likely to generate culture results closer to those from the 

methods people have long been relying on. Also, two-dimensional tests were 

realized with almost the same ease with one-dimensional test, making it convenient 

to measure the synergistic effect of drugs and other environmental factors such as 

pH and oxidative substances from immune system, a task hard for traditional AST 

methods to accomplish. Though made of degradable bio-materials, the device could 
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last for appropriate period of time under proper storage conditions (no failure was 

detected after three months). 
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2.2. Experimental sections 

2.2.1. Materials and equipments 

Agar, sodium alginate, Lysogeny broth (LB) powder (Lennox), fluorescein powder 

and other chemicals were purchased from Sigma-Aldrich. PDMS prepolymer (RTV 

615) was obtained from Momentive Performance Materials (Waterford, NY). 

Heating plate was purchased from Xinruiqi Electronic, Inc. (LKTC-B1-T, China). 

The syringe pump was purchased from Cole-Parmer, US. The fluorescence 

microscopy used in the experiment was obtained from Micro-shot Technology 

Limited (ML-30, China) equipped with Infinity 2 digital camera (Lumenera 

Corporation, Canada) to capture pictures. Miicraft®3D printer was obtained from 

Miicraft, Hsinchu, Taiwan. Green fluorescence protein (GFP)-expressing E. coli 

was obtained from Hongkai Wu from Hong Kong University of Science and 

Technology.  

 

2.2.2. Fabrication of agar-alginate mixed gel device   

The initial templates were designed using AutoCAD 2015 and printed by 3D printer, 

from which the PDMS (10:1 ratio) reverse-mold is created. Molds and glass slides 

used in the following steps were sterilized with 75% ethanol. For every 10 mL of 

mixed gel, 0.15 g of agar, 0.15 g of sodium alginate and 0.2 g of LB broth powder 

were weighed, and deionized water was added to adjust the total volume to be 10 

mL, and the mixture was heated to boil and stirred until dissolved completely. 

Liquid gel was applied to PDMS molds and allowed to solidify, after which the 
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solid gel pieces were moved onto glass slides and stacked to prepare for the bonding 

process. CaCl2 solution (0.5 M) was applied onto the surface of the gel device and 

spread evenly. The device was then heated at 55 °C and once the surface was dried, 

CaCl2 solution was applied again. The process was repeated twice on each side of 

the device until binding was complete, after which it was washed with autoclaved 

LB broth solution and subjected to UV-B (254 nm) treatment. In this work, different 

concentrations (1, 1.5 and 2 % (w/v)) of agar and (1, 1.5 and 2 % (w/v)) alginate 

were tested.  

 

2.2.3. Investigation of the on-chip diffusion process  

For one-dimensional test, fluorescein solution (100 μg/mL) and D.I. water were 

injected into the channels with a flow rate of 0.25 mL/h (Figure 2.3 and Figure 

2.4). Images were taken by the fluorescence microscope and analyzed by ImageJ 

1.4 software. For two-dimensional diffusion test, fluorescein (100 μg/mL) and 

rhodamine B (100 μg/mL) solutions were injected into two neighboring channels; 

D.I. water were injected into other two channels; flow rate were maintained at 0.25 

mL/h (Figure 2.9). Images were taken by fluorescence microscope and analyzed 

by ImageJ 1.4 software. 

 

2.2.4. Antimicrobial sensitivity testing  

For one dimensional AST, antibiotic solution (diluted to proper concentration in 2% 

(w/v) LB broth) and LB broth were injected into the channels, respectively, at flow 



�

�
�

22 

rates same as described in diffusion test. Bacterial sample was diluted to appropriate 

density (OD600=0.1), one droplet (2-3 μL) of which was applied to the center of 

the device surface in between the channels. A sterilized Petri dish cap was used to 

cover the device and isolate it from the surroundings. The device was then incubated 

at 37 °C and images captured by fluorescence microscope and analyzed by ImageJ 

1.4 software. For two-dimensional AST, antibiotic solutions that had been diluted 

to proper concentrations were injected into two neighboring channels; LB broth was 

injected into the other two. Other procedures and conditions were the same as 

mentioned in one-dimensional AST experiment. 
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2.3. Results and Discussion 

2.3.1. Fabrication process of whole hydrogel microdevice  

In our work the device was fabricated entirely in hydrogels, one of which is agar, 

an inexpensive gel widely-used as standard material in the culture of 

microorganisms. Agar is a natural product that has been used as gelling agent for 

over three centuries; it is actually a mixture of linear polysaccharide agarose and 

some smaller molecules called agaropectin. It is interesting to note that although 

this inexpensive material has been broadly used in cell culture, it was barely used 

in microfluidics; on the other hand, agarose, a purified component from agar was 

used for fabricating microfluidic chips, probably because of its better gelation 

performance/mechanical property. But agarose is about 20-fold the price of agar; 

and agar is the standard material for plate cell culture, which is extensively used 

and well trusted in cell biology. Hence, although agar is harder to microfabricate 

than agarose, we made special effort in this work to develop an effective method 

for fabricating microfluidic device using agar.  In our experiment, this challenge 

was addressed by using a mixture of agar and alginate (1.5% (w/v) each), and 

unique method for casting the structures and bonding the chip. The minimum 

dimension of the structure was 100 μm and the thinnest thickness of the gel which 

can be peeled off from the PDMS mold was about 500 μm (Figure 2.1A). As shown 

in Figure 2.2, two pieces of gel slides were cast and then bonded using CaCl2 

solution. Before adding Ca2+, the mixture of agar and alginate was tender, making 

the conformal sealing of channel difficult.  To obtain high yield of bonding, we 
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designed a “dried” diffusion bonding method. After the two gel slides were adhered 

together, high concentration Ca2+ solution (0.5 M) was applied onto the surface of 

the gel device in droplets and spread evenly. Applying the solution only once was 

determined as inadequate, resulting incomplete bonding between the two layers 

such that the device was easy to be damaged during operation, while repeated 

application for more than twice didn’t improve upon the already good bonding 

performance of the gel layers. Thus, we decided to apply Ca2+ solution for twice on 

each side of the device. The device was then heated at 55 °C and once the surface 

was dried, CaCl2 solution was applied again. The process was repeated twice on 

each side of the device, delivering enough Ca2+ ions to the bonding interface while 

limiting the amount of water soaked in the gel; otherwise the channels are easy to 

deform and be blocked after bonding. The device was washed with LB broth after 

CaCl2 treatment, to eliminate free Ca2+ ions and avoid their adverse effect to 

bacterial growth. The concentration of 1.5% agar and 1.5% alginate respectively 

was chosen as the finalized formula, because it offered a balance between flexibility 

and strength, as well as acceptable optical transparency. In 15 minutes, the liquid 

gel would cool down and solidify, allowing peeling of gel pieces from molds. We 

found that treatment to make the inner surface of the PDMS mold more 

hydrophobic could assist the removal, and reduce the chance of generating defects. 

We also studied the maximum flow rate of the channels to evaluate the bonding 

performance. The device was damaged at linear flow rate much higher than the flow 

rate normally needed (Figure 2.1B). Also, the device could also be stored at 4 °C 
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while submerged in Ca2+/LB solution for a prolonged period of time (no failure was 

detected after three months). The entire system for analysis consists of a microscope, 

microflow pumps and a heating plate. The microscope and the heating plate are 

equipment commonly found in clinical and research laboratories, while the need for 

microflow pumps could be eliminated by gravity-driven flows used in microfluidic 

devices92.  

 

 

Figure 2.1. (A) Side view of the completed device. The thickness could be as low 

as 1 mm, as shown in the image. (B) Result of a flow rate test. The device was 

broken at maximum linear flow rate of 11.1 cm/s, which is about 100-fold of the 

operation condition used in our work. 
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Figure 2.2. Schematics of the fabrication process of agar-alginate mixed gel device. 

(A) The fabrication process of the PDMS mold and the mixed gel. (B) The bonding 

mechanism of the mixed gel pieces. Upon addition of Ca2+ ions, alginate is 

crosslinked and bonds the mixed gel slides together. (C) Cells were cultured on top 

of the device. (D) Photo of a fabricated mixed-gel device. (E) Schematics of two-

dimensional AST. 

 

2.3.2. Diffusion test of the whole hydrogel device  

A diffusion test was carried out using two parallel channels (300 μm) which were 4 

mm apart on the device. As the pore sizes of agar and alginate are both larger than 

typical antibiotic molecules93,94, the diffusion behavior of antibiotics in our gel 

device would be close to that in free solution. The diffusion of molecules in free 
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solution could be described using equations expressing the diffusion coefficient and 

in these equations the only factor related to the diffusing solute is the size of the 

suspended molecules95. In this case, fluorescein (M.W. 332 g/mol) was used as 

sample as it has a molecular weight similar to that of many commonly used 

antibiotics, thus it would behave in a similar manner when diffusing across the 

hydrogel mixture70. The fluorescein molecules diffused from channel A to B and 

the excess fluorescein was taken away by D.I. water in channel B. As a result, a 

stable gradient with good linearity was formed between the two channels. Note that 

different from many gel diffusive methods such as disk diffusion for AST, our 

method can generate a precisely controlled gradient over a long period of time, 

because both the source and the drain of the gradient are continuously refreshed by 

the flow inside microchannels. Figure 2.3 shows the diffusion-based gradient 

stabilized at around 90 minutes, and there was limited difference between results at 

90 and 120 minutes. Also, as Figure 2.4 suggests, the gradient was also evenly 

spread over the direction perpendicular to its propagation. 
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Figure 2.3. Diffusion test on the device. (A) The gradual process of diffusion-based 

gradient generation between the two channels. The front of fluorescein propagates 

to the right over time. (B) The fluorescein intensity versus the distance from the 

channel supplying fluorescein at multiple time points. The gradient stabilized at 

around 90 minutes, and achieved good linearity. The scale bars represent 300 µm. 
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Figure 2.4. Vertical distribution of gradients (120 min) in diffusion test. (A) The 

inspected area (operation zone) was divided into five equal zones (B) The functions 

of fluorescence intensity over distance in these five zones were plotted. The closely-

packed lines suggest even distribution of gradient over the width of the operation 

zone. 

 

2.3.3. AST on the whole hydrogel device 

The results in diffusion tests indicated that our devices achieved good linearity and 

stability in diffusion-based gradient generation. We performed AST experiments to 

further evaluate the performance of the system. A 2% (w/v) LB broth was applied 

to the dilution of antibiotic solutions in this work, resulting in the same 

concentration of the LB broth used in the parallel channel and the hydrogel device 

itself. Consequently, the concentration of LB broth became even and stable across 

the whole device and it would not cause the differences in the bacterial growth. 

Green fluorescence protein (GFP)-expressing E. coli cells were employed as 

bacterial samples. Firstly, normal bacterial growth test was performed on our device. 

As shown in Figure 2.5, the E. coli cells grew into large colonies over time; a 

roughly two-fold increment every 30 minutes was observed, which is consistent 
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with normal agar plate culture of E. coli. Then, we tested three antibiotics, 

ampicillin (M.W. 349 g/mol), cefradine (M.W. 349 g/mol), and gentamicin (M.W. 

477 g/mol). The tested drugs have molecular weights close to that of fluorescein 

used for diffusion test, and were expected to diffuse in a similar manner, generating 

predictable linear gradients. The concentration ranges of drugs were set according 

to Clinical and Laboratory Standards Institute (CLSI) data96. Figure 2.6 depicts the 

AST result of ampicillin, one of the β-lactam class antibiotics that function by 

inhibiting the bacterium cell wall synthesis, resulting in weak cell structure and 

ultimately the lysis of bacteria. The inhibition of normal bacterial growth was 

continuously tracked within 8 hours and the lengths of cells at different locations 

were measured. As ampicillin takes its effect on the bacteria, the latter grow 

abnormally in length, which is used as indication of inhibition, because these 

bacteria eventually die97. Therefore, the MIC values could be determined in this 

area by calculating the concentration of antibiotics. At higher concentration (on the 

right side of the image), cells swelled and eventually burst. The plotting suggests 

that elongation of cells was significant enough at around 2 to 3 hours by when MIC 

values could be calculated. Hence, the MIC values of these antibiotics were 

calculated after 3 hours of test (Figure 2.7). To calculate the MIC value, the 

inhibition point was located with image analysis tools, and the precise deterministic 

rules were depending on the kind of bacteria98. For ampicillin, the point was 

identified as A2 in Figure 2.7. Using the location of this point between the two 

channels, the corresponding drug concentration at this point was calculated from 
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the linear gradient plot obtained in the diffusion test, showing the reduction from 

100% drug concentration to blank. The MIC value for ampicillin was calculated to 

be 3.1 μg/mL. Like ampicillin, cefradine is also one of the β-lactam antibiotics, and 

acts in similar manner. This similarity in working mechanism was shown in the 

results. Affected E. coli also displayed elongation and swelling, but of less extent 

compared with ampicillin, and there was no obvious cell bursting observed. The 

MIC value of cefradine was 1.2 μg/mL. Being one of the aminoglycosides 

antibiotics, gentamicin is in a different class from the above mentioned two drugs. 

It functions by binding irreversibly to bacterial ribosome and interrupting protein 

synthesis. As a result, bacteria were observed to cease their growth all together, with 

no obvious morphological changes. Thus, the MIC value of gentamicin was 

determined by counting cell numbers in a given area and the result was 0.5 μg/mL. 

All the MIC values of these antibiotics were in accordance with the data from CLSI. 
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Figure 2.5. GFP-E. coli growth process with time. Fluorescence images (0 h to 4 

h) were recorded every 60 min at the same position. Gradual change from individual 

cells to larger colonies was observed for the bacterium cells near the arrow. The plot 

shows the number of cells in the area at each time point. The scale bars represent 

10 µm. 
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Figure 2.6. Antibiotic sensitivity testing of ampicillin (**, P<0.01; ***, P<0.001).  

E. coli cells were treated with ampicillin for 8 hours. The circles indicate the area 

under MIC value. The plot shows the average length of bacterium cells inside the 

circled area. 
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Figure 2.7. Antimicrobial susceptibility testing of GFP E. coli using different 

antibiotics ((A) ampicillin, (B) cefradine and (C) gentamicin). In each fluorescence 

image, a gradual change from normal bacterial growth to inhibited growth could be 

observed from left to right. The zoom-ins show the change of cell morphology at 
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different drug concentrations. The bar charts (D-E) show the average length of E. 

coli cells in each zone examined in ampicillin and cefradine trials; Zone A2, B2 

were chosen as the critical point of inhibition. (F) The table gives the MIC values 

calculated from image analysis, comparing with standards from CLSI96. 

