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ABSTRACT 

 

Kate Gleason College of Engineering 

Rochester Institute of Technology 

 

 

Degree:  Doctor of Philosophy   Program: Microsystems Engineering 

Authors Name:  Xinye Chen  

Advisors Name: Dr. Ke Du 

Dissertation Title: Purification and Detection of Antibiotic-resistant Bacteria from 

Whole Blood with Nano-sieve 

Life-threatening bloodstream infections (BSI), such as sepsis, mainly caused by the body’s 

syndromic response to pathogen infection, are a major public health concern, leading to 

~11 million deaths each year. The identification of sepsis presents significant challenges 

in the diagnostic process, as the isolation of low concentration pathogens from bodily fluids 

(e.g., human blood) is extremely demanding, and typically relies on time-consuming and 

complicated isolation processes. Therefore, this work aims to explore the potential of 

microfluidics as a powerful tool for rapid purification and concentration of antibiotic-

resistant bacteria (ARB) from blood samples, meanwhile developing a molecular 

diagnostic technology by combining a recombinase polymerase amplification (RPA) with 

clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-

associated proteins (Cas), aiming to rapidly and accurately targeting the specific genetic 

marker or DNA sequences unique to the bacteria of interest.  

A novel pneumatically-regulated nano-sieve device is successfully designed and 

fabricated for purifying and concentrating the target bacteria, such as Methicillin-resistant 

Staphylococcus aureus (MRSA), by applying a three-dimensional (3-D) beads-stacked 
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microstructure within the nano-scale channel (~200 nm in depth). Leveraging this 

deformable nanosystem, the captured bacteria can be retrieved from the channel by 

retrieving with a small volume (e.g., 30 µL) of fresh buffer solution, which makes the 

collected sample directly eligible for downstream analysis. An on-chip concentration factor 

of 15 has been achieved while dealing with a 600 µL MRSA-spiked sample under a low 

concentration of 100 colony forming unit (CFU)/mL. As expected, RPA/CRISPR-Cas 

system offers a naked-eye detection after a multiplexing purification of MRSA by nano-

sieve device under a flow rate of 4 µL/min per channel. This suggests that the integration 

of proposed nano-sieve device and RPA/CRISPR-Cas technique enables the purification 

and concentration of a low-concentration bacteria sample, potentially suitable for 

identifying sepsis-causing pathogens from whole blood. 

 

 

 

 

 



V 
 

ACKNOWLEDGMENTS 

 

I would like to express my deepest gratitude to my academic supervisors, Dr. Ke Du, and 

Dr. Jiandi Wan, for their unwavering guidance, invaluable insights, and continuous support 

throughout the entire research process regarding the fundamental microfluidics and 

biosensing techniques. Their patience and encouragement have been instrumental in 

shaping this dissertation and my academic growth. I am truly fortunate to have such 

dedicated mentors who challenged and inspired me to reach new heights. 

 

I am thankful to all members of my dissertation committee, Dr. Tom Gaborski, Dr. 

Blanca Lapizco-Encinas, Dr. Ruoqian (Roger) Wang, and Dr. Shiyou Xu, for their valuable 

feedbacks, constructive criticism, and scholarly inputs. Their expertise in the field has 

significantly enhanced the quality of this research. I am grateful for their time, insightful 

discussions, and the thoughtful suggestions that have shaped the final outcome of this 

dissertation. 

 

I am immensely grateful to the participants of this study, including Dr. Yu Gan, Dr. Jie 

Zhang, Grant Korensky, Shuhuan Zhang, Abby Miller, and so on. Their cooperation and 

willingness to share their experiences and insights have made this research possible. Their 

contributions have enriched the findings and added depth to the understanding of the topic. 

I sincerely appreciate their time and willingness to engage in this study. 

 

I extend my heartfelt appreciation to the Microsystems Engineering at Rochester 

Institute of Technology for providing the necessary resources, research facilities, and 



VI 
 

academic support that have been integral to the successful completion of this study. The 

access to the library, laboratory equipment, and research materials has been vital in 

conducting experiments, analyzing data, and drawing meaningful conclusions. Especially, 

I would like to calling out Mrs. Lisa Zimmerman for her consistent support of me, as well 

as Dr. Bruce Smith and Dr. Stefan Preble for creating a positive and unique degree 

experience. 

 

Furthermore, I would like to acknowledge the financial support received from The 

National Institutes of Health (NIH). Their generous funding played a pivotal role in 

enabling the execution of this research project. I am grateful for their belief in the 

importance of this work and their investment in advancing scientific knowledge in the field. 

 

Last but not least, I am indebted to my family, friends, and loved ones for their 

unwavering support, patience, and understanding throughout this challenging journey. 

Their constant encouragement, love, and belief in my abilities have been my pillar of 

strength, and I am immensely grateful for their presence in my life. 

 

In conclusion, this dissertation would not have been possible without the contributions, 

support, and encouragement of the individuals and organizations mentioned above. Their 

collective efforts have played an integral role in the successful completion of this research, 

and for that, I am sincerely thankful. 

 



VII 
 

LIST OF PUBLICATIONS 

 

First Authored Peer-reviewed Journal Publications 

1) Chen, X., Ryan, K.M., Hines, D., Pan, L., Du, K. and Xu, S., 2023. Three-dimensional 

visualization of dentine occlusion based on FIB-SEM tomography. Scientific Reports, 

13(1), p.2270. 

2) Chen, X., Zhang, S., Gan, Y., Liu, R., Wang, R.Q. and Du, K., 2022. Understanding 

microbeads stacking in deformable Nano-Sieve for Efficient plasma separation and 

blood cell retrieval. Journal of Colloid and Interface Science, 606, pp.1609-1616. 

3) Korensky, G. §, Chen, X.§, Bao, M., Miller, A., Lapizco‐Encinas, B., Park, M. and Du, 

K., 2021. Single Chlamydomonas reinhardtii cell separation from bacterial cells and 

auto‐fluorescence tracking with a nanosieve device. Electrophoresis, 42(1-2), pp.95-

102.  

§ Both authors have contributed equally to this work 

* Front cover 

 



VIII 
 

4) Chen, X., Miller, A., Cao, S., Gan, Y., Zhang, J., He, Q., Wang, R.Q., Yong, X., Qin, 

P., Lapizco-Encinas, B.H. and Du, K., 2020. Rapid Escherichia coli trapping and 

retrieval from bodily fluids via a three-dimensional bead-stacked nanodevice. ACS 

applied materials & interfaces, 12(7), pp.7888-7896. 

* Selected complementary cover 

 

5) Chen, X., Falzon, L., Zhang, J., Zhang, X., Wang, R.Q. and Du, K., 2019. 

Experimental and theoretical study on the microparticle trapping and release in a 

deformable nano-sieve channel. Nanotechnology, 31(5), p.05LT01. 

 

Co-Authored Peer-reviewed Journal Publications  

1) Nanaware, A., Kranbuhl, T., Ching, J., Chen, J.S., Chen, X., Tu, Q. and Du, K., 2022. 

Pneumatic controlled nanosieve for efficient capture and release of nanoparticles. 

Journal of Vacuum Science & Technology B, Nanotechnology and Microelectronics: 

Materials, Processing, Measurement, and Phenomena, 40(6), p.063002. 

 



IX 
 

2) Yang, J., He, Y., Zhang, X., Yang, W., Li, Y., Li, X., Chen, Q., Chen, X., Du, K., Yan, 

Y., 2021. Improving the electrical conductivity of copper/graphene composites by 

reducing the interfacial impurities using spark plasma sintering diffusion bonding. 

Journal of Materials Research and Technology 15, 3005–3015.  

3) Ma, M.C., Li, G., Chen, X., Archer, L.A. and Wan, J., 2021. Suppression of dendrite 

growth by cross-flow in microfluidics. Science Advances, 7(8), p.eabf6941. 

4) Chang, Y., Chen, X., Zhou, Y. and Wan, J., 2019. Deformation-based droplet 

separation in microfluidics. Industrial & Engineering Chemistry Research, 59(9), 

pp.3916-3921. 

5) Fan, R., Chen, X., Wang, Z., Custer, D. and Wan, J., 2017. Flow‐Regulated Growth of 

Titanium Dioxide (TiO2) Nanotubes in Microfluidics. Small, 13(30), p.1701154 

* Featured frontispiece 

 

 



X 
 

TABLE OF CONTENTS 

ABSTRACT ······················································································· III 

ACKNOWLEDGMENTS ······································································· V 

LIST OF PUBLICATIONS ··································································· VII 

TABLE OF CONTENTS ········································································ X 

LIST OF FIGURES ············································································ XIII 

LIST OF TABLES ·············································································· XX 

CHAPTER 1. GENERAL INTRODUCTION················································ 1 

1.1 Background ··························································································································· 2 

1.2 The Current Diagnostic Workflow for BSI ··············································································· 3 

1.3 Microfluidic Platform as a Powerful Tool for Diagnosing BSI ·················································· 5 
1.3.1 Bacteria Separation from Blood ··············································································································· 5 
1.3.2 On-chip Detection Followed by Microfluidic Separation ········································································ 9 
1.3.3 Downstream (off-chip) Analysis for Detecting Target Bacteria ···························································· 10 

1.4 Motivation and Objectives of This Study ·············································································· 14 
1.4.1 Motivation ··············································································································································· 14 
1.4.2 Objectives of This Study ·························································································································· 15 

CHAPTER 2. THEORETICAL MODEL ON MICROPARTICLE TRAPPING AND 

RELEASING IN A DEFORMABLE NANO-SIEVE CHANNEL ····················· 18 

2.1 Introduction ························································································································· 19 

2.2 Material and Methods ········································································································· 20 
2.2.1 Fabrication of nano-sieve device ············································································································ 20 
2.2.2 Microparticles trapping process ············································································································· 21 
2.2.3 Spectrofluorometric Characterization···································································································· 21 

2.3 Results and Discussion ········································································································· 22 

2.4 Conclusion ··························································································································· 30 

CHAPTER 3. EXPERIMENTAL STUDY ON MICROPARTICLES TRAPPING 

AND RELEASING BY A ROBUST NANO-SIEVE DEVICE ·························· 31 

3.1 Introduction ························································································································· 32 

3.2 Material and methods ········································································································· 36 
3.2.1 Nano-device fabrication ·························································································································· 36 
3.2.2 Preparation of microparticles and nanoparticles ·················································································· 37 
3.2.1 E. coli culture and staining ······················································································································ 37 
3.2.2 C. reinhardtii cell culture························································································································· 38 
3.2.3 C. reinhardtii cell trapping ······················································································································ 38 
3.2.4 Spectrofluorometric Characterization···································································································· 39 



XI 
 

3.2.5 SEM imaging ············································································································································ 39 
3.3 Experimental results ············································································································ 39 

3.3.1 Microparticles and nanoparticles trapping and releasing ····································································· 41 
3.3.2 Soft cells separation ································································································································ 44 

3.4 Discussion ···························································································································· 47 

3.5 Conclusion ··························································································································· 50 