 

Compared to traditional methods, our device could obtain the MIC value within 3 

hours, which significantly accelerates the diagnosis. A control experiment based on 

traditional disk diffusion method was performed. Figure 2.8 shows the results of 

AST of GFP E. coli using gentamicin, which took much longer time and could not 

support single-cell level monitoring at different drug concentrations due to the 

changing gradient. Also, comparing to those ASTs based on microfluidic methods, 

on-chip-top culture provided the bacteria with growth conditions more similar to 

traditional methods, e.g., on hydrogel surface and without shear flow99. Moreover, 

the cells at any position could be conveniently collected at any time for other tests, 

which is difficult to realize by cell-in-channel microfluidic methods. Moreover, the 

system is expected to be more convenient for current AST users to upgrade to. 

Finally, these devices are made entirely from cheap and biodegradable materials, 

and are compatible with current disposal protocols in clinical labs. 

 



�

�
�

36 

 

Figure 2.8. Microscopic inspection of agar disk diffusion test. (A: on the drug-

loaded paper; B: paper edge; C: inside of inhibition zone; D: edge of inhibition zone; 

E: out of inhibition zone). 

 

Another significant advantage of the cell-on-hydrogel device is that two-

dimensional AST could be carried out conveniently. Rhodamine B and fluorescein 

were chosen for a two-dimensional diffusion test. The results (Figure 2.9) indicate 

that the two types of dye molecules diffused along their directions and no obvious 

interference was detected, and two gradients with good linearity were obtained and 

shown in the photos. The formation of the two perpendicular gradients serves as the 

basis for the experiments of two-dimensional AST involving two different 

antibiotics. The intersecting area to inspect was a square that has a width of 2 mm 
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and grids were fabricated in the hydrogel to help conveniently locate the inspection 

area (Figure 2.10). Ampicillin and gentamicin were chosen which have cooperative 

effect in clinical applications. As shown in Figure 2.11, ampicillin gradient ran 

from right to left of the image while gentamicin gradient spread from top to bottom. 

The two drugs created a combined inhibition effect starting from the top left corner 

to the bottom right, decreasing in strength. The resulted inhibition boundary was 

observed to be roughly perpendicular to this diagonal line. Though our device 

performed well when using GFP E. coli and fluorescence microscope, a further 

question was how this novel technique would handle real samples in practical uses. 

Normal bacterium cells do not produce fluorescence proteins, and thus make the 

inspection more difficult. However, it was found that the transparency of the device 

allowed inspection of wild-type bacteria without the use of fluorescence mode, 

demonstrating the potential of examining real samples (Figure 2.12 and Figure 

2.13). As a result, the MIC values of E. coli (ATCC 25922) and S. aureus (ATCC 

29213) were in accordance with the data from CLSI. 
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Figure 2.9. (A) Two-dimensional diffusion test using Rhodamine B (B) and 

fluorescein (C) as samples. The two gradients were in perpendicular positions. (D) 

The fluorescence intensity over distance of two dyes was plotted, and both gradients 

achieved good linearity. 

 

 

Figure 2.10. Schematics of the device used for Two- dimensional AST. (A) The 

tested gradient zone was located in the center of the diffusion region. (B) Grids were 

fabricated inside the device to help locate the sample and capture images for 

analysis. 
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Figure 2.11. Two-dimensional AST for combined drug study using E. coli as 

sample. (A) Ampicillin gradient ran from the right to the left, while gentamicin 

gradient was generated from the top to the bottom on the device. The red dotted line 

presents an inhibition boundary of two drugs. (B-H) The morphologies of E. coli at 

different concentrations of two antibiotics. 
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Figure 2.12. Two-dimensional AST of Wild E. coli (ATCC 25922). (A) Ampicillin 

gradient ran from right to left, and gentamicin from top to bottom. Morphologies of 

E.coli at different concentrations of the two antibiotics are shown. At high 

concentration of ampicillin, cells showed elongation (B); at high concentration of 

gentamicin, cells ceased growth (C); and at low concentration of both drugs, 

bacteria grew normally (D). 

 



�

�
�

41 

 

Figure 2.13. Two-dimensional AST of S. aureus (ATCC 29213). (A) Ampicillin 

gradient ran from right to left, and gentamicin from top to bottom. The 

morphologies of S. aureus at different concentrations of two antibiotics are shown, 

as inhibition (B), partial inhibition (C) and normal growth (D), at decreasing drug 

concentrations. 
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2.4. Conclusions 

In conclusion, we demonstrated an innovative and convenient method to perform 

cell-on-hydrogel AST. The device was made of an inexpensive formula consisting 

of two kinds of hydrogels, agar for culturing cells and alginate for sealing the 

channels. A stable linear gradient of antibiotic was generated in the device by 

molecule diffusion. Meanwhile, the cellular morphology under different drug 

concentrations and the MIC value of antibiotic were conveniently obtained within 

2-3 hours. Our strategy allows seamless connection to conventional AST, while 

incorporating the advantages of microfluidics; meanwhile, the cell-on-chip design 

eliminates the potential problem of shear flow, and the hydrogel chip avoids the 

channel fouling issue. The convenience of conducting two-dimensional AST allows 

our system wide room to investigate the synergistic effect of drugs as well as other 

factors such as pH and oxidative substances from the immune system. Moreover, 

our device could be simplified by the use of pumpless design, in which the 

mechanical pumps are replaced by gravity-driven systems similar to infusion. This 

should further reduce the equipment needed and enable broader applications of this 

device. Finally, the technique for fabricating inexpensive hydrogel chip could be 

useful for other applications as well. �
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Chapter 3. Reliable and reusable whole-polypropylene plastic microfluidic 

devices for rapid, low-cost antimicrobial susceptibility test 

 

3.1. Introduction 

Antimicrobial resistance (AMR) has become a major threat to modern medicine.100 

Every year AMR causes over 25, 000 deaths in Europe and over 23, 000 deaths in 

the U.S.101 These death numbers will radically grow if no effective counter 

measures are taken.101 The fight against AMR requests efforts from multiple 

disciplines, such as food industry, environmental protection measures, 

pharmaceutical industry, and healthcare system. AMR is primarily caused by the 

misuse or abuse of antibiotics, especially wide-spectrum ones such as ampicillin, 

chloramphenicol, and tetracyclines102. Accordingly, it is highly desirable to develop 

antimicrobial susceptibility test (AST)101 that provides accurate bacterial 

information, such as minimum inhibitory concentration (MIC), and helps the 

optimal use of antibiotics that reduces AMR.  

 

Conventional ASTs55, such as agar/broth dilution and E-test,103 usually suffer from 

the lack of insufficient quantification capability, efficiency, and affordability. Such 

tests are lengthy that need several days to complete because of the need for 

observing macroscopic growth of bacterial colonies, thus are almost useless in the 

context of first-line clinical diagnosis.60,104 In addition, these methods rely on large-

volume reagents and labor-intensive operation, rendering large-scale deployment 
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difficult and costly. As a result, physicians with incomplete information of the 

infection have to empirically decide whether antibiotics are necessary, and to 

maximize the range of efficacy they have to use wide-spectrum antibiotics that in 

turn may cause the development of antibiotics-resistance. Many have researched 

into the development of novel AST methods, aiming at addressing this problem. 

Genotypic tests, e.g., using PCR to detect gene-encoded resistance,58 have already 

been implemented commercially.105-107 While shortening the analysis time, these 

tests are expensive to perform108, and suffer from false positive results caused by 

none-pathogenic microorganisms and false negative results caused by new or 

unknown resisting mechamism.104,105 Other genotypic methods such as those 

utilizing microbeads109-111, mass spectrometry112-114, and whole-genome 

sequencing115,116, share similar limitations and their performance is still hampered 

by a variety of factors; at current stage, none of the methods is suitable for practical 

implementation to replace conventional methods and fulfill the requirement of 

routine test to guide prescription. On the other hand, phenotypic methods, such as 

conventional ASTs, provide more objective information of the antibiotic’s 

susceptibility by observing the real growing process of bacteria. The speed of such 

tests, however, is limited by the time required for bacteria to grow into visible 

colonies.  

 

In recent years, microfluidics1,25,74,117,118 has shown promising potential in 

combatting AMR. It offers the chance to manipulate and measure bacteria at single-
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cell level, enabling rapid phenotypic AST to be completed within a few hours.1,28,119 

Moreover, it has been observed that the growth of microbes in a microfluidic 

channel could be faster than that in a bulk solution.71,120  

 

Polydimethylsiloxane (PDMS) has been widely used in microfluidic device 

fabrication due to its flexibility and optical transparency.6,121 However, AST based 

on microfluidics using PDMS is not ready for practical adoption because of the 

unreliability of the materials. The materials are prone to the absorption of small 

hydrophobic molecules and biomolecules, leading to the issues of surface fouling 

and leaching of small molecules, threatening the trust on reliability of tests.24,84 

Consequently, the cost of making such cartridges and one-time use further limits 

the potential in wide-range commercial use. Actually, these problems are not 

specific for AST chips, but a common hurdle for microfluidic technologies to be 

applied in broad commercial applications. These limitations, despite tremendous 

efforts, are difficult to fully address122,123, and necessitate the exploration of 

alternative chip materials.  

 

In contrast to PDMS, thermoplastics like polypropylene (PP) have been employed 

in a broad range of commercial and industrial implementations due to its solvent 

compatibility and anti-fouling property16,17,121,124,125. Compared to PDMS, PP is 

cost-efficient, solvent-compatible, reusable, free from the absorption of 

hydrophobic drug molecules and water evaporation121, which can nicely address the 
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limitations mentioned above.  Actually, PP has been the most commonly used anti-

fouling material in making wares for analytical and medical applications (e.g., the 

volume of PP for medical devices was 490.0 million pounds in US in 2018126), but 

the reports of using PP to make microfluidic chips was very limited. A plausible 

reason was that although PP is a plastic material, the commonly used soft-

lithographic method using PDMS masters to fabricate plastic (such as PMMA and 

PS, which are prone to fouling too) chips was unsuitable for microfabricating PP 

due to its relatively higher melting temperature. A major advance in the 

commercialization of microfluidic technology can be expected if a suitable method 

becomes available to fabricate microfluidic chips using PP.  

 

Here we demonstrate a method to microfabricate PP chips with satisfactory 

resolution and high fidelity, and a reliable whole-PP microfluidic chip for AST that 

shows several major advantages compared to PDMS chips, including compatibility 

with solvents and dyes, recyclability, low cost, as well as significantly less 

contamination. The fabrication method developed in this work, which is convenient 

yet powerful, uses a pre-treated PDMS template to thermally mold PP structures 

with high resolution (sub-micron) and fidelity, and bond PP plates through fusion 

to form chips. A deepened chamber is developed to reduce the effect of shear stress 

of flow during cell curling, which is examined by both numerical simulations and 

experiments. Utilizing image analysis of individual cells, our method obtains AST 

results within 1-3 hours, which is among the fastest phenotypic methods. Evaluation 
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of the PP chips with real-world samples suggests that their performance is superior 

to that of PDMS chips and the standard method (micro dilution). Our evaluation 

results are verified using data from Clinical & Laboratory Standards Institute 

(CLSI), and supported by validations using clinical specimen. While our method is 

among the fastest phenotypic ASTs ever, the use of PP as chip material makes it 

more mature compared to previously reported rapid phenotypic methods, which 

were commonly based on PDMS chips. 
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3.2. Experimental sections 

3.2.1. Materials and equipments  

Poly-dimethysiloxane (PDMS) (RTV 615) was purchased from Momentive 

Performance Materials (Waterford, NY). SU-8 permanent epoxy negative 

photoresist was purchased from Microchem Corporation, USA. PP was purchased 

from Orient Hongye Chemical Co., Ltd. (Shandong, China). The antibiotics 

ampicillin, gentamicin, levofloxacin and erythromycin were purchased from 

Sigma-Aldrich. Lysogeny broth (LB) powder (Lennox), fluorescein powder and 

other chemicals were purchased from Sigma-Aldrich. Thermal stage was purchased 

from Xinruiqi Electronic, Inc. (LKTC-B1-T, China). The syringe pump was 

purchased from Cole-Parmer, US. The fluorescence microscopy used in the 

experiment was obtained from Nikon, equipped with Infinity 2 digital camera 

(Lumenera Corporation, Canada) to capture pictures. E. coli (ATCC 25922) and S. 

aureus (ATCC 29213) were purchased from Shanghai Fuxiang Biotechnology Co., 

Ltd. (Shanghai, China). Green fluorescence protein (GFP)-expressing E. coli was 

obtained from Hongkai Wu from Hong Kong University of Science and Technology. 

Clinical bacterial strains were isolated from urine samples, which were provided by 

the Eighth Affiliated Hospital of Sun Yat-sen University, Shenzhen, China. 

 
3.2.2. Computational fluid dynamics (CFD) simulation 

CFD simulation was conducted using the COMSOL Multiphysics 5.4 (COMSOL 

Inc., MA) to investigate the distribution of shear rate inside the microfluidic channel. 
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The 3D models of the six designs of the channel with deepened chamber were 

established in COMSOL and meshed into triangular elements. The simulation is 

based on Naiver-Stokes equation. The inner surface of channel is assumed to be 

non-slip. 

�

3.2.3. Fabrication of the microfluidic devices   

The structure masks were designed in AutoCAD 2015 and made on a laser printer. 

All the photoresist microstructures were fabricated using standard soft lithographic 

techniques127. For fabricating PDMS microfluidic devices, a mixture of PDMS 

prepolymer and curing agent (10:1 ratio) was poured onto the templates and cured 

at 80 °C for 30 min. Next, we carefully peeled off the PDMS layers from the 

templates and attached them to flat PDMS substrates by O2 plasma treatment. For 

fabricating PP chips, a mixture of PDMS prepolymer and curing agent (10:1 ratio) 

was poured onto the template and cured at 80 °C for 30 min. Next, we carefully 

peeled off the PDMS layer from the template and attached them to the glass 

substrate as the master to mold PP substrate. PP substrate was put on the PDMS 

master and sandwiched with another flat glass slide on it. Then this sandwich was 

put on hot compressor and embossed at 180 °C for 2 min under 0.24 MPa. After 

embossing, it was removed from the hot compressor to cool it down to room 

temperature gently. Before bonding, holes were drilled through a flat PP plate which 

is for tubing connections; the surfaces to be bonded were cleaned by 95% ethanol 

and blown dry. The PP substrates was assembled closely with this drilled flat PP 

plate in between 5 mm thick steel plate and fixed by 2 C-clamps. Two spacers 
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equaling to the thickness of the chip were used during the bonding process. Then 

this device was placed into a 145 °C muffle oven for 2 h. After cooling down to 

room temperature, the whole PP chip was obtained. Microfluidic devices were 

sterilized prior to each experiment. 

 

3.2.4. Concentration gradient test   

Utilized the principle of passive mixing and the particular microfluidic structure we 

designed, the concentration gradient can be generated automatically in the channels. 

Fluorescein solution (100 μg/mL) and D.I. water were injected into the two inlets, 

respectively. Images were taken by the fluorescence microscope and analyzed by 

ImageJ 1.4 software. 

�

3.2.5. AST experiment   

Bacteria were pre-activated in an incubator for 15 min under 37 °C before we use 

and injected from the inlet of the microfluidic device at the downstream side, the 

injection of the bacteria was monitored under the fluorescence microscope. After 

the bacteria were inoculated into the cultivation chambers, the microfluidic device 

was placed on a thermostat platform and incubated at 37 °C for 1-2 h. The MIC 

value was judged by the cell density and the morphology change of the bacteria 

after incubation, a computer software called ImageJ 1.4 was used for the cell count 

function.  

�

3.2.6. AST experiment of clinical samples   
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Early morning midstream urine samples were collected in sterile 15 mL tubes. 

Quantitative analyses of urine cultures were performed using the standard 

calibrated loop method. Urine sample were streaked on Columbia agar with 5% 

sheep blood and CLED (cysteine-, lactose-, and electrolyte-deficient) agar. Two 

clinical bacterial strains (E. coli and S. aureus) were isolated from urine samples, 

which were provided by the Eighth Affiliated Hospital of Sun Yat-sen University, 

Shenzhen, China.  

 

Because the bacterial samples were de-identified before we received them, this 

study was exempted from human subjects research review. The clinical bacterial 

strains (E. coli and S. aureus) were pre-activated in an incubator for 15 min under 

37 °C before we use and injected from the inlet of the microfluidic device at the 

downstream side; the injection of the bacteria was monitored under microscope. 

After the bacteria were inoculated into the cultivation chambers, the microfluidic 

device was placed on a thermostat platform and incubated at 37 °C for 1-2 h. The 

MIC value was judged by the cell density and the morphology change of the 

bacteria after incubation; a computer software called ImageJ 1.4 was used for the 

cell count function. The AST results were compared with those determined by the 

hospital clinical microbiology laboratory using microdilution-based method. 
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3.3. Results and discussion 

3.3.1. Overall design of the system 

In this work, we aim to develop a reliable and automated microchip platform to 

generate a concentration gradient of drugs for AST, culture the bacteria sample on 

the microchip, and obtain the results through image analysis. One of the main 

challenges is to deal with many factors in traditional standard AST methods that 

influence the accuracy of the analysis. For example, in microdilution test, series of 

solutions need to be prepared manually, which is prone to human errors. Also, the 

high frequency of using pipette sequentially could induce propagating errors in 

preparing the solutions. In disk diffusion test, errors may take place during the 

manual measurement of the diameter of inhibition zone. To address such issues, in 

our work, we employ a Christmas tree structure, which is widely applied in 

microfluidics, to generate a concentration gradient automatically (Figure 3.2e). Our 

Christmas tree-shaped micro-structure utilizes laminar flow fluidic and diffusive 

mixing inside the microchannel to generate the concentration gradient passively. A 

syringe pump was used to drive the fluid, with two different solutions (Inlet 1: 

Lysogeny broth; Inlet 2: Lysogeny broth and certain antibiotic in specific 

concentration) infused into the microfluidic device. As the fluid travels down the 

Christmas tree design, the infused solutions repeatedly split and recombine with the 

nearby streams at the site of T-junctions inside the microchannel. In addition, the 

recombined solution further completes the mixing process through diffusion inside 

the serpentine channels. After the consecutive steps of mixing, our whole-PP chip 
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can generate eight channels of stepwise concentrations of the specific antibiotic (0X, 

1/7X, 2/7X, … 6/7X and 1X). Thus, in other words, the precision degree of our 

MIC values can be adjusted through the change of the infused solution and/or the 

number of the branched channels in the Christmas tree structure. Yet the stability of 

concentration gradient on a microchip is affected by some factors, e.g., some 

materials of the chip (PDMS) have strong absorption to biomolecules and may alter 

the concentration in the channel. For developing a practical device of AST, the 

material is expected to have a good transparency, a good tolerance to chemicals and 

temperature for sterilization, and also good reusability and low fabrication cost. 

Therefore, we chose to use polypropylene as the material of chip, a thermoplastic 

polymer widely used in biomedical field owing to its anti-fouling property with 

affordable cost6,16 (Table 3.1). Also, to support on chip culture and inspection based 

on a PP chip, we made corresponding designs too, which are discussed below. 

 

Table 3.1. Comparison of the materials (PP and PDMS). 
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3.3.2. Fabrication process of the whole PP chip 

Due to the prevalence of optical detection in microfluidic systems, many 

thermoplastics used for lab-on-a-chip systems are amorphous materials that are 

transparent over a wide wavelength range.17 These materials can also be easily 

fabricated through thermal or solvent assisted processes. However, they are not 

sufficiently inert for bioanalyses to be performed in present study. To overcome the 

limitations of such materials, we selected PP, a semi-crystalline plastic considering 

its nice inertness and affordable cost (much cheaper than other inert plastics such 

as Teflons). In fact, the commercial PP materials have variable properties 

determined by several factors, such as crystallinity, isotacticity, molecular weight, 

molecular weight distribution, type and proportion of comonomers128. Generally, 

these PP materials are divided into three groups: homopolymers, random 

copolymers, and block copolymers. The commonly used comonomer is ethylene. 

The randomly polymerized ethylene-propylene polymer shows decreased 

crystallinity as compared to propylene homopolymer, with lower melting point and 

better transparency128. In this work, we chose random copolymer of ethylene-

propylene because of its relatively higher transparency and higher melt flow rate 

(MFR); the latter is favorable to thermal molding. Despite the advantages of this 

selection, PP is inherently more challenging to structure compared to some other 

plastics such as PS and PMMA. A recent report used printed circuit board (PCB) to 

hot-emboss PP for making microfluidic chips, but the resolution, allowed shapes, 
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and fidelity of fabrication were insufficient for general use.41 In our method, we 

efficiently addressed this key challenge regarding the resolution and fidelity of the 

product by adapting a strategy upgraded from our report before for fabricating 

microchips using Teflon materials.24 We name this method hot soft molding, under 

the umbrella of dynamic soft molding. Different from conventional hot embossing, 

the hot soft molding method uses an elastic and air permeable mold to thermally 

mold products at temperatures close to their melting temperatures (Figure. 3.1). 

The high temperature and air permeability of the mold allow the complete filling of 

the mold, and minimize the internal stress in the product. As a result, high resolution 

and fidelity at down to nanometers can be achieved. In addition to facilitating 

demolding, the use of the elastic silicone mold also prevents the products from 

sticking to the mold after being heated up to close to the melting temperature. 

Considering the significant fluidity of the product at high working temperatures, a 

pressure much lower than those applied for conventional hot embossing is used to 

avoid misshaping of the mold. Compared with our previous method for making 

Teflon chips24, both the thermo-molding temperature and the bonding temperature 

of our PP chip can be decreased by a large margin because of its lower melting 

temperature and larger MFR. For example, the molding fabrication can be 

completed with just 1 min, and the working temperature is about 100 degrees lower 

than that for Teflon materials. As a result, our method could significantly extend the 

lifetime of a PDMS mold in mass-production, making it friendlier for large scale 

production. Meanwhile, the bonding of the PP chip is very sensitive to the 
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temperature, pressure, and time of pressing, requiring sophisticated equipment that 

is not readily available. Imprecise control of these parameters in absence of such 

equipment leads to either failure of bonding or collapse of channel. The requirement 

of a sophisticated equipment could have been a hurdle to the mass production of 

the device, but we have overcome this challenge with a very convenient solution. 

The coefficients of linear thermal expansion (μm/mK) for steel and PP are 11-12.5 

and 72-90, respectively. When two PP slides are sandwiched within a rigid steel 

clamp, thermal expansion of the PP will be greater than that of the steel, causing a 

pressure to build spontaneously. And such pressure is self-regulated as it will 

automatically reduce with the deformation of the PP slides. According to calculation, 

the vertical deformation of the chip structure will be about 1% when such pressure 

reduces to zero. In this way, the performance of the bonding is only dependent on 

the temperature, which becomes convenient and cost-efficient to mass-process. As 

a result, it is convenient to create bonded PP chips with high resolution and fidelity 

(Figure 3.2b,c).  
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Figure 3.1. PP slides molded by two different methods. PP slide with air bubbles 

molded by standard soft molding method (left); PP slide without air bubbles molded 

using thermally treated PDMS in our method (right). 

 

Generally, the transparency of PP is considered lower than that of PDMS, limiting 

its use for making chips for single cell observation. However, we found that the 

transmittance of PP is highly related to its thickness (Figure. 3.3). Hence, 

considering the demand of the visibility of the PP chip under the microscope, we 

used a thin and patterned PP slice which is highly transparent for the further bonding 

process. In the bonded chip, the thin side of the PP chip will be as an observing 

window under the microscope. Compared with PDMS chips, PP chips demonstrate 

unique advantages, such as the robust mechanical performance, stable thermal 

performance (can be sterilized at 121 °C, 0.1 MPa), and good UV resistance (can 

be sterilized under 254 nm UV). In addition, the solvent resistance and anti-fouling 

property of the PP chips are also better than those of PDMS chips (Figure. 3.4). 
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These results show that PP chips have great potential to be applied in the field of 

analytical chemistry and analytical biology. 

 

�

Figure 3.2. Illustration of the fabrication process of PP microfluidic chips. (a) The 

whole fabrication process for PP chips. PDMS was poured onto a negative 

photoresist template and cured at 90 °C for 30 min. The PDMS was peeled off and 

placed on a piece of glass with its patterned surface exposed. The PDMS-on-glass 

structure was used as the master to mold PP chips. The patterned PP and a flat PP 

slide were bonded at 140 °C for 90 min; (b) SEM image of the cross-section of a 

channel. The scale bar represents 20 μm; (c) Photography of a fabricated PP chip 

filled with crystal violet. The scale bar represents 1 cm. (d) Structure of the 

microchannel, which consists of a Christmas tree structure that generates 

concentration gradient (0X, 1/7X, 2/7X, … 6/7X and 1X) and deepened chambers 

that reduces the shear force for culturing bacteria. The bacteria are injected into 
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inlet 3; after the bacteria are distributed equally in all the deepened chambers, 

antibiotic-doped media and media alone are injected into inlet 1 and inlet 2, 

respectively. The bacteria are cultured under the drug concentration gradient; (e) 

The fluorescence intensity in different chambers, which achieved a good linearity 

of concentration (n=5). 

 

 

Figure 3.3. Absorbance measurement of different thickness of PP slides, compared 

with a PDMS slide. 
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Figure 3.4. Antifouling property test of rhodamine B on the PP and PDMS chips. 

Fluorescence images of channels filled with a 100 μg/mL rhodamine B solution 

(top), and fluorescence images of the channels after washing with water for 1 min 

(bottom). The anti-fouling property of the PP chip are also better than those of 

PDMS chip. The scale bar represents 200 μm.) 

 

3.3.3. CFD simulation of shear stress for optimizing channel designs 

We employed Computational fluid dynamics (CFD) simulations to design a 

deepened chamber in the middle of the channel to reduce the shear rate and thus 

facilitate the attachment of bacteria. Six different sizes of the deepened chamber 

were designed and tested in CFD simulations (Table 3.2). 

�
�
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Table 3.2. Different sizes of the deepened chamber (μm) 

�

 

Bacteria often live in a dynamic fluid environment and its behaviors including 

nutrient uptake and the attachment to a surface are heavily influenced by fluid shear 

rates129-131. Shear stress of the flow, which may affect the cell growth, is a common 

issue that AST devices have to address. Different channel designs were used among 

previous works to address the shear force issue. For example, Baltekin et al used 

confined channels that show strong resistance to flow119, and Azizi et al used side-

wall chambers and multiple rounds of flow manipulation with immiscible liquids132. 

These processes take considerable amount of time to load the cells, e.g., 20 min119. 

With the aid of hydrodynamic simulation and experimental validation, our work 

employed appropriately designed microwells that reduce hydrodynamic resistance 

and facilitate quicker operation, and conveniently realized high-throughput 

operation. Our preliminary experiments showed that bacteria can be easily washed 

away and are hard to attach to the bottom surface of a microchannel, perhaps 

because of the narrow geometry of a typical microfluidic channel likely to generate 

high shear rates. Since PP is an anti-fouling material (in contrast to PDMS), it is 
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even more difficult for the bacteria to attach and grow well on its surface. Herein, 

we employed CFD simulations to design a deepened chamber in the middle of the 

channel to achieve more suitable shear rate and thus facilitate the attachment of 

bacteria (Figure. 3.2d). A benefit of such design is that a high flowrate in the main 

channel is allowed during the cell loading process, allowing rapid and high-

throughput operation. The CFD simulation results show the average of the resulted 

shear rates is smaller than about 5 s-1 at the chambers from No. 3 to No.6, as shown 

in Figure. 3.5b (left). The No.5 and No.6 chambers result in dramatically increased 

shear rates due to the decrease of the chamber volume. Considering the errors 

caused by individual differences may result in inaccurate results of AST, we need 

to obtain the as much bacteria of as possible for data analyses. As a result, we chose 

No.3 chamber that is the optimal design balancing the distribution of shear rates 

and the total number of cells, more likely to generate accurate and convincing data. 

Both gram-negative bacteria (E. coli) and gram-positive bacteria (S. aureus) were 

tested on the PP chip, as well as on PDMS chip (widely used on microfluidics) for 

comparison. The results indicate both of these two strains grow well on the PP chip, 

but S. aureus needs an environment with lower flow rate to grow (Figure 3.5c), 

probably because the attachment of S. aureus on PP surface is more susceptible to 

the shear stress. In this way, we can complete the cell loading step within 2 min in 

a single loading step, which makes the whole process of our method faster than 

previous works even if the single-cell imaging analysis takes similar time. 
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�

Figure 3.5. Theoretical flow velocity profiles of deepened chambers. (a) CFD 

results of shear rates in 6 different sizes of deepened chambers under the flow rate 

of 1 μL/min. The scale bar represents 2 mm; (b) Comparison of shear rates in 6 

different sizes of deepened chambers under the flow rate of 1 μL/min, and 

comparison of shear rates under different flow rates in design No. 4. (c) Culture of 

two strains of bacteria (E. coli and S. aureus) under different flow rates (0.35, 1.00, 

and 3.50 μL/min) in both the PP chip and PDMS chip (n=5); bacterial counts were 

given as natural logarithmic in the y-coordinate. Both E. coli and S. aureus grew 

well in the deepened chambers under appropriate flow rate, and S. aureus needs 

relatively lower flow rate to grow well. 