CHAPTER 4. A THREE-DIMENSIONAL (3-D) BEAD-STACKED NANODEVICE 

FOR RAPIDLY CAPTURING AND RETRIEVING BACTERIA FROM BLOOD 

PLASMA ··························································································· 52 

4.1 Introduction ························································································································· 53 

4.2 Materials and methods ········································································································ 55 
4.2.1 Nano-sieve device fabrication ················································································································ 56 
4.2.2 Cell culture and labeling ························································································································· 56 
4.2.3 Bead stacking and bacteria-trapping ······································································································ 58 
4.2.4 CFD modeling ·········································································································································· 58 
4.2.5 Tomography scanning ····························································································································· 58 
4.2.6 Segmentation via machine learning ······································································································· 59 
4.2.7 Spectrofluorometric characterization ···································································································· 59 
4.2.8 Fluorescence microscopy imaging ·········································································································· 59 
4.2.9 Scanning electron microscopy (SEM) ····································································································· 60 

4.3 Experimental results ············································································································ 61 

4.4 Discussion ···························································································································· 68 

4.5 Conclusion ··························································································································· 73 

CHAPTER 5. UNDERSTANDING THE 3-D MICROBEADS STACKING IN 

DEFORMABLE NANO-SIEVE FOR EFFICIENT PLASMA SEPARATION AND 

BLOOD CELL RETRIEVAL ································································· 74 

5.1 Introduction ························································································································· 75 

5.2 Materials and methods ········································································································ 77 
5.2.1 Materials ·················································································································································· 77 
5.2.2 Preparation of PDMS······························································································································· 78 
5.2.3 Hardness testing ······································································································································ 78 
5.2.4 Nano-sieve device fabrication ················································································································ 79 
5.2.5 Microbeads stacking and characterization ···························································································· 79 
5.2.6 OCT scanning and processing ················································································································· 79 
5.2.7 Plasma separation and RBCs retrieval ···································································································· 80 

5.3 Experimental results ············································································································ 80 

5.4 Discussion ···························································································································· 88 

5.5 Conclusion ··························································································································· 90 

CHAPTER 6. COUPLING A MOLECULAR DIAGNOSTICS WITH BACTERIA 

CONCENTRATION BY A PNEUMATICALLY-REGULATED NANO-SIEVE 

DEVICE ···························································································· 92 



XII 
 

6.1 Introduction ························································································································· 93 

6.2 Materials and methods ········································································································ 95 
6.2.1 Device fabrication ··································································································································· 96 
6.2.2 Beads stacking deposition ······················································································································ 97 
6.2.3 Bacterial culture ······································································································································ 97 
6.2.4 Bacteria staining ······································································································································ 98 
6.2.5 RBCs depletion immunoassay················································································································· 98 
6.2.6 Bacteria capture and concentration ······································································································· 99 
6.2.7 Fluorescence microscopy imaging ·········································································································· 99 
6.2.8 Nucleic acid preparation ······················································································································· 100 
6.2.9 RPA amplification and CRISPR-Cas12a detection ················································································ 101 

6.3 Results and Discussion ······································································································· 102 

6.4 Discussion ·························································································································· 112 

6.5 Conclusion ························································································································· 114 

CHAPTER 7. CONCLUSION AND FUTURE OPPORTUNITIES ·················· 115 

7.1 Research summary ············································································································ 116 

7.2 Key contributions ··············································································································· 120 

7.3 Future opportunities ·········································································································· 123 
7.3.1 Develop a pneumatically-regulated nano-sieve for targeting biomolecules ····································· 123 
7.3.2 Study microalgae cells with a nano-sieve device for next-generation biosensor ······························ 126 

CHAPTER 8. BIBLIOGRAPHY ···························································· 130 

APPENDIX A ···················································································· 146 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



XIII 
 

LIST OF FIGURES 

Figure 1.1 The overview of current diagnostic workflow for BSI, including 1) samples 

from patient blood (5 - 10 mL) cultured in nutrient rich media (25 mL) for the presence of 

a pathogen; 2) the identification of pathogens based on culture methods or molecular 

methods; 3) the determination of antibiotic susceptibility. Reprinted from [19]. .............. 3 

Figure 1.2 The schematic of microfluidic platform is based on soft inertial separation, 

presenting the curved and focused sample flow segment and the inertial force on fluid 

element. The image on top-left corner shows the curved and focused sample flow segment 

visualized by fluorescent dye. Reprinted from [39]............................................................ 6 

Figure 1.3 The proposed device showing inertial focusing amplification for particle 

separation with a straight channel design with one inlet and three outlets. The separation 

process includes the migration of large particles by inertial lift to equilibrium positions, 

RBC migration closer to the channel wall, and collection of RBCs at the side outlets and 

bacteria at the middle outlet. Reprinted from [40]. ............................................................. 7 

Figure 1.4 (a)  Bacteria separation from RBC-bacteria mixture and the concentration of 

bacteria at the central area without RBC. (b) The SERS spectra of RBC, RBC-bacteria 

mixture, and the S. aureus dielectrokinetically separated from blood. Reprinted from [41].

............................................................................................................................................. 8 

Figure 1.5 Illustration of acoustic separation of bacteria from blood. The mixture of 

bacteria and blood flows from the side inlets in laminar flow while a density-matched 

buffer flows in the center inlet. Acoustophoresis causes the blood cells (red and white blood 

cells) to migrate laterally toward the center of the channel and out the center outlet, while 

bacteria respond weakly to the acoustic field to the side outlets. Reprinted from [37]. ..... 8 

Figure 1.6 The schematic of labeling RPA in solution as a molecular detection technique: 

two oligonucleotide primers form a complex with a recombinase (green ovals) and are 

directed to homologous sequences on the target sequence where they can invade the DNA 

double strand. The polymerase (blue) elongates the strand for the duplication. RPA runs 

continuously at 38 °C. A labeling of amplification product is achieved by using a reverse 

primer coupled with a Cy5 reporter dye (red). Reprinted from [48]. ............................... 11 

Figure 1.7 Schematic illustration of CRISPR/Cas12 mechanism. The Cas12 protein only 

needs CRISRP-RNA (crRNA) to create double-stranded breaks (DSBs). Cas12 protein 

cleaves the target region beside an adjacent protospacer motif (PAM) sequence (CTA, TTN, 

TTTN) with the help of the RuvC and nuclease lobe (NUC) domains. Once Cas12 is active, 

R-loop can be initiated, which forms base-pair (bp) hybridization between the crRNA and 

the target DNA strand. During this step, Cas12 matches the < 17 bp of the target sequence 

and leads to an R-loop formation. Once R-loop is formed, the Cas12 protein uses its active 

RuvC domain and generates a staggering cut in the non-target strand with the help of the 

PAM sequence. (RuvC stands for an E. coli protein involved in DNA repair). Reprinted 

from [58]. .......................................................................................................................... 12 



XIV 
 

Figure 1.8 The designed device based on deformable microfluidics. (a) The schematic 

presenting a proposed “nano-sieve” filtering system based on hydrodynamic deformation 

of PDMS roof. (b) The device modeled by Solidworks consists of a PDMS layer on the top 

and a glass substrate on the bottom. Blue dots mean the applied particles pumped into the 

channel, then trapped by the deformable PDMS roof. Red arrows present the flow direction.

........................................................................................................................................... 14 

 

Figure 2.1 The schematic of deformable microchannel with a compliant cover, where H is 

the initial height of microchannel, L is the length of microchannel, and W is the width of 

microchannel. u is the deformation of the top roof. Reprinted from [73]. ················· 22 

Figure 2.2 The fabrication process of a single channel for nano-sieve device. The SEM 

image with low-magnification and high-magnification to confirm the final height of 

microchannel. Reprinted from [73]. ····························································· 24 

Figure 2.3 The experimental deposition of particles within the microchannel. Left: a high-

magnification image showing the highly-concentrated particles around the inlet. Middle: 

the entire profile of deposited particles within the fabricated microchannel. Right: a high-

magnification image showing the concentrated particles close to the outlet. The dashed 

light-gold lines present the edges of channel. The white dashed-parabolic line means the 

predicted particle distribution of the developed theoretical model. Scale bar: 1 mm. 

Reprinted from [73]. ··············································································· 25 

Figure 2.4 The capture efficiency of experimental results (solid red) and theoretical 

calculations (patterned blue) under various flow rates applied. Inset: the fluorescence 

intensity of serial dilution of the original microparticles solution that was applied for 

calculating the capture efficiency. Error bars are the standard deviation of the mean. 

Reprinted from [73]. ··············································································· 27 

Figure 2.5 The capture efficiency of experimental results (purple) versus theoretical 

calculation with three different channel height. Error bars are the standard deviation of the 

mean. Reprinted from [73]. ······································································· 28 

Figure 2.6 The calculated capture efficiency based on the developed theoretical model. (a) 

the channel height as a function of flow rates. (b) the particle size versus flow rates. 

Reprinted from [73]. ··············································································· 29 

 

Figure 3.1 Illustration of two methods for collapse-free nanoslit. (a) without glass support 

on the side of PDMS, roof collapse occurs as shown in inset; (b) with glass support on the 

side of PDMS, the stable roof is achieved. (c) the method of wafer filling to successfully 

create the nanoslit channels. Reprinted from [88]. ············································ 33 

Figure 3.2 The fabrication flow of two-step sealing-and-reinforcement bonding paradigm 

for two different approaches that are used to create the SU-8 microchannel by 

photolithography (left) and the glass wet etching (right): the microchannel sidewalls are 

created through SU-8 photolithography (as) or glass wet etching (ag). At the sealing step, 

a PET film coated with a thin layer of SU-8 seals the microchannel sidewalls 



XV 
 

(S1,s and S1,g). The chip is then illuminated by UV light and post-exposure baking to cure 

the adhesive layer (S2,s and S2,g). The slight SU-8 reflow can cause the round corners 

from the cross-sectional view. At the reinforcement step, a glass substrate coated with a 

SU-8 layer is attached to the bare side of the PET film (R1,s and R1,g). The sample is then 

illuminated by UV light and post-exposure baking to cure the adhesive layer at the bonding 

interface of the reinforcement glass and the PET film (R2,s and R2,g). Reprinted from [92].

········································································································ 34 

Figure 3.3 The fabrication process of nano-sieve device by using a dual photolithography. 

Reprinted from [93]. ··············································································· 35 

Figure 3.4 (a) Microscope images of the sacrificial PR layer before (a-i) and after (a-ii) the 

acetone washing. (b) SEM images display the sacrificial PR layer in the channel with low 

magnification (b-i) and the channel height with high magnification. (c) The measured air 

flow rate versus the applied pressure in the nano-sieve channel with (red bars) and without 

(blue patterned bars) PR layer. The inset shows more details of the measurement regarding 

air flow rate. Reprinted from [93]. ······························································ 40 

Figure 3.5 (a) Fluorescent particles trapped in the channel with a parabolic pattern (a-i) 

toward the outlet. The inlet area: highly-concentrated particles were deposited (a-ii). (b) 

Fluorescent particles solution before (left) and after (after) filtration. Reprinted from [73].