 

3.3.4. Antimicrobial susceptibility test and reusability performance on PP chip 

As discussed before, the reason that phenotypic AST methods are commonly used 

as standard tests in hospitals is that they provide most objective information of the 

antibiotic’s susceptibility by observing the real growing process of bacteria. A major 
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drawback is that the MIC values are determined by observing cell colony formation, 

which will take about 24-48 h, too long to assist prescription upon patient’s visit. In 

our work, we were able to greatly reduce the detection time to 1-3 h by monitoring 

the single cells55. A key principle here is that the response can be detected earlier 

when single cells rather than macroscopic colonies are monitored. In general, prior 

works either inspect the cell morphology change as the indicator of healthy cell 

growing; count the cell numbers in microchambers and use the difference in cell 

number as the indicator of the test. It is worth noting that some pioneer work in 

single-cell imaging analysis claimed that in certain cases detection could be as 

quick as 30 min; such turnaround time cannot be claimed for realistic applications 

where universal compatibility is necessary. For example, when antibiotics such as 

penicillins at certain concentration are applied to bacteria, e.g., E.coli, initially the 

bacterial may still grow, but they will keep growing without division and finally die. 

This is, however, difficult to distinguish from the normal growth of bacteria if not 

allowed sufficient time, risking false minimum inhibitory concentration (MIC) 

value of the AST. To this connection, a more reliable strategy is to allow a period 

of incubation comparable to the division interval of the common bacterium strains 

in the sample, so that abnormal growth can be distinguished from normal growth. 

In contrast to the single-mode methods, our image analysis method combines shape 

and number analysis, which is more universal to general samples. In fact, different 

kinds of antibiotics kill bacterial cells based on different mechanisms, for example, 

ampicillin can prevent bacterial infection by inhibiting the bacterial cell wall 
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synthesis;133 gentamicin can kill the bacteria by stopping or interrupting the protein 

synthesis.133 Appropriate analytical strategies have to be adopted for the AST of 

antibiotics with different antibacterial mechanisms. We�can assess the MIC value 

of gentamicin through the observation of the cell number change as the number of 

E. coli will decrease significantly at the MIC value; to evaluate the MIC value of 

ampicillin, we measure the changes of the cell shape and length of the E. coli using 

a free software imageJ 1.4. Figure 3.6 a,b shows the analysis results of both 

gentamicin and ampicillin, including cell numbers and the lengths of cells.  
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Figure 3.6. Image analysis of AST with antibiotics based on different mechanisms, 

and reusability test of the PP chip. A. AST Result of gentamicin; the cell numbers 

in these chambers were different (P<0.01, compared with 0.5 μg/mL). The scale bar 

represents 10 μm; B. Result of Ampicillin; different lengths of cell morphology at 

different concentrations (P<0.01). The scale bar represents 10 μm. C. Comparison 

of the reusability between the PP chip and PDMS chip; the cells were washed by 

pure water for 1 min. The scale bar represents 50 μm. 

 

As discussed above, PDMS has almost been dominantly used as the material for 

microfluidic AST studies, but the well-known fouling problem of PDMS has been 

a fundamental hurdle/bottleneck to the implementation of microfluidic technologies 

in real-world applications. To evaluate the difference in testing results when 

different materials are used to make the devices, we performed AST on both PP 
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chips and PDMS chips. As shown in Table 3.3, the AST results of PP chip and 

PDMS chip were generally consistent with those obtained using traditional 

microdilution method, also matching with the standards from CLSI. Among these 

results, the MIC value of gentamicin was 0.25-0.75 μg/mL on PDMS chip, which 

showed less precision compared with the MIC value (0.25-0.5 μg/mL) on PP chip. 

As PDMS is an easy-to-foul material that absorbs small molecules and proteins 

easily134, the actual concentration of gentamicin may be less controlled. On the 

other hand, the more precise MIC value obtained from the PP chip suggests that the 

PP chip is more reliable in AST.  

 

Table 3.3. AST results of different methods and comparison with standards from 

CLSI (n=10). 

 

 

We also tested clinical urine samples using our PP device; the AST results were 

consistent with those obtained from the hospital clinical microbiology laboratory 

(Table 3.4) using microdilution-based method, while our test was more precise 

(quantitative versus qualitative) and much faster (saving 80% time compared to the 

standard method) than the latter.  
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Table 3.4. AST results of clinical samples on the PP chips comparison with the 

results obtained from the hospital clinical microbiology laboratory. 

 
 

Another important reason for choosing PP as the material is that, given its anti-

fouling property, it is possible to reuse the PP device. After the AST tests, the PP 

chips can be easily cleaned up, while the bacterial cells still remain on PDMS chips 

even after thorough cleaning (Figure. 3.6c). To further verify the reusability of PP 

chips, the same chip was used to carry out AST experiments� on each type of 

antibiotic for 10 times, and no deviations results, the MIC values of the S. aureus 

under different antibiotics were obtained in accordance with the data from CLSI 

(Figure. 3.7). Lastly, according to our estimation, the cost of a PP device would be 

~1/100 of a PDMS device. Table 3.5 briefly summarizes the overall comparison 

between phenotypic and genotypic AST methods58,112,135,136 and the key advantages 

of our method.  
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Figure 3.7. Image analysis of MIC value with antibiotics based on different 

mechanisms (S.aureus). The scale bar represents 50 μm. 

 

Table 3.5. Comparison with current methods. 

 

*Compared to reported microfluidic AST systems, our device design allows quick sample 

loading and high-throughput operation. 
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3.4 Conclusion 

We demonstrated a convenient yet powerful method to fabricate monolithic 

polypropylene microfluidic chips. The fabrication allows submicron resolution and 

quasi-3D structures, with the capability of mass-production at affordable cost. The 

PP microchips show nice mechanical robustness, thermal stability, and UV 

resistance, as well as excellent solvent compatibility, and outstanding antifouling 

properties; despite not as clear as PDMS, it is optically transparent enough to allow 

on-chip inspection of single cells, and can be recycle-used for multiple rounds of 

culture-based analysis. We demonstrated a whole-PP chip for rapid, low-cost, and 

accurate test of antimicrobial susceptibility. Similar to PDMS chips, PP chips allow 

the attachment and growth of bacterial cells. Different from PDMS chips, PP chips 

show outstanding resistance performance to solvents and surface fouling. As a 

result, the concentrations of antibiotics and cells are more precise and stable in PP 

channels than in PDMS channels, so that the AST results are more reliable. In 

addition, unlike PDMS chips, the whole-PP chips can be conveniently recycled for 

multiple rounds of usage, and can be remelted and refabricated if it is out of service, 

which largely decreases the cost and is environmental-friendly. Besides, due to the 

design of a deepened chamber to reduce the shear stress, cell attachment is gentler 

in a PP channel, and  the effect of shear force to the bacteria cultured in a PP 

microchannel is lower compared to PDMS channel, enhancing the reliability of test 

while allowing rapid, high-throughput operation.  In the clinical test, our test can 

complete within 1-3 hours by utilizing image analysis of single cells. While our 
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method is among the fastest phenotypic ASTs ever, the use of PP as chip material 

makes it more mature and ready for commercial implementation compared to 

previously reported fast phenotypic methods, which were commonly based on 

PDMS chips. The PP chips provide a practical solution to upgrade the culture-based 

AST and benefit the battle against AMR through helping doctor to prescribe the 

effective narrow-spectrum antibiotic; it will also be useful for other applications 

where a reliable, solvent resistant, anti-fouling, yet affordable microfluidic chip is 

needed. 
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Chapter 4. “Barcode” sensor for rapid, convenient and resource-independent 

antimicrobial susceptibility testing  

 

4.1. Introduction 

Antimicrobial resistance (AMR) has increasingly become a major threat to modern 

medicine.100 Every year AMR causes over 25, 000 deaths in Europe and over 23, 

000 deaths in the U.S.101 These death numbers will radically grow if no effective 

counter measures are taken.101 The fight against AMR needs efforts from multiple 

disciplines and substantially benefit multiple fields, such as food industry, 

environmental protection measures, pharmaceutical industry, and healthcare 

system. AMR is primarily caused by the misuse or abuse of antibiotics, especially 

wide-spectrum ones including ampicillin, chloramphenicol and tetracyclines102. 

Therefore, it is highly desirable to develop antimicrobial susceptibility test (AST)101 

that provides accurate bacterial information, such as minimum inhibitory 

concentration (MIC), and helps the optimal use of antibiotics and potentially 

reduces AMR.  

 

However, conventional ASTs55, such as agar/broth dilution, and E-test,103 usually 

suffer from the lack of insufficient quantification capability, efficiency and 

affordability. Such tests are lengthy and need several days to complete, need several 

days for observing and analyzing the macroscopic growth of bacterial colonies, 

almost useless in the context of first-line clinical diagnosis.60,104 In addition, these 
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methods rely on large-volume reagents and labor-intensive operation, rendering 

large-scale deployment difficult and costly. Therefore, clinical physicians with 

incomplete information of the infection have to misuse or abuse wide-spectrum 

antibiotics causing the development of antibiotics-resistance bacteria. Many have 

researched into the development of novel AST methods, aiming at addressing the 

problems associated with conventional techniques. PCR-based tests, for detecting 

gene encoding resistance,58 have already been implemented commercially.105-107 

While shortening the analysis time, these tests are expensive to perform108, and 

suffer from false positive results.104,105 Other new methods include utilizing 

microbeads,109-111 mass spectrometry112-114, and whole-genome sequencing,115,116 

but their performance is still hampered by a variety of factors, and none of the 

methods is suitable for practical implementation to replace conventional methods 

at current stage.  

 

In recent years, microfluidics1,25,74,117,118 has shown promising potential in 

combatting AMR. It offers the chance to manipulate and measure bacteria at single-

cell level, enabling rapid AST to be completed within a few hours.1,28 Moreover, it 

has been observed that the growth of microbes in a microfluidic channel could be 

faster than that in a bulk solution.71,120 However, AST based on microfluidics is still 

not ready for practical adoption because of the need of additional equipment�like 

microscope, especially for the point-of-care (POC) test. 
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In this work, we demonstrated a “barcode” sensor for rapid, convenient and 

resource-independent antimicrobial susceptibility testing. Firstly, we performed 

AST on our reliable whole-PP microfluidic chip. Then, we washed the bacterial 

samples into the “barcode” sensor, and captured the results using a cell phone. 

Moreover, our “barcode” sensor could be applied for environmental monitoring, 

like bacteria counting in water quality monitoring. 
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4.2. Experimental sections 

4.2.1. Materials and equipments  

Poly-dimethysiloxane (PDMS) (RTV 615) was purchased from Momentive 

Performance Materials (Waterford, NY). SU-8 permanent epoxy negative 

photoresist was purchased from Microchem Corporation, USA. PP was purchased 

from Orient Hongye Chemical Co., Ltd. (Shandong, China). The antibiotics 

ampicillin, gentamicin, levofloxacin and erythromycin were purchased from 

Sigma-Aldrich. Lysogeny broth (LB) powder (Lennox), fluorescein powder and 

other chemicals were purchased from Sigma-Aldrich. Thermal stage was purchased 

from Xinruiqi Electronic, Inc. (LKTC-B1-T, China). The syringe pump was 

purchased from Cole-Parmer, US. The fluorescence microscopy used in the 

experiment was obtained from Nikon, equipped with Infinity 2 digital camera 

(Lumenera Corporation, Canada) to capture pictures. E. coli (ATCC 25922) and S. 

aureus (ATCC 29213) were purchased from Shanghai Fuxiang Biotechnology Co., 

Ltd. (Shanghai, China). Green fluorescence protein (GFP)-expressing E. coli was 

obtained from Hongkai Wu from Hong Kong University of Science and Technology. 

Clinical bacterial strains were isolated from urine samples, which were provided by 

the Eighth Affiliated Hospital of Sun Yat-sen University, Shenzhen, China. 

 
4.2.2. Computational fluid dynamics (CFD) simulation 

CFD simulation was conducted using the COMSOL Multiphysics 5.4 (COMSOL 

Inc., MA) to investigate the distribution of fluid flow inside the microfluidic 
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channel. The 3D models of the nano channels were established in COMSOL and 

meshed into triangular elements. The simulation is based on Naiver-Stokes equation. 

The inner surface of channel is assumed to be non-slip.  

�

4.2.3. Fabrication of the microfluidic devices   

The structure masks were designed in AutoCAD 2015 and made on a laser printer. 

All the photoresist microstructures were fabricated using standard soft lithographic 

techniques127. For fabricating PDMS microfluidic devices, a mixture of PDMS 

prepolymer and curing agent (10:1 ratio) was poured onto the templates and cured 

at 80 °C for 30 min. Next, we carefully peeled off the PDMS layers from the 

templates and attached them to flat PDMS substrates by O2 plasma treatment. For 

fabricating PP chips, a mixture of PDMS prepolymer and curing agent (10:1 ratio) 

was poured onto the template and cured at 80 °C for 30 min. Next, we carefully 

peeled off the PDMS layer from the template and attached them to the glass 

substrate as the master to mold PP substrate. PP substrate was put on the PDMS 

master and sandwiched with another flat glass slide on it. Then this sandwich was 

put on hot compressor and embossed at 180 °C for 2 min under 0.24 MPa. After 

embossing, it was removed from the hot compressor to cool it down to room 

temperature gently. Before bonding, holes were drilled through a flat PP plate which 

is for tubing connections; the surfaces to be bonded were cleaned by 95% ethanol 

and blown dry. The PP substrates was assembled closely with this drilled flat PP 

plate in between 5 mm thick steel plate and fixed by 2 C-clamps. Then this device 

was placed into a 145 °C muffle oven for 2 h. After cooling down to room 
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temperature, the whole PP chip was obtained. Microfluidic devices were sterilized 

prior to each experiment.  

�

4.2.4. AST experiment   

Bacteria were pre-activated in an incubator for 15 min under 37 °C before we use 

and injected from the inlet of the microfluidic device at the downstream side, the 

injection of the bacteria was monitored under the fluorescence microscope. After 

the bacteria were inoculated into the cultivation chambers, the microfluidic device 

was placed on a thermostat platform and incubated at 37 °C for 2 h. Then, the 

bacteria samples in the chambers are washed into the “barcode” sensor. The MIC 

value was judged by the cell phone.  

  



�

�
�

78 

4.3. Results and discussion 

4.3.1. Overall design of the system 

In this work, we aim to develop a “barcode” sensor to match our reliable whole-PP 

microfluidic chip for AST, that the whole system could be applied for resource-

independent or POC-based antimicrobial susceptibility testing (without 

microscope). Figure 4.1 shows the overall design of our microfluidic system. 

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
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�

Figure 4.1. Overall design of the antimicrobial susceptibility testing (AST) system. 

The AST system contain 2 parts: a whole PP chip which include a Christmas tree 

structured concentration generator, the deepened chamber for bacteria cultivation, 

and also the “barcode” sensor. The bacteria are injected into the PP chip first; after 

the bacteria are distributed equally in all the deepened chambers, antibiotic-doped 

media and media alone are injected into the PP chip respectively. The bacteria are 

cultured under the drug concentration gradient for 2 hours and then get into the 

“barcode” sensor by using an increased flow rate. Bacteria will then be accumulated 

inside the CSD and the results can be captured and analyzed by using the mobile 

phone. 

 

4.3.2. Fabrication process of the “barcode” sensor  

The “barcode” sensor consists of a patterned PDMS and a glass slide. The nano 

channels are fabricated of PDMS, an elastomeric polymer, by designing a low 

height/width ratio with roof-collapse (Figure 4.2). In this way, the fluid could flow 
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through the nano channel (Figure 6.3), while the bacterial cells are accumulated in 

the main channel (Figure 6.4).  

 

 

Figure 4.2. Principle of fabricating nano channels. 

 

 

Figure 4.3. Parameters of the “barcode” sensor. 
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Figure 4.4. Principle of the “barcode” sensor. 

 

4.3.3. Computational fluid dynamics (CFD) simulation of the principle of cell 

accumulation inside the “barcode” sensor.  

We employed Computational fluid dynamics (CFD) simulations to simulate the 

fluid flow and shear stress in the “barcode” sensor. Figure 4.5 indicates our 

“barcode” sensor could be used under a certain shear stress and could be applied 

for cell accumulation. After that, GFP-labeled E. coli sample was imported into the 

“barcode” sensor, and a clear “cell bar” is described in Figure 4.6. In addition, the 

cell accumulation via time was performed in the “barcode” sensor using the GFP 

labeled E. coli (Figure 4.7). 
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Figure 4.5. Principle of the “barcode” sensor. 
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Figure 4.6. “Cell bar” of GFP-labeled E. coli sample in the “barcode” sensor. 

 

�

Figure 4.7. Primary results of cell accumulation in “barcode” sensor using GFP 

labeled E. coli. 

 

4.3.4. “Barcode” sensor for rapid and resource-independent AST.  

We performed AST on our novel microfluidic system. Firstly, we performed AST 

on our reliable whole-PP microfluidic chip. Then, we washed the bacterial samples 
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into the “Barcode” sensor. The accumulated cells were stained, and results were 

captured using a cell phone (Figure 4.8). 

 

 

Figure 4.8. “Barcode” sensor for rapid and resource-independent AST. After 

injecting certain volume of sample, the accumulated cells could be stained, and the 

length of the filled column could be measured without the need of high 

magnification and used as a measurement of cell density in the sample. 
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Chapter 5. A suspending-droplet mode paper-based microfluidic 

platform for low-cost, rapid, and convenient detection of lead(II) ions in 

liquid solution 

 

5.1. Introduction 

Since the industrial revolution, heavy metal pollution has become a major and still 

growing threat to human health. Lead(II) ions are one of the major sources of water 

contamination, especially in drinking water, which causes serious physical defects 

in human body, like nephropathy, hepatopathy and encephalopathy137-141. Recently, 

reports of excessive levels of lead(II) ions (>50 nM, Drinking Water Quality 

Standards of World Health Organization (WHO)) in the tap water of housing estates 

or schools have increased in number. In addition, high levels of lead(II) ions in the 

bloodstream of children have also been reported142. According to the report from 

WHO, 143 thousand people died and 600 thousand children suffered from 

intellectual disabilities caused by lead poisoning in the year of 201354. Therefore, 

domestic water (like open waterbody and drinking water) and industrial water 

should be routinely monitored for lead(II) ions. There is a significant demand of a 

rapid, sensitive and cost-efficient method�for the on-site detection of lead(II) ions. 

 

However, current methods of lead(II) ion detection in water are far from meeting 

this need. Atomic absorption spectrometry (AAS)144-146 and ICP-MS145, which are 

widely used in research institutions, are impractical to be applied for point-of-care 
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(POC) testing, because of the bulky and expensive instruments and complicated 

sample preparation processes. New methods based on fluorescence147-149, 

colorimetry150,151, electrochemistry152,153 and oligonuleotide154-156 have been 

developed for detecting lead(II) ions, which are more convenient and more cost-

effective than AAS and ICP-MS. Among all these methods, the label-free 

oligonucleotide-based luminescence switch-on assay is outstanding, benefited from 

its advantages of low cost, high sensitivity, and high selectivity. However, its 

routine utilization was still hampered by the multi-step operation and sophisticated 

detection equipment. Moreover, the requirement of professionals or well-trained 

staffs for performing the aforementioned tests might be a major obstruction to the 

effective implementation of the methods. In general, there is a significant demand 

of practical method for POC analysis of lead ions in water, especially in the less-

developed areas where water contamination could be more severe and less noticed. 

Recently, microfluidic paper-based analytical devices (μPAD)6,157-160 have 

demonstrated promising potential in the field of POC analysis, with 

implementations such as environmental monitoring, glucose level metering, 

urinalysis, blood gas tests, pregnancy tests, nucleic-acid amplification tests, and 

high-throughput immunoassays. Compared with conventional microfluidic chips, 

the μPADs are more cost-effective, easier to fabricate and use, and with less 

requirement of external apparatus157-159. Hence, μPADs have attracted increasing 

attention as a new platform for POC testing and other rapid tests16,161,162. The most 

widely used paper�substrates for μPADs were chromatography paper and filter paper, 
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which are hydrophilic and can absorb liquids instantly. These paper substrates can 

be chemically modified and treated by photolithography, printing163-166, or soft-

lithography , in order to form patterns of hydrophobic barriers that restrict the 

penetration of liquid in the channels defined by the barrier pattern. This design 

brings the advantage of automatic liquid pumping into the channels, largely 

simplified the system and reduced the cost. The hydrophobic patterns, however, do 

not offer any control of water penetration in the uncoated (channel) regions167,168; 

thus, water can penetrate the entire uncoated region upon contact, leaving no room 

for storage or on-demand manipulation of different liquid aliquots on such chip. On 

the other hand, in many real assays, different reagents need to be held in discrete 

reservoirs and mixed at specific time points. This is difficult to achieve using 

current water-penetrable paper devices, even though some complicated designs of 

valves have been demonstrated160,169. This major limitation has restricted the 

applications of paper-based devices in POC assays. 

 

Here we present a self-contained paper-based system for lead(II) ion detection 

based on G-quadruplex-based luminescence switch-on assay170,171, comprising a 

novel type of paper-based chip and a matching portable device. Different from the 

reported paper-based devices, the paper substrate we chose was art paper, which is 

used for printing magazines. This type of paper could prevent the absorption of 

liquid into the paper matrix and hold the liquid in place for a period of time; and it 

could also be used for temporary liquid containing like a plastic substrate (such as�
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polypropylene (PP) and polystyrene (PS)), but the surface of the paper is inherently 

hydrophilic. In such a design, liquid drops are suspended on the surface of the 

device�in designed reservoirs, rather than absorbed into the paper; when the chip is 

tilted, the liquid drops will move to other reservoirs according to the guidance of 

channels defined on the surface. To differentiate it from reported μPAD devices that 

are fabricated with water-permeable paper, we name this new type of paper-based 

devices� suspending-droplet mode paper-based microfluidic devices (SD-μPAD). 

Different from the conventional μPADs that use capillary force to drive liquid, our 

SD-μPADs uses wetting and gravity as driving force. To fabricate the 

superhydrophobic pattern on the paper�device, we developed a new microcontact 

printing-based method to produce inexpensive and precisely patterned 

superhydrophobic coating�on paper. The coating material is poly(dimethylsiloxane) 

(PDMS), a hydrophobic and transparent silicone that has long been used for 

fabricating microfluidic devices. Importantly, the negative-relief stamp we used is 

made of Teflon, a non-stick polymer, so that the PDMS-coated paper could be 

peeled from the stamp flawlessly. After such fabrication�process, the stamped area 

of the paper is coated with a textured PDMS layer that is decorated with arrays of 

micropillars, which could provide superhydrophobic effect� and most effectively 

hold the droplets in place; the remaining area of the paper is still hydrophilic. As a 

demonstration of this new design, we developed a method using the reaction 

characteristics of iridium(III) complex for rapid, onsite detection of lead(II) ions in 

liquid samples. As the reagents have already been loaded onto the paper device 
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during fabrication, the only reagent the users need to add is water. Because of the 

large Stokes shift of the iridium(III) complex probe, inexpensive optical filters can 

be employed, and we were able to make an inexpensive, battery-powered compact 

device for routine portable detection using a smartphone as a detector172-178, 

allowing the rapid analysis and interpretation of results on site� as well as the 

automatic dissemination of data to professional institutes, including tests even in 

poor rural areas in developing countries 
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5.2. Experimental sections 

5.2.1. Materials and Chemicals 

Poly(dimethylsiloxane) (PDMS) prepolymer (RTV 615) was obtained from 

Momentive Performance Materials (Waterford, NY). Teflon™ PFA 416HP was 

purchased from� DuPont (Wilmington, DE). Art paper was from Shenzhen 

Juxiangcheng technology co., LTD. Single-stranded oligonucleotide (5’-Cy3-

T3GTATA4G4T2G3TG3T3ATACA3T2-A2T2A2TAT2GTATG2TATAT3AT2A2-3’, 10 

μM) was obtained from Techdragon Inc. (Hong Kong, China). Iridium(III) complex 

1 was synthesized using a method modified from literature170 (5 μM). Lead powder, 

Tris buffer, and other reagents were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). UV-LED light�module (365 nm) and optical filter (650 nm, low pass) were 

from Shenzhen Fuji technology co., LTD. All other electronic components were 

from Wuxi Longyi co., LTD.  

  

5.2.2. Fabrication of paper-based chip 

The negative-relief Teflon stamp was designed using AutoCAD 2015 and fabricated 

by the thermo-molding method we published before24. The superhydrophobic 

coating on the art-paper substrate was fabricated using a new microcontact printing-

based method (Figure 5.3A). First, the liquid PDMS prepolymer (Part A) and the 

curing agent (Part B) were mixed in 10:1 w/w ratio and spin-coated on a glass slide. 

A negative-relief Teflon stamp (28 mm × 20 mm × 5 mm, length × width × thickness) 

was attached on the glass slide for 5 s and then peeled off to obtain a thin liquid 
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PDMS coating on its surface. Afterward, the stamp was turned facing up and 

vacuumed for 2 min to let the liquid PDMS fill in the micro-well array pattern. A 

piece of art paper was pressed against on the stamp and the stack was heated at 

90 °C for 15 min. After this step, the PDMS was fully cured and tightly sealed to 

the art paper. At last, the coated art paper was peeled from the Teflon stamp. As a 

result, the region coated with textured PDMS on the art paper turned 

superhydrophobic, while the remaining regions were hydrophilic, which served as 

wetting-controlled microchannels (Figure 5.3B). 

 

5.2.3. Fabrication of the portable detection device 

The custom-made portable detection device (Figure 5.10) was made of aluminum 

and transparent polymethyl methacrylate (PMMA). The dimension of the device is 

15 cm × 10.5 cm × 5.5 cm (length × width × height), which is easy to carry. The 

device consists of a low-cost UV-LED light source, a self-regulated heater to realize 

the formation of G-quadruplex structure, and an emission filter to reduce the 

interference signal and improve the signal-to-noise ratio. The UV-LED light was 

placed on the ceiling of the device at 45° incline angle to the heater on the bottom. 

A card slot was set on the surface of the heater to lock the paper-based chip (28 mm 

× 20 mm × 1 mm), and a code controller was set to drive the on/off of the heater 

and UV-LED light. A smartphone was used to take images of the optical signal 

through a filter window. 
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5.2.4. Detection of the lead(II) ion 

The principle of detection is that lead ions can assist the designed single-stranded 

DNAs to form a G-quadruplex conformation, which can greatly enhance the 

luminescence emission of the iridium III) probe179. The selectivity of this method 

for Pb2+ ions was evaluated by investigating the response of the system to other 

common metal ions, including K+, Na+, Li+, Zn2+, Cu2+, Mg2+, Ca2+, Hg2+, Al3+, and 

Fe3+ ions. 

 

5.2.4.1. Preparation of the paper-based chip 

The chip was set up with three pairs of reaction zone and detection zone, one for 

the sample, the other two for positive control and negative control, respectively. 2 

μL DNA solution (100 μM) and 2 μL iridium(III) complex 1 (5 μM) were added to 

reaction zone and detection zone, respectively. Also, the positive (lead(II) ion 

standard solution, 50 nM) and negative control (purified water) samples were added 

to corresponding reservoirs. Then, the chip was kept at 4 °C to dry the solution out, 

and the chip was stored at 4 °C or -20 °C before use. 

 

5.2.4.2. Detection procedure 

In a series of tests, 20 μL sample solution with different concentrations of lead(II) 

ions was added to the reaction zone and the chip was put in the card slot of the 

device. 20 μL D.I. water was added to the negative control reservoir. Three types of 

real samples, including tap water, bottled water, and river water (collected from the 
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Shing Mun River of Hong Kong, and filtrated using a hydrophilic PTFE membrane 

filter with 0.2-µm pore size), and�corresponding spiked samples (100 nM Pb2+ ions) 

were tested. After a programed thermal process driven by a�self-regulated heater 

(heating at 95 °C for 2 min, then cooling down for 1 min), the device was tilted 90° 

along the direction of the channels. In this way, the liquid samples flowed to the 

detection zones and were illuminated under the UV-LED light. A smartphone was 

used to capture the emitted light from the samples and the results were analyzed 

using ImageJ, a free software. Two control experiments, based on AAS and 

fluorescence spectrophotometry, respectively, were performed for lead (II) ions 

detection. 

 

5.2.5. Procedures of two control experiments 

5.2.5.1. Atomic absorption spectrometry (AAS) 

A 1000-ppm lead(II) standard stock solution was prepared by accurately weighing 

0.16 g of lead(II) nitrate and dissolving with 4% acetic acid. A series of standard 

solutions in 5, 10, 15, 20, and 30 ppm were prepared by dilution of the stock solution 

with 4% acetic acid. The absorption of the standards were determined at 283.3 nm 

by flame AAS. 

 

5.2.5.2. Fluorescence spectrophotometry 

The reaction mechnism was based on the photoluminescence of G-quadruplex-

based probes. A series of standard solutions in 25, 50, 75, 100, 200, 300, 400 and 
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500 nM were prepared by dilution of the stock solution with 4% acetic acid. 

Luminescence emission spectra were recorded on a PTI Time Mater Model C-720 

spectrofluorometer at 25 °C. The luminescence emission intensity at 450-750 nm 

was monitored after excitation of the sample at 360 nm170. 
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5.3. Results and discussion 

5.3.1. Principle of the SD-μPAD 

Considering that the G-quadruplex-based luminescence method�for the detection of 

Pb2+ ions is a two-step process170, the reagents need to be stored in discrete 

reservoirs and mixed at specified time points, which is hard to achieve with current 

μPADs. Therefore, we propose here the utilization of SD-μPAD, made of water-

impermeable hydrophilic paper substrates patterned with superhydrophobic regions. 