········································································································ 41 

Figure 3.6 The measurement of fluorescent intensity from the filtered supernatant as a 

function of various flow rates. Inset: SEM image shows dried microparticles applied with 

the diameter of 5 µm (scale bar: 5 µm). Reprinted from [73]. ······························· 42 

Figure 3.7 The measurement of fluorescent intensity from the filtered supernatant as a 

function of various flow rates. Inset: SEM image shows dried nanoparticles applied with 

the diameter of 100 nm (scale bar: 100 nm). Reprinted from [73]. ························· 43 

Figure 3.8 Schematic of experimental design for nano-sieve device trapping C. reinhardtii 

cells; (B) The optical micrograph exhibiting the practical device (left); the blue food dye is 

filled within the entire channel (right). Reprinted from [93]. ································ 44 

Figure 3.9 (a-i) The filtered solution and original solution collected in the centrifuge tube. 

The microscope images show the density of cells before (a-ii) and after (a-iii) the filtering 

process. (b) The C. reinhardtii cells trapped within the nano-sieve channel. The white 

arrow indicates the flow direction. The white dashed parabola shows the profile of the 

trapped cells. The enlarged region shows the dense C. reinhardtii cells. Reprinted from 

[93]. ·································································································· 45 

Figure 3.10 (A) The C. reinhardtii cells capture efficiency as a function of various applied 

flow rates of (a) 4 µL/min; (b) 6 µL/min; (c) 8 µL/min, respectively. Reprinted from [93].

········································································································ 46 

Figure 3.11 The mixture of E. coli and C. reinhardtii cell separated by nano-sieve device, 

under the applied flow rate from (a) 4 µL/min; (b) 6 µL/min; (c) 8 µL/min, respectively. 



XVI 
 

The blue curve represents original solution, and the orange curve shows the filtered 

supernatant. Reprinted from [93]. ······························································· 47 

 

Figure 4.1 (a) Illustration of the magnetic beads stacked nano-sieve device for bacteria 

isolation: (a-i) beads trapped in the nano-sieve; (a-ii) pumping bacteria into the nano-sieve; 

(a-iii) bacteria retrieval via high flow rate buffer washing. (b) Magnetic beads trapping: (b-

i) Experimental setup. Inset: photograph of beads stacked nano-sieve device. SEM images 

of the beads stacked nano-sieve channel: (b-ii) Left (high-magnification); (b-iii) Middle 

(low-magnification); (b-iv) Right (high-magnification). Fluorescence microscope image of 

the channel before (c) and after (d) bacteria-trapping. The white arrow indicates the flow 

direction. Reprinted from [94]. ·································································· 60 

Figure 4.2 (a) Beads stacking process during 72 s with a flow rate of 40 µL/min. The 

dashed purple box indicates the boundary of channel. The blue arrow indicates the flow 

direction. Scale bar: 4 mm. Reprinted from [94]. ············································· 62 

Figure 4.3 The simulated results from computational fluid dynamics (CFD). Top: CFD 

calculation of nano-sieve deformation and beads flow pattern; bottom: flow velocity with 

a flow rate of (i) 20 µL/min; (ii) 30 µL/min; (iii) 40 µL/min; (iv) 50 µL/min. Reprinted 

from [94]. ··························································································· 63 

Figure 4.4 (a) Optical coherence tomography scan of the beads stacked nano-sieve with 

the flow rate ranging from 20 - 50 µL/min. (b) Cross-section view of beads stacking: raw 

2D image (top) and segmented 2D mask (bottom). (c) Experientially measured volume of 

the deposited beads and maximum height in the channel after beads stacking. Reprinted 

from [94]. ··························································································· 64 

Figure 4.5 (a) Uncorrected emission curve of filtered solution from nano-sieve with a flow 

rate of 8 µL/min: Original solution (pink); Stacked with only 10 µm beads (green); Stacked 

with mixed beads with sizes of 2.8 µm, 5 µm, and 10 µm (blue). The emission peaks are 

centered at ~520 nm. (b) Bacteria-trapping efficiency versus flow rate of nano-sieve only 

(yellow) and beads mixture stacked nano-sieve (patterned green). Reprinted from [94]. 65 

Figure 4.6 (a-i) Photograph of the bacteria samples: Original (left); Filtered (middle); 

Retrieved (right). Fluorescence microscope image of original solution (a-ii), filtered 

solution (a-iii), and retrieved solution (a-iv). Scale bar: 10 µm. (b) Bacteria-trapping 

efficiency and retrieval efficiency from PBS (brown) and pig plasma (patterned blue). The 

applied flow rate is 8 µL/min. Error bars indicate standard deviation of the mean. Reprinted 

from [94]. ··························································································· 66 

Figure 4.7 (a) Uncorrected emission curve of bacteria solution with various concentrations. 

The emission peak is centered at ~520 nm. The input bacteria concentration and volume 

are 1.11 × 107 CFU/mL and 1,300 µL, respectively (solid pink line). The retrieved sample 

is in 100 µL PBS (solid red line). Three other measured fluorescence intensities (colored 

dashed lines, marked as Cref) indicate the stained bacteria stock solution with a 

concentration of 2.22 × 107, 4.44× 107, and 1.11× 108 CFU/mL, respectively. These 

references are used to calculate the concentration factor. Inset: Uncorrected emission curve 



XVII 
 

of filtered solution. (b) Fluorescence intensity versus bacteria concentration. The estimated 

concentration factor is 13 and the evaluated concentration factor is ~11. Error bars are 

standard error of the mean. (c) Fluorescence microscope image of original solution (left); 

filtered solution (middle); retrieved (right). Scale bar: 10 µm. Reprinted from [94]. ···· 67 

Figure 4.8 (a) The investigation on the trapping efficiency as a function of various E. coli 

bacteria concentrations, under a flow rate of 8 µL/min. (b) The linearity of three 

concentrations tested (from high to low: 5.55 × 108, 1.11 × 108, and 2.22 × 107 CFU/mL). 

Reprinted from [94]. ··············································································· 69 

Figure 4.9 The washing process for retrieving the bacterial and magnetic beads from nano-

sieve channel. (a) The trapped beads and bacteria; (b) The washed channel by PBS. Scale 

bar: 4 mm. ·························································································· 72 

 

Figure 5.1 (a) Schematic of the microbeads packed nano-sieve device for the separation of 

blood cells and plasma. (b) Micrograph of the multiplexing nano-sieve system for plasma 

separation and RBCs retrieval. Reprinted from [195].········································ 81 

Figure 5.2 The experimental procedure for separating plasma and retrieving RBCs from 

whole blood. (a) Beads stacking in the channel; (b) RBCs separation; (c) RBCs and 

microbeads collection; (d) RBCs extraction. Reprinted from [195]. ······················· 82 

Figure 5.3 (a) Fluorescence microscope images of the packed microbeads in nano-sieve at 

various flow rates (20-60 µL/min) and PDMS curing agent/base ratio (1:5 to 1:20). 

Reprinted from [195]. ············································································· 82 

Figure 5.4 Measured volume and maximum height of the microbeads packed nano-sieve 

by OCT with curing agent/base ratio of: (a)1:5; (b) 1:10; and (c) 1:20. Reprinted from [195].

········································································································ 83 

Figure 5.5 Measured mechanical properties of PDMS with a curing agent/base ratio 

ranging from 1:5 to 1:20: (a) Hardness. (b) Calculated elastic modulus. Reprinted from 

[195]. ································································································ 84 

Figure 5.6 Force analysis of a single microbead sandwiched between two deformable 

surfaces. Reprinted from [195]. ·································································· 84 

Figure 5.7 “Leaked” (red) versus “unleaked” nano-sieve (blue) at various flow rates 

observed under a fluorescence microscope. The grey dashed line is the “leaking” boundary 

based on the theoretical prediction, agreeing with the experimental results. Reprinted from 

[195]. ································································································ 86 

Figure 5.8 (a) Optical micrograph of a working nano-sieve for the isolation of plasma. The 

fluids at the outlet are more transparent as blood cells are removed. (b) Bright-field 

microscope image showing the microbeads pattern and captured RBCs: (i) low 

magnification; (ii) high magnification. (c) Microscope image of (i) original whole blood 

showing a high concentration of RBCs; (ii) Filtered plasma solution without RBCs. (iii) 

Retrieved RBCs from the nano-sieve. Reprinted from [195]. ······························· 87 

 



XVIII 
 

Figure 6.1 The process flow of fabricating a pneumatically-controlled nano-sieve device, 

including the creation of nano-sieve channel (Top row), the PDMS pneumatic chamber 

(Middle row), and a PDMS thin film (Bottom row). ········································· 102 

Figure 6.2 (a) The optical picture of an experimental multi-channel nano-sieve device 

filled with food dye. (b) The stacked beads array secured by the pneumatic layer with 

positive pressure (b-i) and the beads released by the pneumatic layer with negative pressure.

······································································································· 103 

Figure 6.3 (a) Optical picture of E.coli-spiked whole blood before (left tube) and after 

(right tube) RBCs removal. (b) Fluorescence of the spiked bacteria before (b-i) and after 

(b-ii) removing RBCs from whole blood. The inserts show the comparison of RBCs density 

accordingly. ························································································ 104 

Figure 6.4 (a) Distribution of trapped bacteria under various low magnifications. The white 

arrow indicates the flow direction, and the yellow dashed line shows the region of 5 µm 

microbeads. The red dashed line is the interface of different sizes of microbeads. (b) 

Bacteria density before (b-i) and after (b-ii) nano-sieve filtering. ························· 105 

Figure 6.5 The time-lapse fluorescent images display the distribution of MRSA bacteria 

under the dynamic  processing at the time of 30 minutes (a) and 60 minutes (b). The white 

arrow shows the flow direction. The green dots represent the MRSA bacteria stained by 

green dye. ·························································································· 106 

Figure 6.6 The optical picture of multi-channels (blue dashed lines) nano-sieve device with 

a pneumatically-controlled layer (red dashed lines). Each channel has a magnetic beads 

array with various size of 5 µm and 10 µm in order. ········································ 106 

Figure 6.7 The procedure of bacterial lysis and DNA purification by using the functional 

magnetic beads. ··················································································· 108 

Figure 6.8 The schematic presents the mechanism of RPA amplification process, including 

(a) primers binding; (b) recombinase-mediated strand displacement and Primer extension; 

(c) amplification and strand displacement. ···················································· 109 

Figure 6.9 The schematic shows the mechanism of CRISPR-Cas12a system to cleave the 

target DNA and ssDNA with fluorophore-quencher molecules for a visual detection. The 

ssDNA probe is linked with fluorophore-quencher molecules. The crRNA means a guided 

RNA that is designed to be complementary for the target DNA sequence. ··············· 110 

Figure 6.10 (a) The quantitative data plotted by introducing the fluorescence intensity 

versus various bacterial concentration from 103 to 101 CFU/mL. "NTC" refers to no 

template control. The data are represented as mean ± standard deviation (n=3). For 

statistical analysis, ns, not significant = p > 0.05; * = 0.01 < p ≤ 0.05; ** = 0.001 < p ≤ 

0.01; **** = p ≤ 0.0001. (b) The endpoint image displays the visual detection by presenting 

the yellow-green fluorescence signal under the ultraviolet light. ·························· 111 