The principle of our SD-μPAD is that liquids of different contents can be loaded 

onto different reservoirs designed on the same device, and subject to reactions for 

a short period of time, e.g., heated for 10 min, after which the drops could be 

transferred to other reservoirs, through the guidance of predefined channels, simply 

by tilting the device. Note the liquid drops do not migrate when the device is put 

flat, although there are hydrophilic channels connecting the reservoirs. We were 

inspired by some recent reports on controlling liquid motion using printed patterns 

on superhydrophobic surface, but the fluorinated superhydrophobic substrates are 

costly to prepare, and the printed inks are thermally unstable, easy to cause fouling, 

and sometimes cause interference to optical detection180. We therefore decided to 

create a platform based on bare paper substrate. To realize this idea, the candidate 

paper substrate should possess a hydrophilic surface�but not be permeable to water 

throughout the testing process, so that the liquid droplets could be restricted in the 

hydrophilic regions due to the large difference in surface tension181, and move along 

the defined channels only when the device is tilted alone the direction of the 
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channels.�For this purpose, we carried out a study of the hydrophilicity of different 

kinds of commonly used water-impermeable commercial papers by measuring the 

water contact angles (WCA). As shown in Figure 5.1, three types of paper (art paper, 

photographic paper, and weighing paper) were tested to be hydrophilic (WCA< 90°). 

However, the weighing paper deformed seriously upon contact with water, which 

could affect the testing results. Also, the photographic paper consists of multiple 

components, such as� barium oxide,� resin,� sensitive emulsion, which may have 

negative effects on the test. Finally, art paper�was chosen, because it is cleaner and 

more cost-effective than photographic paper. Art paper is a coated paper containing 

cotton and some� adhesives (e.g., polyvinyl alcohol and� casein), so that it could 

prevent the absorption of liquid, while keeping the surface hydrophilic. 
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Figure 5.1. Advancing water contact angle measurement of different paper surfaces. 

Some kinds of the paper substrates were hydrophilic, while others were 

hydrophobic. 

 

5.3.2. Fabrication of the SD-μPAD 

The key feature of the SD-μPADs is the capability in holding the liquid droplets in 

discrete reservoirs on a flat substrate, and moving the droplets on demand using 

gravity as driving force. This feature requires a water impermeable surface with 

patterns of different hydrophobicities, to retain the droplets in designed reservoirs 

and guide the movement of the droplets using predefined channels. Some recent 

studies reported that printing some hydrophilic inks/paintings on a hydrophobic 

surface could be used to control the movement of droplets, but this strategy has 

some limitations in real application: (1) the use of fluorinated coating to generate 
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the superhydrophobic substrate raises the manufacturing cost; (2) the attachment of 

inks/paintings on fluorinated surfaces are not strong enough, especially when the 

device is heated; (3) the ink/painting may cause fouling of sample and interference 

with optical detection. Our SD-μPADs, in contrast, are fabricated using a different 

strategy. We use art paper, an inherently hydrophilic substrate to serve as the 

channel/reservoir surface, and create a superhydrophobic pattern on the paper 

through a rapid and cost-efficient microcontact printing strategy. The created device 

is thermally stable and mechanically stable, and is less prone to cause channel 

fouling or interfere with optical detection. The superhydrophobic pattern was made 

of micropillar arrays, which was inspired by the superhydrophobic surface topology 

of lotus leaf. However, there was still a major challenge to address. Different from 

the paper substrates used conventional μPADs, which possess rough surfaces, the 

paper substrate used in our work is smooth, making the adherent strength of a 

coating on it less than those on a rough paper surface. Owing to the high density of 

the pillar microarray in the superhydrophobic coating, it was difficult to completely 

peel off the coating from the stamp, when different stamp materials were tried, 

including polymethyl methacrylate (PMMA), polyethylene (PE), PP, and PS; the 

coating turned to stay on the stamp rather than on the paper, which might be the 

reason that we did not find previous report of similar device design. To address this 

challenge in fabrication, we made a negative-relief Teflon stamp using  a thermo-

molding method developed recently by our group (Figure 5.2)24. Teflon was chosen 

as the material of the stamp, because it is one of the best non-stick polymers, which 
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will make the adhesion strength between the coating and the stamp weaker than that 

between the coating and the paper. As shown in Figure 5.3A, after the PDMS was 

fully cured, the PDMS-coated paper could be easily peeled off from the Teflon 

stamp. The region on the paper coated with the textured PDMS became 

superhydrophobic, while the uncoated region remained hydrophilic. 

 

 

Figure 5.2. Scheme of the process for making the Teflon stamp. The liquid PDMS 

was spin-coated on the negative-relief template. The template was kept in a vacuum 

chamber until the liquid PDMS completely filled the gaps in the micro-well arrays 

in the pattern. After the PDMS was fully cured, it was peeled off and attached onto 

a glass slide as a mold. The Teflon stamp was made by thermo-molding method. 
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Figure 5.3. Schematics of the fabrication process of SD-μPADs. (A) The 

fabrication process of superhydrophobic coating on the art-paper substrate. A 

negative-relief Teflon stamp was attached onto a liquid-PDMS-coated glass slide 

and then peeled off to obtain a thin liquid PDMS coating on its surface. The stamp 

was kept in a vacuum chamber until the liquid PDMS completely filled the gaps in 

the micro-well arrays in the pattern. The stamp was then pressed onto a piece of art 

paper and heated at 90 °C for 15 min. The paper chip coated with superhydrophobic 

patterns was made, when the Teflon stamp was peeled off. (B) The configuration of 

the paper-based chip. The zones and channels are hydrophilic, while the rest regions 

are superhydrophobic. (C) Schematics of lead(II) ion detection on chip. The water 

samples were added to the reaction zone. After the reaction that took 3 mins, the 

chip was tilted by 90°, upon which the droplet rolled to the detection zone and 

reacted with the iridium(III) complex 1. 

 

5.3.3. Investigation of the droplet manipulation on the SD-μPAD 

Different from the conventional μPADs that use capillary force to drive liquid, our 
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SD-μPADs use wetting and gravity as driving force. In order to transfer the droplets 

between two reservoirs, a narrow, hydrophilic channel was designed so that the 

droplets would move when the device is tilted alone the direction of the channels. 

We investigated the transfer of water droplets of different volumes between the two 

zones and measured the appropriate volume range of the droplets that can be 

reliably transferred between them. As Figure 5.4A suggests, the appropriate droplet 

volume for transfer was around 20 μL when the diameter of the reservoir was 3 mm, 

and the droplet slipped into the reservoir and stayed still if the device was tilted by 

90 degrees. The sliding angle of the droplet was also tested and the result was about 

85° (Figure 5.5). For the given dimension of the reservoirs and the channels, a 

droplet too small (10 μL) couldn’t move because of the surface tension between the 

droplet and the paper surface; when the droplet volume was too large (30 μL), it 

slipped off due to the large inertia. In addition, we investigated the transfer of 

droplets between two reservoirs with different widths of the channels�in between. 

The tests were conducted using reservoirs 3-mm in diameter, and droplets 20-μL in 

volume that were tested appropriate in size for the reservoirs; the tested widths of 

channels were 0.3, 1.0, and 1.5 mm, respectively. The plot in Figure 5.4B shows 

the results of the tests: it was difficult to transfer the droplets with a narrow channel, 

and it was hard to hold the droplet in the reservoir when the channel is too wide. 

Our observation was in accordance with previous reports suggesting that the 

appropriate combination of the droplet volume and the width of channel can be 

predicted using modified Young-Dupré equation181. Moreover, we performed a test 
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of multi-step transfer of the droplets, which proved that our device could be used 

for multi-step reaction (Figure 5.4C). The principle of the multi-step transfer of the 

droplet is that channels can be placed in different directions on the device and the 

droplets only moves when the chip is tilted along the direction of the channel. We 

found that when the chip was laid flat, a small amount of liquid reflowed to the 

channel, which may influence the testing results of the SD-μPAD.�Therefore, we 

designed the detection method with the chip laid vertically, to ensure the accuracy 

for the detection. 

 

Also, we made a comparison between hydrophobic coating and superhydrophobic 

coating in the performance of holding droplets in place. As shown in Figure 5.6A, 

half of the tested chip had superhydrophobic pattern, and the other half had 

hydrophobic pattern. The SEM image shows the microstructures on the 

superhydrophobic region, which contains micropillar arrays; the advancing contact 

angle of water on the textured PDMS surface was 158.3°. A solution of a red dye 

was used as the sample in the test; after the chip was turned to 90° along the 

direction of the channel, part of the droplet flowed out of hydrophobic barrier of the 

detection zone, while the whole droplet stayed inside the detection zone with the 

superhydrophobic barrier (Figure 5.6C). Therefore, the high contrast of surface 

tension did have a positive effect on the restriction of the liquid, which proved that 

the superhydrophobic coating is essential in this work. 
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Figure 5.4. The tests of droplet rolling on SD-μPAD. (A) From left to right, the 

drop volumes were 10, 20, and 30 μL, respectively. (B) From left to right, the widths 

of the channel were 0.3, 1.0, and 1.5 mm, respectively. (C) Multi-step transfer of 

the droplet on the SD-μPAD. The scale bars represent 1 cm. 
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Figure 5.5. The sliding angle test of the droplet on SD-μPAD. The droplet stayed 

still as the device was tilted by 60°, while it moved along the channel as the device 

was tilted by 85°. 
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Figure 5.6. The comparison between hydrophobic coating and superhydrophobic 

coating in the functionality of the paper-based chip. (A) Half of the coating was 

superhydrophobic, while the rest was hydrophobic. Inset:  SEM characterization 

of the superhydrophobic coating and advancing water contact angle test. (B) Water 

droplets dyed in red were added to the reaction zones. (C) The droplets flowed to 

the detection zones when the chip was turned by 90° along the direction of the 

channel. The scale bars represent 1 cm. 

 

5.3.4. Design of the SD-μPAD device for Lead Ion Detection 

The method of G-quadruplex-based luminescence detection includes two steps: the 

formation of G-quadruplex under heat; the subsequent mixing of G-quadruplex and 

iridium(III) complex (Figure 5.7). We performed analysis about the method’s 

selectivity to Pb2+ ions against ten other types of common metal ions. The results 
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show that only Pb2+ ions could significantly enhance the photoluminescence 

emission of the complex 1/PS2.M system (Figure 5.8). In this work, we set two 

zones on the paper-based chip, namely reaction zone and detection zone, to perform 

the two-step process of the G-quadruplex luminescent based detection of Pb2+ ion. 

On each SD-μPAD device, three pairs of channels were set up for positive control, 

negative control, and sample, respectively, which could increase the reliability of 

detection. Deionized water was used as negative control, while lead(II) ion standard 

solution with the concentration equal to Drinking Water Quality Standards of WHO 

(50 nM) was used as positive control. Hence, the results of the samples could be 

easily judged by comparing with the results of the controls, and disqualification 

could be readily identified when the former is greater than that of the positive 

control. To make a user-friendly μPAD for Pb2+ ion detection, we added the DNA 

solution and iridium(III) complex 1 to the reaction zone and detection zone, 

respectively, during the preparation of the device. These components attached to 

the paper surface firmly when they dried out at 4 °C. During storage, a thin cling 

wrap was used to protect the components on the chip. Such device was found to be 

stable for at least 30 days when kept at 4 °C (Figure 5.9). In this way, users of the 

device will only need to add water to perform the assay, which is expected to be 

convenient for users, especially those non-expert users. In real implementation, the 

deionized water could be simply replaced with bottle water of trusted brands. 
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Figure 5.7. Schematic of the tow-step mechanism based on G-quadruplex 

luminescent switch-on for lead(II) ions. 

 

Figure 5.8. Selectivity of the G-quadruplex-based luminescent assay for detecting 

Pb2+ ions in aqueous solution. The concentration of Pb2+ ions was 0.5 μM and the 

concentrations of the other metal ions were 5.0 μM. 
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Figure 5.9. Stability test of the SD-μPAD. The chips were stored for 30 days at 4 °C. 

 

5.3.5. Design of the portable device 

The main reason for designing a portable detection device was the inconvenience 

of using conventional�equipment on site, as well as the need of�trained person to 

run the conventional tests. The main detection principle is shown in Figure 5.10; 

the whole system is less than one pound and driven by battery, which allows it to 

be conveniently used in POC tests, especially for those remote and less developed 

areas. In our design, we utilized a self-adjusted heater to help form G-quadruplex 

structure in the reaction zone. After the heating process, the whole device was tilted 

by 90° to let the liquid sample flow to the detection zone and react with the 

iridium(III) complex. The iridium(III) complex has a large stoke shift: the excitation 

wavelength at around 365 nm and the maximum emission wavelength at about 650 
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nm, which allows inexpensive filters to be used for optical filtration. To make the 

whole system portable, a battery-powered LED light source was used for the 

excitation. The optical signal can be� easily captured using a low-cost portable 

device, such as a cellphone with an integrated camera. In this way, the whole cost 

of the device was below 20 US dollars, which allows our device to be widely used 

in low-income areas, where water contamination is a greater and more common 

issue. The detection results with this device could be captured and analyzed in two 

ways: one is fast qualitative analysis by naked-eye observation for the POC testing, 

when the concentration of Pb2+ is high (> 100 nM); the other is quantitative analysis 

by a smartphone, of which the result could either be analyzed using a small program 

for cellphone or be uploaded�immediately to the database of professional institutes. 

 

 

 



�

�
�

110 

 

Figure 5.10. Schematics of the detection principle and photos of the detection 

device. (A) Schematic of the layout structure of the portable detection device. (B) 

Schematic of the detection principle. (C) Photo of the detection device. (D) Image 

of the lead(II) ion detection using a smartphone. 

 

5.3.6. Lead(II) ion assay on the Fully Portable System 

We performed assays of different concentrations of lead(II) ion samples on the SD-

μPAD, and captured the results using a cell phone and analyzed the images using a 

free software ImageJ 1.4. As shown in Figure 5.11, the results indicate a good 

linearity in the correlation between the emission intensity and the Pb2+ ion 

concentration (10 to 100 nM), which is comparable to the results in our previous 

work170. Moreover, the results of the two control experiments based on AAS and 

fluorescence spectrophotometry, respectively, were consistent with the results 
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obtained using the SD-μPAD, which proved that our system is accurate enough 

(Figure 5.12). In addition, we tested three types of real samples and the 

corresponding spiked samples (100 nM Pb2+ ions). The results indicate that the 

spiked Pb2+ ions could be accurately measured in these samples (Table 5.1). 

However, for some samples, such as sewage and sea water, pretreatment should be 

done; otherwise the detection results would be unconvincing. Aside of the positive 

and negative control zones, current design includes one sample zone on each SD-

μPAD, but the number of sample zones could be�easily increased for repetitive or 

high-throughput parallel detection. 

 
Figure 5.11. The emission intensity obtained in the tests with different 

concentrations of Pb2+ ions (nM). The emission intensity showed a good linearity 

when the concentrations of the Pb2+ ions were between 10 nM and 100 nM. 
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Figure 5.12. Detection results of AAS and fluorescence spectrophotometry. 
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Table 5.1. Comparison of different real samples and corresponding spiked samples. 

 

Real samples  Spiked samples (100 nM) (RSD%) 

Tap water Bottled water River water  Tap water Bottled water River water 

Results - - -  101.5 (5.8) 98.3 (5.4) 103.7 (6.3) 
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5.4 Conclusion 

We developed a SD-μPAD and a corresponding portable instrument for rapid, 

sensitive, and low-cost detection of Pb2+ ions in liquid samples. Different from 

conventional μPADs, the SD-μPADs hold liquid droplets on top rather than absorb 

the liquid. Art paper, a water-impermeable paper substrate, was used to fabricate 

the SD-μPAD, which�is a new kind of μPAD material. To some extent, quite a few 

materials often used for disposable tests, such as the glass slides for blood type test, 

and some polymers used for rapid detection of ions, could be substituted by the 

hydrophilic water-impermeable μPADs for a much lower price. Different from the 

conventional μPADs that use capillary force to drive liquid, our SD-μPADs uses 

wetting and gravity as driving force. To fabricate the SD-μPADs, we developed a 

new strategy of microcontact printing method using a Teflon stamp to achieve�

precisely patterned robust superhydrophobic coating on paper surface, which is 

cost-efficient and well scalable. The high contrast of surface tension allows storage, 

transportation, and mixing of liquid drops on demand on the SD-μPADs, which 

allow stepwise manipulation and thereby more flexibility in on-chip assays, such as 

the implementation of G-quadruplex luminescent based detection of Pb2+ ions 

demonstrated here. In addition, the extreme simplicity and convenience of using an 

inexpensive portable device could widen its applicability.�Benefitted from the rapid 

development of smartphones, e.g., the powerful image process programs, we expect 

that the smartphone-based SD-μPAD systems will be greatly expanded to several 

research fields, such as environmental monitoring, health monitoring, diagnosis, 
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and food safety tests. 
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Chapter 6. A suspending-droplet mode plastic-based microfluidic platform 

for low-cost, convenient, and multi-step detection of VEGF165 

 

6.1. Introduction 

Vascular endothelial growth factor (VEGF) is one of an important signal protein, 

which is produced by cells in human body.182,183 It can lead to cancers as VEGF is 

over expressed. Especially for the VEGF165, which is the most abundantly 

expressed isoform in VEGF family.184 Therefore, it is obviously essential to 

establish a convenient, low-cost, portable and reliable platform for monitoring 

VEGF165 accurately, which can be applied for point-of-care (POC) testing. In this 

project, we also employed the label-free oligonucleotide-based luminescence 

switch-on assay on the microfluidic platform, which possesses the advantages of 

high sensitivity and high selectivity. Moreover, we have upgraded our suspending-

droplet mode paper-based microfluidic device (SD-μPAD), which is used for the 

detection of lead(II) ions in liquid solution. Our paper-based SD chips are not 

suitable for long reaction process (> 20 min) detection of biomolecules due to the 

potential permeation and contaminating problems of art papers.185 Instead, we 

chose polypropylene (PP), a hydrophobic, cheap, and thermal stable material (< 

110°C), as the material for the fabrication of the SD microfluidic chip. Based on the 

detection of VEGF165 in a three-step reaction process, we adopted a new design for 

the droplet transfer throughout the channels. This design could migrate the droplet 

through the chambers via controlling the orientation of the chip, which 
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systematically combined the superhydrophobic force of the coating, the gravity of 

the droplet and the surface tension between PP and droplet. Therefore, traditional 

micro pump could be avoided and the total cost for the device could be substantially 

reduced.  

 

In addition, we developed an automatic, matched and portable device for the 

detection of VEGF165, which assembled by a rotatable chip holder, a UV lamp, a 

filter, and a camera.  

  

�
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6.2. Experimental sections 

6.2.1. Materials and Chemicals 

Poly(dimethylsiloxane) (PDMS) prepolymer (RTV 615) was obtained from 

Momentive Performance Materials (Waterford, NY). SU-8 permanent epoxy 

negative photoresist was purchased from Microchem Corporation, USA. Teflon™ 

PFA 416HP was purchased from DuPont (Wilmington, DE). PP was purchased from 

Orient Hongye Chemical Co., Ltd. (Shandong, China). VEGF165 was purchased 

from Sino Biological. Oligonucleotides were purchased from IGE Biotechology. 

The VEGF165 aptamer (pink)-containing DNA ON1 (5′-

AGGGAGGGCGCTGGGCCCCCCGGGTTGTCCCGTCTTCCAGACAAGAGT

GCAGGGA-3′), which includes a G-quadruplex-forming sequence (blue) at the 5’ 

terminus, is first hybridized with a partial complementary DNA ON2 (5′- 

AAGACGGGACAACCCGGGGGGCCCAGC-3′, green) to form a duplex 

substrate (ON1-ON2). All aqueous solutions were prepared with Mili-Q water (18.2 

MΩ cm−1). Iridium(III) complex 1 was synthesized using a method modified from 

literature170 (5 μM). Tris buffer, and other reagents were purchased from Sigma-

Aldrich (St. Louis, MO, USA). UV-LED light�module (365 nm) and optical filter 

(650 nm, low pass) were from Shenzhen Fuji technology co., LTD. All other 

electronic components were from Wuxi Longyi co., LTD.   

 

6.2.2. Fabrication of plastic-based chip 
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The plastic chips in this work were fabricated entirely with polypropylene (PP), 

which is inherently hydrophobic and water impermeable. First, a positive-relief 

Teflon master was designed using AutoCAD 2015 and fabricated using standard 

soft lithographic techniques and a thermo-molding method we published before24. 

Then, a negative polydimethylsiloxane (PDMS) mold was cased from the Teflon 

master. For fabricating PDMS mold, a mixture of PDMS prepolymer and curing 

agent (10:1 ratio) was poured onto the Teflon master and cured at 80 °C for 30 min. 

Next, we carefully peeled off the PDMS layers from the Teflon master and attached 

them to flat glass substrates. PP substrate was put on the PDMS master and 

sandwiched with another flat glass slide on it. Then this sandwich was put on hot 

compressor and embossed at 180 °C for 2 min under 0.24 MPa. Finally, a PP chip 

was fabricated by thermo-molding method using the PDMS mold. As a result, the 

region covered with micro structures on the PP chip surface turned 

superhydrophobic, while the remaining flat regions were hydrophobic, which 

served as microchannels. 

 

6.2.3. Fabrication of the portable detection device 

The custom-made portable detection device (Figure 6.3) was designed based on the 

principle published before.185 with a revised operation program. A CCD camera was 

used to take images of the optical signal through a filter window.  

 

6.2.4. Detection of the VEGF165 
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The principle of detection is that VEGF165 can assist the designed single-stranded 

DNAs to form a G-quadruplex conformation, which can greatly enhance the 

luminescence emission of the iridium(III) probe179.  

 

6.2.4.1. Preparation of the plastic-based chip 

The chip includes three reaction zones: sample zone, reaction zone, and detection 

zone. DNA solution (100 μM), Tris buffer, and iridium(III) complex 1 (5 μM) were 

added to sample zone, reaction zone, and detection zone, respectively. Then, the 

chip was kept at 4 °C to dry the solution out, and stored at 4 °C or -20 °C before 

use.  

 

6.2.4.2. Detection procedure 

In a series of tests, 200-μL sample solution with different concentrations of VEGF 

was added to the reaction zone and the chip was put in the card slot of the device. 

After a programed thermal process driven by a self-regulated heater (heating at 

30 °C for 40 min in sample zone), the device was tilted 45° clockwise. In this way, 

the liquid sample flowed to the reaction zone and reacted with Tris buffer at room 

temperature for 5 min. Finally, the device was tilted 90° anticlockwise, and the 

liquid sample flowed to the detection zone and was illuminated under the UV-LED 

light. A CCD camera was used to capture the emitted light from the sample and the 

results were analyzed using Image J, a free software.  
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6.3. Results and discussion 

6.3.1. Principle of the PP-based suspending-droplet microfluidic chips  

Our oligonucleotide-based sensing platform mainly comprises of three steps, 

including the interaction of VEGF165 with ON1-ON2 duplex substrate (60 min), 

interaction of VEGF165 with buffer (5 min), and the interaction of complex 1 with 

the released PS2.M. Importantly, the incubation time for these steps are critical for 

the detection result. A microchip that can realize the analysis like a test strip should 

not only carry all the reagents needed on it, but also have the function to hold the 

reaction solution and add the different reagents at different time points. Therefore, 

the chip must contain discrete reservoirs and inter-connected channels that allow 

the migration of reagents. But if the chip is designed based on the principle of 

normal microchannel- or paper-based chips, sophisticated valving schemes have to 

be employed to realize the stepwise reaction, which is against the aim of portable 

and cost-efficient analysis. To address this problem, we recently developed a new 

operation mechanism for microchips, which we name SD chips. Manipulating the 

reaction solution as discrete suspended droplets, the SD chips can handle multi-step 

reactions without using valves. In this work, a SD microfluidic chip with discrete 

reservoirs would be fixed on a rotatable chip holder. Before using, the reagents were 

loaded and dried in the respective reservoir zones on the chip already. By carefully 

controlling the rotation angle of the chip holder at desired time points, three-step 

reaction could be accurately controlled (Figure 6.1 b).  

    



�

�
�

122 

To effectively control the suspended droplets on the SD chip, arrays of microposts 

were used to generate superhydrophobic regions on the chip to confine and guide 

the droplets using surface tension. For chip fabrication, a two-step molding process 

was employed. First, a PDMS mold was produced as the daughter stamp from a 

master stamp prepared using a method we reported before24. Teflon polymer was 

chosen as the master stamp material to reduce the adhesion strength between the 

stamp (which contains arrays of microposts) and PDMS due to its promising non-

sticking property. As shown in Figure 6.1a, the moulded PDMS was removed from 

the Teflon template and act as a new template to thermally mould the 

superhydrophobic regions PP substrate. The thermal molding method was adapted 

from a method we reported for molding Teflon materials24. Notably, the PP-based 

chip is water-impermeable and anti-fouling in nature to ensure that liquid residue is 

not remained after migration, which cannot be achieved with the paper-based design 

we reported before185. The PP chip was patterned with two channels and three zones, 

namely sample zone, reaction zone and detection zone (Figure 6.1c). The sample 

solution with different concentration of VEGF165 is loaded on the sample zone and 

the suspended droplet would not migrate in a horizontal chip. The chip holder then 

rotates 45° clockwise at a specific time point to allow the suspended droplet to 

migrate to the reaction zone and react with the ON1-ON2 duplex substrate. The 

sample zone in this design is functioned as a “starting point”, which is important to 

ensure the reaction time are the same in each independent trial. Otherwise, the 

incubation time in the reaction zone would be varied with different sample loading 
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time.  

 

After 30 min, the chip rotates 90° anti-clockwise to allow the reagents to mix with 

1 in the detection zone. Significantly, the PP chip with superhydrophobic regions 

could drive the suspended droplet throughout the channel based on the 

superhydrophobic tension, while the rotatable holder could create downward 

driving force by gravity to guide the droplet down to the next zone. The 

combination of gravity and surface tension could effectively drive the suspended 

droplet migrating from zone 1, 2 to 3, but not in a reverse manner. The shape of 

channel’s path is optimized (Figure 6.2). 
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Figure 6.1. (a) Fabrication process of the suspending-droplet mode paper-based 

microfluidic devices (SD-μPAD). A positive-relief PDMS was attached onto a glass 

slide as a mold for fabricating Teflon template. Then the Teflon template is used for 

molding the PP chips with superhydrophobic patterns. (b) The configuration of the 

PP-based chip. The channel and reservoir region is hydrophobic; the rest region is 

superhydrophobic. Region 1-3 are sample zone, reaction zone and detection zone, 

respectively. (c) The three-step movement of the suspended droplet based on the 

orientation of the chip. Droplet can be moved completely from region 1 to 2, then 

region 2 to 3. 
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Figure 6.2. Design of the liquid diode. (a) Optimization of the channel’s path. (b) 

Movement of the suspending droplet along the channel’s path. 

 

In this work, we developed an automatic, matched and portable device for the 

detection of VEGF165, which assembled by a rotatable chip holder, a UV lamp, a 

filter, and a camera. 

 

After fixing the microfluidic chip, the holder will rotate clockwise by 45° and allow 

the sample solution to migrate from the sample zone to the reaction zone, where 

ON1-ON2 duplex substrate are present. After incubating for 60 min, the holder will 

rotate anticlockwise by 90° to allow the solution to migrate to the detection zone 

and react with complex 1 (Figure 6.3b). As shown in Figure 6.3a, upon mixing 

complex 1 with the reagent in the detection zone, the UV lamp will turn on to excite 
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complex 1, which will emit at 650 nm and detected by the camera. The outlook of 

the portable device is shown in Figure 6.3c. To avoid interferences from room 

illumination, the window on the device will be closed after fixing the chip on the 

holder to ensure. The whole device is cost effective and even can be driven by 

battery. 

 

 
Figure 6.3. (a) Detection principle and layout structure of the portable detection 

device. (b) The chip holder connected with a rotor. (c) Photos of the sealed detection 

device. 

�

6.3.2. VEGF165 detection assay on the portable system  

We next investigated the applicability of the portable SD-microfluidic device by 

loading VGEF165 on the sample zone. The conditions for the VEGF165 detection 

were as following. At zone 1, the interaction of VEGF165 with ON1-ON2 duplex 
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substrate lasts 60 min; at zone 2, the interaction of VEGF165 with buffer (20 mM 

tris/hcl with 50 mM KCl) lasts 5 min; at zone 3, the interaction of VEGF165 with 

complex 1. The results were captured by a camera and subject to analysis using a 

free software ImageJ. Encouragingly, the images taken by the camera show gradual 

colour changes from dark to bright upon the addition of increasing concentration of 

VEGF165. We then quantified the luminescence intensity using the software and 

successfully established a linear plot of the enhanced intensity. Our device 

demonstrated the applicability of being applied on the detection of biomolecules, 

which could be potentially employed as a monitoring tool of VEGF165 for patients 

or medical institutes. 