 

Figure 7.1 (a) Schematic of the pneumatic controlled nano-sieve device. (b) SEM image 

of the microgrooves inside the channel with a feature size of 5 μm. (c) Schematic of the 

microgrooves patterned on the glass substrate with the introduced nanoparticles. (d) TEM 



XIX 
 

image of the applied quantum dots. (e) Photograph of the channel: after target capture (e-

i) and after target release (e-ii). Reprinted from .············································· 125 

Figure 7.2 (A) The integrated fluorometer used to measure the auto-fluorescence signal 

from the trapped C. reinhardtii cells. (B) The auto-fluorescence intensity of C. reinhardtii 

cells under continuous excitation: (B-i) 0-50 s; (B-ii) 50-100 s; (B-iii) 100-150 s; (B-iv) 

150-200 s; (B-v) 200-250 s. The background signal without C. reinhardtii cells is ~1.9x103 

a.u., which is over a full order of magnitude lower than the signal observed with C. 

reinhardtii cells. Reprinted from [93]. ························································· 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XX 
 

LIST OF TABLES 

 

Table 1.1. Physical characteristics of main blood components regarding a sepsis-causing 

pathogen (E.coli) [19]. ·············································································· 4 

 

Table 4.1 Conversion of E. coli cell number from cells/mL to CFU/mL [94].············ 57 

 

Table 6.1 List of synthetic oligos sequence used in this study. ···························· 100 

Table 6.2 Concentration factor after the bacterial retrieval by nano-sieve device. ······ 107 

 

Table A.1 Bill of Materials ····································································· 146 



1 
 

Chapter 1. General Introduction 

 

The content of this chapter provides an overview of the current landscape of antibiotic 

resistance and the relevant-septic infections, highlighting the magnitude of the problem and 

its impact on public health. It examines the advantages of microfluidic platforms and their 

potential applications in the field of bloodstream infections, such as sepsis. Additionally, 

this chapter also discusses the limitations of existing bacterial purification methods and the 

need to improve techniques for a rapid detection of antibiotic-resistant strains, meanwhile 

introducing a combined molecular technology for rapidly and specifically identifying the 

target bacteria with very low concentration.  
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1.1 Background 

Antibiotic-resistant bacteria (ARB) is defined as the ability of bacteria or other 

microorganisms to develop resistance mechanisms against the specific antibiotics, which 

means the ARB can survive themselves and continue to grow by defeating the antibiotic 

drugs. Nowadays, the emergence and dissemination of ARB has become a rising concern 

for human health globally. The life-threatening bloodstream infections (BSI) caused by 

ARB, such as sepsis, have gradually led to increased treatment costs for patients [1], the 

longer hospitalization [2], [3], and most seriously, it could result in much higher rates of 

morbidity and mortality [4]–[6]. For example, sepsis is a leading cause of death and 

hospitalization due to sepsis costs the healthcare system more than any other conditions in 

the United States [7]–[9]. An early and rapid recognition of those ARB causing the sepsis 

should be achieved for the appropriate treatments, since the mortality rate from sepsis 

would be increased by 7.6% per hour if the treatment is delayed [10].  

Additionally, the incorrect prescription, including overuse and misuse of broad-

spectrum antibiotics in hospitals, is significantly accelerating the evolution of ARB to 

further reduce the effectiveness and reliability of antibiotic treatment for infectious patients 

[11]. Furthermore, developing new-generation antibiotics is still a challenge, as fewer 

pharmaceutical companies are engaged in the process of developing new antibiotics since 

the 1990s, resulting in a resistant development of bacteria outpacing human innovation 

[12]. The first list of antibiotic-resistant “priority pathogens” was announced by the World 

Health Organization (WHO), to particularly highlight ARB have built-in abilities to disable 

the antibiotic treatments [13]. And these ARB can transmit the genetic material to other 

bacteria, leading to the generation of new ARB. Currently, antibiotic-resistant infections  
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Figure 1.1 The overview of current diagnostic workflow for BSI, including 1) samples from patient 

blood (5 - 10 mL) cultured in nutrient rich media (25 mL) for the presence of a pathogen; 2) the 

identification of pathogens based on culture methods or molecular methods; 3) the determination 

of antibiotic susceptibility. Reprinted from [14].  

 

approximately cause the death of 700,000 people each year worldwide. According to a 

projected analysis, the global mortality rate could reach at 10 million each year by 2050 

and lead to economic loss of $100 trillion annually if no actions are taken to restrict 

antibiotic-resistance infections or develop new-generation antibiotics [15]–[17]. To reduce 

the mortality rates for BSI and the economic burden on the healthcare system, the 

identification of those ARB at an early stage could help clinicians preserve the high 

efficacy of existing antibiotics for patients who urgently need them, meanwhile it could 

shortly guide clinicians to prescribe the appropriate antibiotics and avoid the application of 

broad-spectrum antibiotics [18], [19].  

1.2 The Current Diagnostic Workflow for BSI 

Currently, blood culture remains the gold standard diagnostic method for the detection of 

BSI [20]. As an example, the dianostic workflow of sepsis, as displayed in Figure 1.1,  
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Table 1.1. Physical characteristics of main blood components regarding a sepsis-causing 

pathogen (E.coli) [14]. 

Components  Size (µm) 
Concentration 

(cells/mL) 
Density (g/mL) 

Red blood cells (RBCs) 7.5 - 8.7 (diameter) 3.7 - 5.8 × 109 1.086 - 1.122 

White blood cells (WBCs) 7 - 20 (diameter) 3.0 - 11.7 × 106 1.057 - 1.092 

Platelets  1.5 - 3 (diameter) 2.0 - 4.0 × 108 1.072 - 1.077 

Plasma  - - 1.024 

E. coli 1 - 3 (length) < 10 1.105 

 

mainly consists of 1) pathogen presence by blood culture method, 2) species identification 

by molecular methods or culture-beads methods, 3) antibiotic susceptibility profiling. 

Briefly, the blood culture involves the incubation of a patient's blood sample in a culture 

medium, which supports the growth of microorganisms. If pathogens are present in the 

bloodstream, they can proliferates within the culture medium, leading to visible signs of 

growth. It usually needs the time longer than 12 hours, up to 5 days, which depends on the 

growth rate of the specific pathogens causing the infection [21], [22]. After the presence of 

those pathogens through a blood culture, the specific identification and the characteristics 

of antibiotic susceptibility for pathogens are necessary to be proceeded, so that guding the 

clinicians to most effectively treating sepsis infections. For instance, the traditional culture-

based methods requires at least 24 hours for the identification process [23]. Despite the 

excellent sensitivity, the time to diagnose the infectious diseases is extremly long and it 

can only detect bacteria that readily grow under culture conditions [24], [25].  
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On the other hand, the anticipated emergence of molecular methods can enable the 

rapid species-level identification and characterization of antibiotic resistance for specific 

pathogens in a time period from 2 to 7.5 hours after the blood culture positivity [26], [27]. 

Therefore, this technical improvement could help clinicians to more rapidly determine the 

transition of therapy from a broad-spectrum antibiotic to a targeted antibiotic, leading to 

the more effiecient treatment for sepsis in a time manner. However, the purification of 

target bacteria from whole blood still remains a pressing technical challenge, since whole 

blood is a complicated biological medium, as shwon in Table 1.1, consisting of red blood 

cells (RBCs), white blood cells (WBCs), platlets, and other biological molecules [28]. It is 

noted that the largest challenge in purifying target bacteria from whole blood may be the 

extremely high concentration of RBCs, in which a single bacteria is heavily outnumbered 

due to a very low concentration of bacteria from the blood of patient in sepsis (1 - 100  

CFU/mL in adults) [20]. On the other hand, some of these biological materials, such as 

platlets and proteins, may inhibit or interfere with the sensitivity of the molecluar detection 

through light scattering and competitive binding or blocking [29], [30].  

1.3 Microfluidic Platform as a Powerful Tool for Diagnosing BSI  

1.3.1 Bacteria Separation from Blood 

In the last decade, the field of microfluidics has gained significant attention as a 

promising technology for biomedical research and clinical diagnostics of bacteremia such 

as sepsis. Microfluidics enables the manipulation of either small volume or large volume 

of fluids, offering precise control over fluid flow and analysis. The inherent advantages of 

microfluidics, such as high throughput and compatibility with automation, make it an ideal  
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Figure 1.2 The schematic of microfluidic platform is based on soft inertial separation, presenting 

the curved and focused sample flow segment and the inertial force on fluid element. The image on 

top-left corner shows the curved and focused sample flow segment visualized by fluorescent dye. 

Reprinted from [31]. 

 

platform for addressing the challenges associated with simultaneous purification and 

detection of multiple bacterial targets.  

There are several examples in the literature reporting the separation of target bacteria 

from blood samples, depending on the migration of RBCs and particle focusing. The 

microfluidic devices established well in these cases are combined with inertial force [32], 

[33], hydrodynamics [34], [35], electrophoresis [36], [37], or acoustics [38], [39], aiming 

to efficiently isolate and detect target bacteria from blood samples. For example, Wu et al. 

present the bacteria separation from dilute blood samples by changing the fluid and particle 

momentum [31], where the massive blood cells were deflected more than bacteria, so that 

selectively isolating and obtaining the bacteria (Figure 1.2). Although the good separation  

was successfully achieved in this study, the final dilution of blood samples was reported 

around 1:1000. Mach and Di Carlo reported a massively parallel filtering system, 

consisting of forty 2-stage channels to reach the high filtering rate of 8 mL/min (or of 1 

µL/min in a  single channel, as exhibited in Figure 1.3), based on inertial lift forces to  
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Figure 1.3 The proposed device showing inertial focusing amplification for particle separation with 

a straight channel design with one inlet and three outlets. The separation process includes the 

migration of large particles by inertial lift to equilibrium positions, RBC migration closer to the 

channel wall, and collection of RBCs at the side outlets and bacteria at the middle outlet. Reprinted 

from [40]. 

 

separate the target bacteria from dilute blood [40]. By removing about 88% of RBCs with 

losing some bacteria, the bacteria with a high concentration of 108 CFU/mL were separated 

from diluted blood, but with the recovery rate of 80%. However, these methods require the 

dilute blood samples with extremely large volumes (such as dilution rate with 1:200 and 

1:1000), and the capacity of these devices could be limited by the applied flow rate per 

channel related to the rapid and effective separation under the inertial microfluidics. All 

these factors further result in a longer processing period of isolating target bacteria, 

potentially losing more bacteria during the microfluidic processing.  

In the case of electrophoresis and acoustic approaches, Cheng et al. developed a new 

method to separate specific bacteria (S. aureus and P. aeruginosa) from blood cells 

dependent on arrays of quadruple electrodes [41]. Bacteria can be trapped at the center of 

electrodes while blood cells migrate away from the center. The captured bacteria can be  
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Figure 1.4 (a)  Bacteria separation from RBC-bacteria mixture and the concentration of bacteria at 

the central area without RBC. (b) The SERS spectra of RBC, RBC-bacteria mixture, and the S. 

aureus dielectrokinetically separated from blood. Reprinted from [41]. 

 

Figure 1.5 Illustration of acoustic separation of bacteria from blood. The mixture of bacteria and 

blood flows from the side inlets in laminar flow while a density-matched buffer flows in the center 

inlet. Acoustophoresis causes the blood cells (red and white blood cells) to migrate laterally toward 

the center of the channel and out the center outlet, while bacteria respond weakly to the acoustic 

field to the side outlets. Reprinted from [38]. 

 

 

identified by collecting gold nanoparticles with the bacteria at the center by using surface 

enhanced Raman spectroscopy, as displayed in Figure 1.4. However, this technique is 

challenged by the need of sufficient signal-to-noise for the detection, which corresponds to 

the diluted blood with a high concentration of target bacteria. Most recently, Dow et al. 

performed the purification of bacteria from blood via acoustophoresis in a plastic 

microfluidic chip, then detecting the target bacteria using engineered bacteriophage 
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luminescence assay that needs to be prepared over 48 hours [38], as shown in Figure 1.5. 

Their system can achieve a 40-60% yield of bacteria spiked into blood samples, meanwhile 

leading to red blood cell removal of 85-95%. However, all these approaches need either 

complicated design and fabrication or supplementary instruments to generate practical 

devices with high complexity, not enabling to be the excellent candidates for separating 

the sepsis-causing pathogens with low concentration from whole blood for point-of-care 

(POC) environments.  

1.3.2 On-chip Detection Followed by Microfluidic Separation  

Nowadays, the integration of on-chip pathogen detection techniques with microfluidic 

separation holds significant promise for sepsis diagnostics, potentially simplifying the 

current diagnostic workflow and reducing the time-to-diagnosis for rapid identification 

of sepsis-causing pathogens. This combined technique would shortly modulate the 

imperial treatment with the targeted therapy, further improving the outcomes of sepsis-

infectious patients.  

From the literature, only a few reports demonstrating the integration of enriched 

bacteria and on-chip detection platform. To the best of our knowledge, most research 

studies, which is over 85%, are unable to integrate the microfluidic separation of sepsis-

causing pathogens with on-chip detection [14]. As would be impressive, Cooper et al. 

demonstrated a strategy for efficiently isolating target bacteria (C. albicans fungal cells) 

through microfluidic channels, captured by immunomagnetic beads coated with 

mannose binding lectin (MBL) [42]. Afterwards, the on-chip optimized approach was 

applied to optically identify the isolated beads and bacteria on a homogenous layer 

within the microchannel. In their study, a 98% of the fungal pathogens were separated 
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from the initial blood samples with the concentration of 10-100 cells/mL [42]. However, 

the limitation of optically detecting the captured pathogens is still existing, due to the 

high ratio (1000:1) of mixing the functional magnetic beads with pathogens, so that 

only achieving the detection of 67% in 1:1 diluted blood sample and of 68% in saline. 

Alternatively, Cai et al. creatively produced a dielectrophoresis-coupled microfluidic 

device equipped with on-chip PCR array for multiplexing detections of target bacteria 

(E. coli). The high-concentration bacteria spiked into diluted blood were tested, finally 

leading to the capture efficiency of 70.9% (1:10 diluted blood) and 91.5% (1:100 

diluted blood), respectively [43]. Using dielectrophoresis for the separation process, 

the captured bacteria were subsequently mixed with the PCR reagents pro-loaded in 

the device. Followed by in situ thermocycling, the identification of target bacteria was 

proceeded by a fluorescent readout [43].  

While the studies mentioned above can successfully isolate target bacteria from 

diluted blood samples, Cooper et al. offered an optical detection with the critical 

limitation of highly dense pile of beads and Cai et al. was not testing the low-

concentration sample by their on-chip PCR detection system, so that not enabling an 

efficient and direct identification of sepsis-causing pathogen under the condition of 

extremely low concentration (1 - 100 CFU/mL in adults) [20].  

1.3.3 Downstream (off-chip) Analysis for Detecting Target Bacteria 

On the other hand, although many other investigations can successfully separate the 

target bacteria from blood, in those cases, the off-chip imaging process or 

characterization, such as microscope technologies [44] and molecular methods [45], 

still are required for quantitatively identifying the target bacteria.  
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Figure 1.6 The schematic of labeling RPA in solution as a molecular detection technique: two 

oligonucleotide primers form a complex with a recombinase (green ovals) and are directed to 

homologous sequences on the target sequence where they can invade the DNA double strand. The 

polymerase (blue) elongates the strand for the duplication. RPA runs continuously at 38 °C. A 

labeling of amplification product is achieved by using a reverse primer coupled with a Cy5 reporter 

dye (red). Reprinted from [46]. 

 

Molecular diagnostic technology has been widely used for bacteria identification 

due to their numerous advantages over traditional methods [47], [48], such as high 

accuracy and specificity, for targeting the specific genetic marker or DNA sequences 

unique to the bacteria of interest. Moreover, the processing time based on molecular 

methods can be optimized within several hours, compared with the culture-based 

methods. 

During recent years, the rapid development of biotechnology has attracted more 

attentions of researchers for faster and more accurate detection of pathogenic bacteria. 

For instance, polymerase chain reaction (PCR), which is amplification-based nucleic 

acid tests (NAT)[49], can exhibit the superior performance for detecting about 10 types 

of bacteria down to 10 CFU/mL from patient blood samples within four hours [50]–

[52]. However, this technique requires the complicated and accurate thermocycles to  
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Figure 1.7 Schematic illustration of CRISPR/Cas12 mechanism. The Cas12 protein only needs 

CRISRP-RNA (crRNA) to create double-stranded breaks (DSBs). Cas12 protein cleaves the target 

region beside an adjacent protospacer motif (PAM) sequence (CTA, TTN, TTTN) with the help of 

the RuvC and nuclease lobe (NUC) domains. Once Cas12 is active, R-loop can be initiated, which 

forms base-pair (bp) hybridization between the crRNA and the target DNA strand. During this step, 

Cas12 matches the < 17 bp of the target sequence and leads to an R-loop formation. Once R-loop 

is formed, the Cas12 protein uses its active RuvC domain and generates a staggering cut in the non-

target strand with the help of the PAM sequence. (RuvC stands for an E. coli protein involved in 

DNA repair). Reprinted from [53]. 

 

rapidly shuttle the temperature between 95 °C and 50 °C, as well as skilled technicians 

to operate the tests [54]. To address these drawbacks, the isothermal amplification 

technique has been developed to be more remarkable in its simplicity, multiplexing 

capacity, and extremely rapid amplification. For example, recombinase polymerase 

amplification (RPA) could be an excellent candidate, as a molecular detection method 

as shown in Figure 1.6, to run at a constant and low temperature of 37 °C - 42 °C, 

which is the optimal temperature for the process of amplifying target DNAs or RNAs 

[55]. Especially, even the body temperature can also activate the amplification process 

as needed [56], and the limit of detection can be reached to detect as low as 10 copies 

of genomic DNA of methicillin-resistant Staphylococcus Aureus (MRSA) sample, 

under the processing time of 30 mins  [57]. These features make it suitable for the 

source-limited setting or remote area for pathogen detection.  
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On the other hand, CRISPR-Cas (clustered regularly interspaced short palindromic 

repeats and CRISPR-associated proteins) system is a revolutionary gene editing 

technology in recent years [58]–[63]. CRISPR are regions of DNA sequences found in 

the genomes of bacteria and other microorganisms [64], and Cas are enzymes that work 

together with CRISPR to facilitate DNA editing. CRISPR-Cas12 technique, as shown 

in Figure 1.7, has drawn more and more attention to highly specific and rapid 

diagnostics of bacterial targets [65], [66]. Once recognizing the DNA targets, Cas 

nucleases are activated to indiscriminately cleave non-desired single-stranded nucleic 

acid molecules, which has been widely applied to detect the specific DNA by 

nonspecifically degrading a reporter DNA [67], [68]. Particularly, CRISPR-Cas 

method characterized with specific binding activity and high cleavage has been 

developed to rapidly and precisely detect various target bacteria (e.g., Escherichia coli 

and Methicillin-resistant Staphylococcus aureus), by combining with other detection 

techniques such as fluorescence-based reading [69], [70] and electrochemistry 

workstations [71], [72].  

Therefore, integrating CRISPR-Cas system with RPA, could be potentially a versatile 

platform of a relatively rapid, specific, and highly sensitive detection technology, 

leading to the molecular identification of sepsis-causing pathogens.  
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Figure 1.8 The designed device based on deformable microfluidics. (a) The schematic presenting 

a proposed “nano-sieve” filtering system based on hydrodynamic deformation of PDMS roof. (b) 

The device modeled by Solidworks consists of a PDMS layer on the top and a glass substrate on 

the bottom. Blue dots mean the applied particles pumped into the channel, then trapped by the 

deformable PDMS roof. Red arrows present the flow direction. 

 

1.4 Motivation and Objectives of This Study 

1.4.1 Motivation 

The diagnosis of sepsis is still extremely challenging as the isolation of low 

concentration pathogens from bodily fluids such as whole blood is difficult, and 

typically relies on time-consuming and complicated isolation processes. In this study, 

the aim is to explore the potential of microfluidics as a powerful tool for rapid 

purification of ARB from whole blood samples. The unique features of microfluidic 

devices, such as miniaturization and integration of multiple functionalities, would 

provide a microfluidic platform for a rapid and efficient isolation and characterization  

of bacteria from complex biological matrices, such as human whole blood. Regarding 

the detection of those ARB after purification, the integration of CRISPR-Cas system  
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with RPA could offer a fast, specific, and sensitive identification of purified targe 

bacteria obtained from a functional microfluidic platform, so that achieving a fast and 

efficient purification and detection of ARB from whole blood for early diagnosis and 

treatment of sepsis.   

1.4.2 Objectives of This Study 

In this study, a novel and deformable microfluidic device, named nano-sieve, was 

proposed here (Figure 1.8), which could be further optimized for efficient and rapid 

purification of target bacteria from whole blood, integrated with the detection 

technology based on molecular methods (e.g., RPA/CRISPR-Cas system) for accurate 

identification of sepsis-causing pathogens. Several objectives are stated as below: 

Objective #1  

The idea of designing a microfluidic-based platform with a deformable microchannel 

is proposed. The theoretical model is established to investigate the capture efficiency 

in terms of channel depth and microparticle size, respectively, during the microparticle 

trapping process. On the other hand, the practical device is designed and fabricated to 

study the fundamental mechanism of dynamic microfluidics, by introducing rigid 

particles and soft cells into the nano-sieve channel. The trapping efficiency can be 

subsequently evaluated by investigating the amounts of microparticles captured by 

nano-sieve and the one collected through the waste outlet. This established model is 

also discussed for further optimizing the microfluidics of nano-sieve, offering a 

guidance to potentially trap the target bacteria. 
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Objective #2 

The established nano-sieve device is subsequently optimized by collaborating with a 

three-dimensional (3-D) magnetic beads-assistant microstructure within the 

microfluidic channel for efficiently trapping, retrieving, and concentrating Escherichia 

coli (E. coli) from bacteria suspension in PBS and blood plasma. The stained E.coli 

bacteria are applied to evaluate the capability of this new filtering system under various 

flow rates given by the syringe pump. Additionally, the technology of computational 

fluid dynamics (CFD) and 3-D optical tomography are employed to explore the 

construction of stacked beads within the deformed nano-sieve channel, aiming to 

understand the mechanism of deformable microfluidics during the bacteria separation 

process.  