 

Figure 6.4. The emission intensity obtained in the tests with different 

concentrations of VEGF165(nM). The emission intensity showed a good linearity 

when the concentrations of the VEGF165 were between 1 nM and 100 nM. 
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6.4 Conclusion 

We developed a suspending-droplet mode plastic-based microfluidic platform for 

low-cost, convenient, and multi-step detection of VEGF165. Different from 

suspending-droplet mode paper-based microfluidic platform. The PP substrate can 

completely hold liquid droplets on top. Different from the suspending-droplet mode 

paper-based chips, this suspending-droplet mode plastic-based chips could move 

the droplet entirely from different zones. Furthermore, our plastic-based chips could 

be applied for multi-step reaction benefiting from the special design of the channels, 

which combined the superhydrophobic force of the coating, the gravity of the 

droplet and the surface tension between PP and droplet. In addition, we developed 

an automatic, matched and portable device for the detection of VEGF165, which 

assembled by a rotatable chip holder, a UV lamp, a filter, and a camera. We expect 

that the whole systems will be greatly expanded to other bioassays. 
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Chapter 7. The next generation aptamer screening system: a SMART, high 

yield and high throughput microfluidic platform  

 

7.1. Introduction 

Oligonucleotide aptamers are single stranded DNAs or RNAs which bind to their 

targets through conformational complementarity. Aptamers possess similar affinity 

and specificity to their targets compared to monoclonal antibodies, but have 

advantages in no immunogenicity, easy production, low cost and high stability186. 

They have become the most promising agents to compete with antibodies in both 

diagnostic and in therapeutic applications. Despite great promise and significant 

efforts in aptamer development over the past 20 years, it is troublesome that only a 

limited number of aptamer-target pairs have been intensively used, mainly for 

proof-of-principle of novel aptamer assays. The intrinsic limitations of the 

conventional aptamer selection technique cause the successful rate of effective 

aptamer identification by conventional method lower than 30%187,188. Therefore, 

optimization of the selection methodology is urgently needed for the development 

of oligonucleotide aptamers.  

 

As known, oligonucleotide aptamers are typically screened from a random 

ssDNA/RNA library through systematic evolution of ligands by exponential 

enrichment (SELEX) process with iterative incubation, washing, separation, 

amplification and single strand regeneration189,190. Rare sequences with high 
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affinity may be lost during repeated washing and separation process with large 

amounts of washing and separation reagents. On the other hand, the potential 

aptamers may also be lost when pipetted from one Effendorf tube to another one in 

the subsequent amplification and regeneration steps191. Therefore, low recovery 

yield is one of the most important reasons which cause the failure of SELEX. 

 

The combination of microfluidic technology and the SELEX platform reduces the 

volume of liquid in manipulation and provides a valuable key in improving the 

screening efficiency192,193, which opens up a new horizon for aptamer screening. 

However, due to high molecular affinity with the chip materials, lacking of 

feedback regulation, and low integration with smart terminals, current microfluidic 

methods still faced the challenges of large sample diversity, small reagent volume, 

systematic errors by heavy manual processing, and inefficiency in operation caused 

by either too early termination of enriching cycles for target aptamers or too late 

termination of enriching cycles for non-target aptamers188,192,194,195.  

 

We believe the low success rate is largely caused by the loss of targets in inherently 

low copy-number samples. And the current microfluidic methods for SELEX are 

particularly vulnerable in this issue because they all used PDMS as the chip material, 

which is prone to molecular adsorption and absorption. The fact is that there is NO 

SELEX platform based on novel microfluidic technology commercialized. Some 
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new methods claim to be efficient and effective, but none has proven ready for 

practical implementation. 

 

Generally, the problem of chip material has been a fundamental hurdle to the real 

implementation of microfluidic technologies. And in all, because of the 

dramatically increased surface-to-volume ratio in microfluidics as compared to 

macro world, material of device has never been a minor issue. Especially, the 

absorption of small molecules in microchannels should be handled cautiously. We 

have discussed this issue in detail in our article we published6. Because only very 

few copies of the target sequences present in the library, the absorption of molecules 

like the proteins and DNAs used in the experiments onto the surfaces of containers 

and lab ware may simply cause failure of the screening. And the reported 

microfluidic methods are particularly vulnerable in this issue because they all used 

PDMS as the chip material, which is prone to molecular adsorption. As mentioned 

by George M. Whitesides81, PDMS is a material that dissolves in, or is swelled by, 

many common organic solvents, and strongly adsorb and absorb small hydrophobic 

molecules, charged molecules, and biomolecules. Such problem has been discussed 

in many articles including our previous publications83,123, and we have summarized 

such issue in our review articles6.  Particularly, as many leaders in this field 

mentioned, the translation of microfluidic technology into large scale 

implementations highly relies on new materials that address the limitations of 

PDMS.   
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In this regard, our article “Whole-Teflon microfluidic chips” introduced the 

fabrication of a microfluidic device entirely using Teflon materials, one group of 

the most inert materials in the world24. It was a successful and representative 

introduction of new materials into the fabrication of microfluidic devices, which 

show dramatically greater anti-fouling performance. However, even such device 

was inadequate for current purpose, as it is rigid and lacks convenient valve control 

functions for particle suspensions used in SELEX. For this project, we propose a 

SMART screening strategy based on a highly integrated microfluidic chip. This new 

type of whole-Teflon devices, which are made of flexible Teflon membranes, 

offering convenient valving control for the whole SELEX process to be performed 

on chip and fulfilling the anti-fouling requirement in the meantime. The SELEX 

cycles including positive and negative selections could be automatically performed 

inside tiny-size microchambers on a microchip, and the enrichment is real-time 

monitored. The selection cycles would be ended after the resulted signal of the 

aptamers with high specificity reached a plateau, or no target aptamer is captured 

after a number of cycles of enrichment. Owning to the antifouling property of the 

chip materials24, the loss of the sample is tremendously reduced. The SMART 

platform therefore is not only free of complicated manual operations, but also high-

yield and well reproducible over conventional methods. 
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7.2. Experimental sections 

7.2.1. Materials and equipments  

Poly-dimethysiloxane (PDMS) (RTV 615) was purchased from Momentive 

Performance Materials (Waterford, NY). Teflon membranes and Teflon tubes were 

purchased from DuPont (Wilmington, DE). Fluorescein powder and other 

chemicals were purchased from Sigma-Aldrich. Thermal stage was purchased from 

Xinruiqi Electronic, Inc. (LKTC-B1-T, China). The syringe pump was purchased 

from Cole-Parmer, US. The fluorescence microscopy used in the experiment was 

obtained from Nikon, equipped with Infinity 2 digital camera (Lumenera 

Corporation, Canada) to capture pictures. 

 

7.2.2. Fabrication of the microfluidic devices   

The initial resin templates were designed using Sketchup 2017 and printed by 3D 

printer. For fabricating PDMS molds, a mixture of PDMS prepolymer and curing 

agent (10:1 ratio) was poured onto the templates and cured at 50 °C for 2 h. Next, 

we carefully peeled off the PDMS molds from the templates. Before bonding, holes 

were drilled through the PDMS molds which are for vacuum. The Teflon membrane 

was attached on the PDMS mold, and they were put into hot embosser. The structure 

of channel was made when vacuuming at a certain temperature. After that, two 

patterned Teflon membranes with their PDMS molds were put together, and 

bonding at a certain temperature in hot embosser.  After cooling down to room 

temperature, the whole Teflon membrane chip was obtained.  



�

�
�

134 

�

7.2.3. Antifouling experiment   

Fluorescein was injected into the Teflon membrane chip for 30 min. then, the 

channels were washed using DI water. The images were captured using the 

fluorescence microscope.  

�

7.2.4. Functional test    

Liquid control, magnetic beads transfer, and separation between liquid and 

magnetic beads were perform on our Teflon membrane chip. 
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7.3. Results and discussion 

7.3.1. Overall design of the system 

In this work, we propose a SMART screening strategy based on a highly integrated 

microfluidic chip. This new type of whole-Teflon devices, which are made of 

flexible Teflon membranes, offering convenient valving control for the whole 

SELEX process (Figure 7.1) to be performed on chip and fulfilling the anti-fouling 

requirement in the meantime. The SELEX cycles including positive and negative 

selections could be automatically performed inside tiny-size microchambers on a 

microchip, and the enrichment is real-time monitored (Figure 7.2). The selection 

cycles would be ended after the resulted signal of the aptamers with high specificity 

reached a plateau, or no target aptamer is captured after a number of cycles of 

enrichment. The details of the whole Teflon membrane chip are shown in Figure 

7.3-7.8.  
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Figure 7.1. Four main process in SELEX. 1. Bonding of ssDNA and beads-protein 

complex; 2. Separation ssDNA-protein-beads and free ssDNA; 3. PCR amplification; 

4. dsDNA to ssDNA. 

 

 

Figure 7.2. Overall design of the Teflon membrane chip. 
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Figure 7.3. Fabrication process of the Teflon membrane chip. 1. 3D printed 

template preparation; 2. PDMS mold preparation; 3. Fabrication of patterned Teflon 

membrane; 4. Bonding of two Teflon membranes; 5. Bonding of the tube and 

channel. 

 

 

Figure 7.4. Symmetric structure for valve control.  
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Figure 7.5. Photo of the whole Teflon membrane chip.  

 

 

Figure 7.6. Antifouling properties of an all-Teflon microfluidic device. 
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Figure 7.7. Two different ways in valve control. 

 

 

Figure 7.8. Movement test of the magnetic beads using a permanent magnet. 
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Chapter 8. Overall Conclusions and Future Work 

 

8.1. Overall conclusions 

Microfluidic systems have been created to acquire and process measurements from 

extremely tiny volumes of complex fluids with efficiency and speed, and without 

the requirement for an experienced operator. Such unique characteristics are 

required to create suitable and portable point-of-care (POC) medical diagnostic 

systems. To some extent, a significant degree of advancement has been made in the 

field of microfluidics due to the demands of the military. The military must practice 

medicine in extremely challenging and resource-limited areas. With respect to the 

military, the field of microfluidics seeks to obtain vast medical technologies that 

add an absolute minimum amount of burden to people and machines transporting 

them.  

 

Microfluidic technologies have the potential to improve decentralization of medical 

testing. It is increasingly recognized as an important component in the upcoming 

stage in the growth of health care. Due to an increase in interest in the developing 

world, microfluidic diagnostic technology (MDT) may be relevant and highly 

adaptable for civilian health care in the developing world. 

 

In addition, most of the microfluidic devices reported previously were based on 

devices made of polydimethylsiloxane (PDMS). PDMS is a material that dissolves 
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in many common organic solvents. It can also absorb or takes in organic solvents. 

Meanwhile, PDMS is also prone to absorb small molecules like the proteins, which 

is detrimental to a stable and reliable result. 

 

According to the information above, current work focuses on bioassays that are 

badly needed in our life and these bioassays are addressed based on microfluidic 

platform with different materials. The translation of microfluidic technology into 

large scale implementations highly relies on new materials that address the 

limitations of PDMS. 

 

Firstly, we fabricated two different microfluidic platforms for rapid antimicrobial 

susceptibility testing (AST). One was made of hydrogel, and the bacterial cells were 

cultured on the top of the device; the other was of polypropylene (PP), and bacterial 

cells were cultured inside the microchannels. The�cell-on-hydrogel platform allows 

seamless connection to conventional AST, while incorporating the advantages of 

microfluidics. The convenience of conducting two-dimensional AST allows our 

system wide room to investigate the synergistic effect of drugs as well as other 

factors such as pH and oxidative substances from the immune system. In addition, 

we developed a novel “barcode” sensor, a microscope-free method for cell 

accumulation and cell counting, as the downstream of the PP-based chips. As a 

result, AST can be accomplished simply through an application on a mobile phone 

rather than using an expensive and sophisticated microscope. 
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Secondly, we developed a SD-μPAD and a corresponding portable instrument for 

rapid, sensitive, and low-cost detection of Pb2+ ions in liquid samples. To fabricate 

the SD-μPADs, we developed a new strategy of microcontact printing method using 

a Teflon stamp to achieve�precisely patterned robust superhydrophobic coating on 

paper surface, which is cost-efficient and well scalable. In addition, the extreme 

simplicity and convenience of using an inexpensive portable device could widen its 

applicability.� Benefitted from the rapid development of smartphones, e.g., the 

powerful image process programs, we expect that the smartphone-based SD-μPAD 

systems will be greatly expanded to several research fields, such as environmental 

monitoring, health monitoring, diagnosis, and food safety tests. 

 

Thirdly, we upgraded our suspending-droplet mode paper-based microfluidic 

device (SD-μPAD), which is used for the detection of lead(II) ions in liquid solution. 

The reason is that our paper-based SD chips are not suitable for long reaction 

process (> 20 min) detection of biomolecules due to the potential permeation and 

contaminating problems of art papers. Hence, we chose polypropylene (PP), a 

hydrophobic, cheap, and thermal stable material (< 110°C), as the material for the 

fabrication of the SD microfluidic chip. We established a convenient, low-cost, 

portable and reliable platform for monitoring VEGF165 accurately, which can be 

applied for point-of-care (POC) testing. In this project, we also employed the label-

free oligonucleotide-based luminescence switch-on assay on the microfluidic 
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platform, which possesses the advantages of high sensitivity and high selectivity. 

Based on the detection of VEGF165 in a three-step reaction process, we adopted a 

new design for the droplet transfer throughout the channels. This design could 

migrate the droplet through the chambers via controlling the orientation of the chip, 

which systematically combined the superhydrophobic force of the coating, the 

gravity of the droplet and the surface tension between PP and droplet. Therefore, 

traditional micro pump could be avoided and the total cost for the device could be 

substantially reduced. In addition, we developed an automatic, matched and 

portable device for the detection of VEGF165, which assembled by a rotatable chip 

holder, a UV lamp, a filter, and a camera. 

 

Finally, we developed a new whole Teflon membrane-based chip for the aptamer 

screening. Our article “Whole-Teflon microfluidic chips” introduced the fabrication 

of a microfluidic device entirely using Teflon materials, one group of the most inert 

materials in the world. It was a successful and representative introduction of new 

materials into the fabrication of microfluidic devices, which show dramatically 

greater anti-fouling performance. However, even such device was inadequate for 

current purpose, as it is rigid and lacks convenient valve control functions for 

particle suspensions used in SELEX. For this project, we propose a SMART 

screening strategy based on a highly integrated microfluidic chip. This new type of 

whole-Teflon devices, which are made of flexible Teflon membranes, offering 

convenient valving control for the whole SELEX process to be performed on chip 
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and fulfilling the anti-fouling requirement in the meantime. The SELEX cycles 

including positive and negative selections could be automatically performed inside 

tiny-size microchambers on a microchip, and the enrichment is real-time monitored. 

The selection cycles would be ended after the resulted signal of the aptamers with 

high specificity reached a plateau, or no target aptamer is captured after a number 

of cycles of enrichment. Owning to the antifouling property of the chip materials, 

the loss of the sample is tremendously reduced. The SMART platform therefore is 

not only free of complicated manual operations, but also high-yield and well 

reproducible over conventional methods. 
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8.2. Future work 

In the further, we are trying to further optimize both the “barcode” sensor for 

rapid, convenient and resource-independent antimicrobial susceptibility testing and 

the whole Teflon membrane chip for SMART, high yield, and high throughput 

aptamer screening. 
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