Objective #3 

The target bacteria could be isolated and purified from bacteria-spiked whole blood. 

Firstly, only 10 µm magnetic beads are chosen to form 3-D microstructure for filtering 

red blood cells (RBCs), as RBCs make up about 45% of blood that should be filtered 

out from blood samples to prevent the clogging issue. It is supposed that bacteria with 

much smaller size than RBCs can pass through the voids between 10 µm beads. To 

achieve this goal, the microbead-packed deformable microfluidic system was tested for 

efficiently separating RBCs and obtaining highly purified plasma from whole blood, as 

well as retrieving captured blood cells from the device. Additionally, a highly accurate 

model is constructed to help understand the relationship between the mechanical 

properties of the microfluidics, flow rate, and microbeads packing/leaking based on the 
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microscope imaging and the optical coherence tomography (OCT) scanning. These all 

investigations is aiming to develop a reliable beads-stacked nano-sieve device for 

efficiently purifying and concentrating the target bacteria from whole blood. 

Objective #4  

The nano-sieve device is further developed by adding the pneumatic layer, to better 

secure the beads stackings for a robust process of purifying bacteria from the initial 

samples. In addition, it is found that an immunomagnetic assay can be employed for a 

fast and effective separation of blood cells from whole blood, while not reacting with 

target bacteria. In this study, the microfluidic motion inside this developed nano-sieve 

device is also investigated by computational fluid dynamics (CFD) and operational 

experiments, enabling the reliable beads stacking and efficient capture of target bacteria 

under a higher flow rate. The purified and concentrated bacteria from blood samples, 

with the employment of an optimized multiplexing filtering process via the 

pneumatically-regulated nano-sieve device, were specifically identified by RPA-

CRISPR/Cas assay. Importantly, a rapid, sensitive, and specific detection can be 

visually achieved when dealing with a low-concentration bacteria (e.g., MRSA) blood 

sample, potentially leading to the application of on-chip detection for sepsis diagnosis.  
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Chapter 2. Theoretical Model on Microparticle Trapping and Releasing in 

a Deformable Nano-sieve Channel 

 

Part of the content in this Chapter reprinted with the permission from “Chen, X., Falzon, 

L., Zhang, J., Zhang, X., Wang, R.Q. and Du, K., 2019. Experimental and theoretical study 

on the microparticle trapping and release in a deformable nano-sieve channel. 

Nanotechnology, 31(5), p.05LT0.” 

 

This chapter demonstrates the fundamental principles of trapping and releasing 

microparticles by the deformable microfluidics, covering the physics and design aspects of 

a desired microfluidic device. A theoretical model was established, based on computational 

fluid dynamics (CFD), to reveal the capture efficiency as a function of the dimensions of 

channel and the size of microparticles in diameter. The various geometries and flow rates 

were applied to the designed nano-sieve device that reacted with microparticles, then 

comparing with the theoretical data to further optimize the next generation deformable 

microfluidics for the efficient microstructure manipulation.  
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2.1 Introduction 

Deformable microfluidics is an emerging field within microfluidics that focuses on the 

development and utilization of microfluidic devices with deformable elements. These 

deformable elements, such as flexible membranes, hydrogels, or elastomers, allow for 

dynamic control and manipulation of fluid flow, sample handling, and device functionality 

[73]–[75]. By integrating the principles of microfluidics with deformable materials, 

researchers have been able to create innovative platforms with enhanced capabilities and 

unique functionalities. 

Theoretical models play a critical role in understanding and predicting the behavior of 

deformable micro-/nano-fluidic systems. These models could provide a framework for 

analyzing the fluid flow, deformation, and mechanical properties of the deformable 

elements within the micro-/nano-fluidic device. They offer valuable insights into the 

underlying physics and mechanics governing the system's behavior, enabling the design, 

optimization, and customization of deformable micro-/nano-fluidic devices for specific 

applications. 

The lack of a theoretical model for investigating the capture efficiency of a deformable 

microfluidics could result in significant particle loss and reduced performance within a 

practical device, such as the nano-sieve device proposed in this study, ultimately limiting 

the widespread application of deformable micro-/nano-fluidics. First, even though 

hydrodynamically induced fluid–solid deformation in shallow microfluidic systems has 

been reported before, no size-selective sieves have been previously designed to take 

advantage of the continually varying deformation pattern. Second, to maximize the flow 

rate for rapid processing of a large sample volume, a deformable microchannel with an 
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extremely low aspect-ratio (height/width) is often preferred. These types of microchannels 

or nanochannels with increased widths usually suffer from significant deformation patterns 

and fail to maintain their trapping efficiency owing to unexpected particle losses. These 

two problems require us to build a theoretical model to explore the complicated fluid–

structure interaction and control undesired deformations. Moreover, a reliable model can 

guide designers to achieve the required deformation for particle size-selective trapping. 

Therefore, in this study, we first introduced a high-flow rate nano-sieve device with an 

extremely low aspect ratio of 1:2000 for size-selective microparticle trapping and 

established a theoretical model based on a fluorescence detection of the microparticles to 

evaluate the design of deformable nano-sieve device with potential applications in optical 

waveguide [76], size-based filtration [77], and biomedical imaging [78]. 

2.2 Material and Methods 

Polydimethylsiloxane (PDMS, SYLGARDTM 184) was purchased from Ellsworth 

Adhesives, WI, USA. The fluorescent microspheres with the diameter of 5 µm were 

obtained from Thermo Fisher Scientific, MA, USA. The glass wafer (D263, 550 µm in 

thickness, double side polished) were received from University Wafer, MA, USA.  

2.2.1 Fabrication of nano-sieve device 

Briefly, a 1 µm thick silicon oxide was deposited on the surface of cleaned glass wafer 

via chemical vapor deposition (AME P5000), then a positive photoresist (PR) layer was 

spin-coated on top. Followed by standard photolithography for transferring the channel 

pattern (2 mm × 8 mm) onto the PR layer, silicon oxide was wet-etched by  
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buffered oxide etching (BOE) with the etching rate of 163 nm/min to create the nano-

sieve channel. The mixture of BOE solution consists of 49% hydrofluoric acid (HF) 

and 40% ammonium fluoride (NH4F). After striping the PR layer by soaking in acetone 

solution, the nano-sieve channel was ready for binding with PDMS block, which was 

mixed with the base and the curing agent at a ratio of 10:1. A 5 mm thick PDMS block 

was cured in the oven at 85 °C overnight, the inlet and outlet were opened by using a 

biopsy punch (1 mm in diameter). Finally, the PDMS was bonded onto the glass 

substrate by applying corona treater (Electro-Technic Products) with a baking process 

at 100 °C for 2 hours.  

2.2.2 Microparticles trapping process 

The fluorescent particles at 5 µm in diameter were prepared in DI water with the desired 

concentration of ~9 × 106 particles/mL. Those particles were pumped into the channel 

by a syringe pump under various flow rates from 20 µL/min to 120 µL/min. The waste 

liquid was collected from the outlet of channel for further fluorescent measurement.  

2.2.3 Spectrofluorometric Characterization  

The fluorescent intensity of initial solution (5 µm particles, 100 µL) was measured by 

using a JASCO FP-8500 spectrofluorometer with the excitation wavelength of 480 nm. 

The raw data was then exported and replotted for the quantitative analysis, so that 

evaluating the capture efficiency by comparing the intensity peaks between initial 

solution and waste solution.   
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Figure 2.1 The schematic of deformable microchannel with a compliant cover, where H is the 

initial height of microchannel, L is the length of microchannel, and W is the width of microchannel. 

u is the deformation of the top roof. Reprinted from [79]. 

 

2.3 Results and Discussion 

To explore the fundamental principles of trapping and releasing microparticles by the 

deformable microfluidics, our theoretical model was first proposed and created dependent 

on the fluid-structure interaction problem with a Stokes flow in a microchannel finished 

with a compliant cover (Figure 2.1). The streamwise velocity can be obtained using 

classical theory, i.e. 

𝑣𝑧 =
1

2𝜇
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where p is the pressure, µ is the dynamic viscosity, and vz is the flow velocity along the 

channel, H is the original depth of the channel, and u is the deformation height of the top 

roof. The flow rate Q can be found by integrating Eq. 2.1, 
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Due to the pressure gradient inside the channel, the PDMS cover curves upward and forms 

a slope from the inlet toward the outlet. The deformation of the top roof can be described 

by the Kirchhoff–Love equation for isotropic quasi-static bending of a plate under a 

transverse load due to the fluid pressure, with the assumption that channel length is much 

greater than the width, 

𝑢(𝑥, 𝑧) =
𝑝(𝑧)

24𝐵
(𝑥 +

𝑊

2
)

2

(𝑥 −
𝑊

2
)

2

 (2.3) 

where 𝐵 =
𝐸𝑡3

12(1−𝜈2)
 is the bending energy, E is the Young’s modulus and 𝜈 = 0.5 is the 

Poisson ratio of the material (PDMS), W is the channel width.  

Inserting Eq 2.3 into Eq 2.2, we can solve the equation for p to the leading order, assuming 

the top roof is stiff, 

𝑝(𝑧) =
24𝐵𝐻

𝑊4 (√(
𝑊4𝑝0

24𝐵𝐻
+ 10)

2

+
10𝜇𝑊3𝑄

𝐵𝐻4
(𝐿 − 𝑧) − 10)   (2.4) 

The outlet has a pressure drop due to the geometry and a connecting tube, so we used an 

empirical model similar to Darcy-Weisbach equation to quantify, 

                  𝑝0 = 𝐶 ⋅
𝜇𝑄

𝐷4. (2.5) 

If p0 = 0, the present derivation becomes the same as the theoretical model developed by 

Christov et al. [80], which has been verified with experiments. To calibrate the model, we 

estimate the area that the particles can enter, which can be obtained by letting 

𝑢 + 𝐻 = 𝑑,                                                        (2.6) 
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Figure 2.2 The fabrication process of a single channel for nano-sieve device. The SEM image with 

low-magnification and high-magnification to confirm the final height of microchannel. Reprinted 

from [79]. 

 

where d is the particle diameter. So the area that allows particle to enter is bounded by x = 

xc(z), which can be expressed as 

𝑥𝑐 = {±𝑊 [
1

4
− (

𝑑

𝐻
− 1)

1/2

(√(
𝑊4𝑝0

24𝐵𝐻
+ 10)

2

+
10𝜇𝑊3𝑄

𝐵𝐻4
(𝐿 − 𝑧) − 10)

−1/2

]

1/2

(𝑄 > 𝑄𝑐)

0 (𝑄 < 𝑄𝑐)

.            (2.7) 

To determine the constant C in Eq 2.5, a practical microchannel was then fabricated 

(as shown in Figure 2.2) and tested by using the 5 µm fluorescent microparticles that were  
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Figure 2.3 The experimental deposition of particles within the microchannel. Left: a high-

magnification image showing the highly-concentrated particles around the inlet. Middle: the entire 

profile of deposited particles within the fabricated microchannel. Right: a high-magnification 

image showing the concentrated particles close to the outlet. The dashed light-gold lines present 

the edges of channel. The white dashed-parabolic line means the predicted particle distribution of 

the developed theoretical model. Scale bar: 1 mm. Reprinted from [79]. 

 

pumped into the channel. Eq 2.7 was plotted in Figure 2.3 with white dashed-parabolic 

line. The value of C was determined to be 2.1 × 105. As shown in the Figure 2.3, the shape 

of the theoretical prediction closely matches the florescent particle area, thus indicating 

that our theoretical model can accurately predict particle trapping in the experimental 

observations. The transportation and trapping of particles inside the channel are a 

complicated process and is difficult to model. To fully understand this complicated system, 

high-resolution computational fluid dynamics is required [81]–[83]. Herein, a generalized 

semi-empirical model was developed. We first classify the flow into two types: filtered and 

escaping flows. The filtered flow indicates that the particles carried in the flow have been 

trapped in the nano-sieve and that no particles are contained. The escaping flow exits the 

nano-sieve without filtration, allowing the contained particles to escape. The escaping flow 

rate can be estimated by integration 
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𝑄𝑒𝑠𝑐𝑎𝑝𝑒 = ∫ ∫ 𝑣𝑧(𝐿)𝑑𝑦𝑑𝑥
𝐻+𝑢

0

𝑥𝑐(𝐿)

−𝑥𝑐(𝐿)
=

25𝑄

12𝑊𝐻3(𝛽 + 10)
∫ (𝐻 + 𝑢(𝐿))

3
𝑥𝑐(𝐿)

−𝑥𝑐(𝐿)
𝑑𝑥 

=
25𝑄

12(𝛽+10)
∑ 𝐶𝑛 (

𝑥𝑐(𝐿)

𝑊
)
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7
𝑛=1  (2.8) 

The trapping efficiency is estimated by 

    𝜂 = 1 − 𝜀
𝑄𝑙𝑒𝑎𝑘

𝑄
= 1 − 𝜀

∑ 𝐶𝑛(
𝑥𝑐(𝐿)

𝑊
)

2𝑛−1
7
𝑛=1

∑ 𝐶𝑛(
1

2
)

2𝑛−1
7
𝑛=1

    (2.9) 

where the coefficient 𝜀 is used to quantify the effect that particles can be trapped at the 

inlet and the inaccuracy of the flow classification, and 

𝐶1 =
(𝛽+16)3

2048
 ,     (2.10) 

𝐶2 = −
𝛽(𝛽+16)2

256
,     (2.11) 

𝐶3 =
3𝛽(5𝛽2+96𝛽+256)

640
,     (2.12) 

𝐶4 = −
𝛽2(5𝛽+48)

56
,     (2.13) 

𝐶5 =
𝛽2(5𝛽+16)

24
,     (2.14) 

𝐶6 = −
3𝛽3

11
,      (2.15) 

𝐶7 =
2𝛽3

13
,          (2.16) 
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Figure 2.4 The capture efficiency of experimental results (solid red) and theoretical calculations 

(patterned blue) under various flow rates applied. Inset: the fluorescence intensity of serial dilution 

of the original microparticles solution that was applied for calculating the capture efficiency. Error 

bars are the standard deviation of the mean. Reprinted from [79]. 

 

𝛽 =
𝐶𝜇𝑄𝑊4

24𝐵𝐻𝐷4.      (2.17) 

To calculate the trapping efficiency, the fluorescence intensity of the serially diluted 

microparticle solution was measured with a spectrofluorometer, and the results are plotted 

in the inset of Figure 2.4. The fluorescence intensity of the supernatant collected from the 

nano-sieve was also measured. The trapping efficiency was then determined by subtracting 

the signal from the supernatant. As shown in Figure 2.4 (solid red), the measured 

efficiency is 99% at 20 µL/min and drops to 58% at 35 µL/min, thus demonstrating 1) a 

substantial inflation of the PDMS layer along the transverse direction, and 2) microparticle 

release. The efficiency is further reduced to 21% under a flow rate of 120 µL/min. The 

calculated efficiency is 100% at 20 µL/min, 52% at 35 µL/min, and 20% at 120 µL/min 

(patterned blue), when ɛ = 0.775 is applied in Eq 2.9. The microparticle trapping efficiency  
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Figure 2.5 The capture efficiency of experimental results (purple) versus theoretical calculation 

with three different channel height. Error bars are the standard deviation of the mean. Reprinted 

from [79]. 

 

vs. nano-sieve channel height is shown in Figure 2.5. We tested nano-sieve devices with 

channel height ranging from 0.5-2.5 µm. At a flow rate of 20 µL/min, the measured capture 

efficiencies are 99% for 0.5 µm channel, 99% for 1 µm channel, and 93% for 2.5 µm 

channel, respectively. These agree with our theoretical prediction. Thus, our model based 

on a circular boundary can accurately predict the trapping efficiency of microparticles at 

various flow rates and channel heights.  

With this highly accurate theoretical model, we can predict the trapping efficiency of 

the nano-sieve for a wide range of geometries. Based on the current design, we calculated 

the dependence on trapping efficiency when the initial slit height or particle diameters 

varied. Figure 2.6(a) shows that the trapping efficiency can be decreased at increasing 

flow rates and/or initial slit heights. Furthermore, the 100% trapping efficiency exhibits a  
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Figure 2.6 The calculated capture efficiency based on the developed theoretical model. (a) the 

channel height as a function of flow rates. (b) the particle size versus flow rates. Reprinted from 

[79]. 

 

straight-line boundary, with a maximum flow rate of 39 µL/min for 100% trapping 

efficiency. The trapping efficiency decreases more dramatically with the increased flow 

rate at a lower initial slit height. Figure 2.6(b) shows the trapping efficiency dependence 

on the particle size and flow rate. This shows that lower flow rates are required to capture 

smaller particles and that the trapping efficiency drops rapidly as a function of the flow 

rate. Figure 2.6(b) further indicates that if multi-size particles are injected into the device 

(poly-dispersion), particles with different sizes will have different trapping efficiencies 
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assuming that interactions between them can be ignored. This can be used to partially 

separate deposited particles moving into the device. The distribution of the trapping 

positions of different size particles will also differ. Future studies are required to verify 

whether nano-sieve device would be able to separate particles with closer discrepancy of 

dimensions.   

2.4 Conclusion 

In this study, the fluorescent microparticle trapping efficiency in a super shallow nano-

sieve was experimentally measured to validate the theoretical model. To further optimize 

nano-sieve microfluidics, this established model was used to understand the channel 

deformation at different flow rates. As a result, the calculated capture efficiency was very 

closely matched to the experimental data. This robust model can successfully predict the 

trapping efficiency change at various flow rates and channel heights. We further developed 

general guidelines for next generation deformable microfluidics to isolate and release 

micro- and nano-particles with different channel heights and flow rates that can be 

extensively used for nanotechnology and biomedical engineering applications. 
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Chapter 3. Experimental Study on Microparticles Trapping and Releasing 

by a Robust Nano-sieve Device 

 

Part of the content in this Chapter reprinted with the permission from “Korensky, G., Chen, 

X., Bao, M., Miller, A., Lapizco ‐ Encinas, B., Park, M. and Du, K., 2021. Single 

Chlamydomonas reinhardtii cell separation from bacterial cells and auto‐fluorescence 

tracking with a nanosieve device. Electrophoresis, 42(1-2), pp.95-102.” and “Chen, X., 

Falzon, L., Zhang, J., Zhang, X., Wang, R.Q. and Du, K., 2019. Experimental and 

theoretical study on the microparticle trapping and release in a deformable nano-sieve 

channel. Nanotechnology, 31(5), p.05LT01.” 

 

 

This chapter elucidates the optimized fabrication techniques and materials employed in 

microfluidic chip production, to generate an extremely high aspect ratio of 1:10,000 

(height : width), along with the characterization methods for assessing the performance of 

nano-sieve device. This chapter also provides a discussion for the capability of nano-sieve 

device by evaluating the capture efficiency for the rigid microparticles and soft cells, under 

various flow rates. These experimental data could give a guidance to develop the nano-

sieve filtering system for those desired targets.   
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3.1 Introduction 

Deformable microfluidics have drawn considerable scientific interest in the recent past. 

The excellent tunability of deformable microfluidic devices can provide controllable 

capture, deposition, and target release. In the field of nanotechnology and biomedical 

engineering, the size-selective micro/nanoparticles separation and deposition are required 

by the specific particle size distributions [84], [85]. Currently, flow cytometry [86], 

electrophoresis [87], and remotely applied magnets [88] are commonly used for particle 

separation. but these approaches need complicated design and expensive external actuation. 

For instance, the separation of microparticles by electrophoresis needs the high alternating 

current voltage that can modify the physical and chemical properties of target particles [89], 

so that impacting the downstream analysis of those targets. The physical filtration with 

membrane is extensively employed to isolate the particles by size. However, this approach 

is difficult to be integrated with a planar and micro/nano device without the leakage, 

leading to the inefficient filtration. Additionally, the extraction of trapped particles from 

membrane is still a challenge for processing and imaging the downstream samples [90]. 

An emerging solution for efficient size-selective particle trapping and manipulation is 

the use of a deformable microfluidic chamber with a physical barrier. This design does not 

require complicated instruments to operate, and has been used for clog-free filtration of 

cancer cells [91], as a Stokes flow rectifier [92], and as an optofluidics sensing device [93]. 

Unlike a rigid microchannel, which can generate sealing and clogging issues, a deformable 

microchannel can be programmed to change the geometry for precise particle release and 

deposition [94]. 
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Figure 3.1 Illustration of two methods for collapse-free nanoslit. (a) without glass support on the 

side of PDMS, roof collapse occurs as shown in inset; (b) with glass support on the side of PDMS, 

the stable roof is achieved. (c) the method of wafer filling to successfully create the nanoslit 

channels. Reprinted from [95].  

 

On the other hand, a rapid and robust fabrications of nano-slits or nanochannels using 

PDMS photolithography have recently generated great interest for single-cell genomic 

analysis [96] and individual bacteria trapping [97]. However, the fabrication of 

successfully creating nanostructures combined with PDMS still remains challenging due 

to the structural flexibility of PDMS and the surface adhesion energy. Lee, J. Y., et al. 

demonstrated two approaches to achieve the stabilization of PDMS nano-slits with a low 

aspect ratio (130 nm in height/100 µm in width) of 1:770 [95]. One method of glass support 

was applied by placing a glass slide on the other side of PDMS device during the bonding 

process (Figure 3.1(a) and (b)), which is effective to avoid roof collapse in the case of 340 

nm × 60 µm nano-slit with the aspect ratio of 1:176; another method of water filling, as 

shown in Figure 3.1(c), was used by slightly bending the glass substrate and filling the  
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Figure 3.2 The fabrication flow of two-step sealing-and-reinforcement bonding paradigm for two 

different approaches that are used to create the SU-8 microchannel by photolithography (left) and 

the glass wet etching (right): the microchannel sidewalls are created through SU-8 

photolithography (as) or glass wet etching (ag). At the sealing step, a PET film coated with a thin 

layer of SU-8 seals the microchannel sidewalls (S1,s and S1,g). The chip is then illuminated by UV 

light and post-exposure baking to cure the adhesive layer (S2,s and S2,g). The slight SU-8 reflow 

can cause the round corners from the cross-sectional view. At the reinforcement step, a glass 

substrate coated with a SU-8 layer is attached to the bare side of the PET film (R1,s and R1,g). The 

sample is then illuminated by UV light and post-exposure baking to cure the adhesive layer at the 

bonding interface of the reinforcement glass and the PET film (R2,s and R2,g). Reprinted from 

[98]. 

 

water into the gap between PDMS and substrate, which achieve a robust bonding in the 

case of 100 µm 130 nm × 100 µm nano-slit with the aspect ratio of 770:1. However, these 

approaches are not effective for the case requiring the lower width/height ratio (maximum 

ratio of 770:1) and needs the more precise control during the process of plasma treatment, 

otherwise, the leakage may occur due to the weak bonding process. Additionally, 

Mehboudi, A. and Yeom, J. developed a new bonding strategy based on the application of 

low-temperature and low-pressure SU-8 bonding and a thin flexible film of polyethylene  
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Figure 3.3 The fabrication process of nano-sieve device by using a dual photolithography. 

Reprinted from [99]. 

 

terephthalate (PET), to fabricate a microfluidic device for separating 3 µm and 10 µm 

particles, as shown in Figure 3.2. But the leaking issue could occur due to the defects of 

trapped air bubbles and small particles, thus leading to the failed separation of particles 

during the experiments [98]. 

In this chapter, it is noted that a one-dimensional nano-sieve device was successfully 

fabricated with an extremely low aspect ratio of 1:10,000 by introducing a sacrificial layer 

of positive photoresist (Figure 3.3), which was developed from the previous fabricated 

device with the ratio of 1:2,000 [79]. The size-selective capture and release of micro- and 

nano-particles were achieved by simply adjusting the flow rates. From the experiments, 

almost all the microparticles (~99%) were trapped in the nano-sieve device at a flow rate 
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of 20 µL/min. Increasing the flow rate induced a hydrodynamic deformation of the PDMS 

roof, leading to the loss of microparticles through the outlet. On the contrary, the 

nanoparticles were passing through the nano-sieve channel from the outlet, regardless of 

the applied flow rates. Additionally, soft cells, such as the mixture of microalgae and 

bacteria, were also introduced into nano-sieve channel to estimate the capture efficiency, 

potentially achieving the separation of cells by their size.  

3.2 Material and methods 

3.2.1 Nano-device fabrication 

The nano-sieve device was fabricated on a glass substrate. Briefly, 200 nm of tetraethyl 

orthosilicate (TEOS) was deposited on a 6-inch glass wafer (University Wafer, Inc., 

MA, USA) by using Plasma Enhanced Chemical Vapor Deposition (AME P5000). 

First an adhesion promoter (hexamethyldisilazane, HMDS) was coated on the TEOS 

layer, followed by the spin coating of ~1 µm thick positive photoresist (PR, AZ Mir™ 

701) on the substrate. Then, soft bake was applied at 95 °C for 60 s, followed by 

standard photolithography patterning. After that, the wafer was baked at 100 °C for 60 

s and developed by using CD-26 developer (Rohm and Haas Electronic Materials LLC, 

MA, USA) for 1 min. Buffered Oxide Etching (BOE) was used to etch TEOS layer 

with an etching rate of ~163.2 nm/min. The sample was immersed into acetone for 1 

min to completely remove the PR layer, followed by isopropyl alcohol (IPA) rinsing 

and cleaning for 15 - 20 s. Finally, the sample was dried by nitrogen gas. To avoid roof 

collapsing, a sacrificial PR layer (~ 1 µm in thickness) was patterned on the etched 

nano-sieve channel by standard photolithography. To seal the channel, 

Polydimethylsiloxane (PDMS, SYLGARD™ 184, Krayden Inc., CO, USA) base and 
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curing agent were mixed with a ratio of 10:1 and cast to a final thickness of ~3 mm.  

The PDMS layer was cured at 100 °C for 45 min. Inlet and outlet holes were created in 

the PDMS using a biopsy punch (Miltex Biopsy Punch,1 mm in diameter). Eventually, 

the PDMS layer was permanently bonded on the glass substrate via oxygen plasma 

treatment (Electro-Technic Products Inc., IL, USA). Before on-chip experiments, 

acetone was injected into the nano-sieve channel under low pressure to dissolve the 

sacrificial PR layer within several seconds, followed by rinsing the entire channel with 

Deionized (DI) water.  

3.2.2 Preparation of microparticles and nanoparticles 

The fluorescent microparticles (diameter ∼ 5 μm, concentration ∼ 9 × 106 particles/mL 

(1:1), ~ 1.8 × 106 particles/mL (1:5), and ~ 9 × 105 particles/mL (1:10) and the 

fluorescent nanoparticles (diameter ∼100 nm, concentration ∼5.5 × 1011 particles/mL) 

were chosen for evaluating the capability of “nano-sieve” device for capturing and 

release particles. These particles were re-suspended in deionized (DI) water. Each 800 

μL particles aliquot was introduced into the “nano-sieve” channel using a syringe pump 

(Harvard Apparatus) under a flow rate set from 20 - 120 μL/min.  

3.2.1 E. coli culture and staining 

Escherichia coli (E. coli, ATCC 25922) cells were cultured at 37 °C for 14-15 hours , 

until they achieved an optical density (OD) of 0.5-0.6 (absorption peak: 600 nm). This 

OD number corresponds to a concentration of ~1.71 × 108 cells/mL or ~6.3 x 107 

CFU/mL. E. coli cells were then stained with fluorescent dye for imaging. Briefly, 1 

mL of E. coli sample was centrifuged at 2000 g for 5 min. The supernatant was then 

replaced by fresh PBS buffer. We added 4 µL of the BacLight dye into PBS-based E. 
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coli solution, followed by vortexing for 10 - 15 s. The stained E. coli cells were 

incubated at room temperature for 20 min and centrifuged again for 5 min, followed by 

the depletion of the supernatant. Finally, the E. coli cells were re-suspended in 500 µL 

PBS, ready for on-chip experiments.  

3.2.2 C. reinhardtii cell culture 

Bacteria-free C. reinhardtii cells and Chlamydomonas culture media were acquired 

from Carolina Biological Supply (Burlington, NC).  The medium inoculated with C. 

reinhardtii cells was vortexed for 5 min to ensure uniform cell distribution. After that, 

C. reinhardtii cells were transferred to a separate vial which was previously sterilized 

with 100% ethanol and washed thoroughly with DI water. The C. reinhardtii cells were 

stored under a white fluorescent light (~40 W/cm2) at room temperature with the cap 

of the vial loosened to maintain air flow but avoid contamination.  

3.2.3 C. reinhardtii cell trapping 

We pumped 200 µL of C. reinhardtii cells into the nano-sieve device by using a syringe 

pump (WPI SP220I) with a flow rate ranging from 4 - 8 µL/min. The filtered 

supernatant was collected in an Eppendorf tube and the auto-fluorescence intensity was 

measured immediately using a Spectrofluorometer. The signal difference between the 

stock solution and the filtered supernatant was used to indicate the capture efficiency. 

The nano-sieve channel was also imaged under an Amscope XD-RFL microscope 

(Irvine, CA) at 4x magnification to determine the overall deposition profile of the C. 

reinhardtii cells. The concentrated area of the deposited C. reinhardtii cells was imaged 

at 40x magnification for a more useful local density comparison. 
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3.2.4 Spectrofluorometric Characterization  

The fluorescent intensity of initial solution and waste solution from both 5 µm and 100 

nm particles was measured by using a JASCO FP-8500 spectrofluorometer with the 

excitation wavelength of 480 nm. 300 µL of C. reinhardtii cells were transferred into 

a 1 mL Eppendorf tube and vortexed for 30 s to further distribute the cells throughout 

the media. Then, 100 µL of the cells from the tube were transferred to a cuvette and 

used JASCO FP-8500 Spectrofluorometer to check the fluorescence intensity of the 

stock solution. The raw data was then exported for plotting the quantitative chart, so 

that evaluating the capture efficiency by comparing the intensity peaks between initial 

solution and waste solution.   

3.2.5 SEM imaging 

The fabricated nano-sieve channel was imaged using a scanning electron microscopy 

(SEM, Tescan Mira3). A thin metal film (~5 nm) was coated on the surface of the 

sample by using an SPI-ModuleTM Sputter Coater. For high resolution imaging, the 

applied voltage was set at 20 kV.  

3.3 Experimental results  

In this study, a fabrication flow regarding the double-photolithography patterning, as 

shown in Figure 3.3, was applied to fabricate a nano-sieve channel, meanwhile eliminating 

the PDMS roof collapsing during the channel sealing process. The Figure 3.4(a-i) presents 

the channel coated by a PR layer of ~1 µm in thickness. And Figure 3.4(a-ii) shows the 

channel not coated by a specific PR layer, easily leading to PMDS collapsing after plasma 

treatment, which permanently causes the channel blocking. A successfully fabricated 

“nano-sieve” channel with 200 nm in thickness (Figure 3.4(b)) was used to study the  
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Figure 3.4 (a) Microscope images of the sacrificial PR layer before (a-i) and after (a-ii) the acetone 

washing. (b) SEM images display the sacrificial PR layer in the channel with low magnification 

(b-i) and the channel height with high magnification. (c) The measured air flow rate versus the 

applied pressure in the nano-sieve channel with (red bars) and without (blue patterned bars) PR 

layer. The inset shows more details of the measurement regarding air flow rate. Reprinted from 

[99]. 

 

microparticle trapping controlled by hydrodynamic deformation of PDMS roof. A 

pressure-controlled system integrated with air flow sensor was used to monitor the air 

fluxion in the “nano-sieve” channel with and without a sacrificial PR layer, respectively.  

As presented in Figure 3.4(c), the applied air pressure was set from 3.0 to 7.0 Psi with the 

interval of 1.0 Psi. The air flow measurements were expressed by the unit of sccm (standard 

cubic centimeters per minute). The “nano-sieve” channel fabricated without PR shows the 

measured rate of air flow (blue patterned bar) ranged from ~20 to ~100 sccm. It is 

significantly higher than the rate of air flow (red bar) measured from the PR-patterned 

channel that exhibits an extremely low rate (only from ~ 1.1 to ~2.3 sccm). This data 

presents that the channel blocking caused by PDMS collapsing during channel sealing 

procedure can build up a very high flow resistance. Thus, the “nano-sieve” channel can be  
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Figure 3.5 (a) Fluorescent particles trapped in the channel with a parabolic pattern (a-i) toward the 

outlet. The inlet area: highly-concentrated particles were deposited (a-ii). Scale bar: 1 mm. (b) 

Fluorescent particles solution before (left) and after (after) filtration. Reprinted from [79]. 

 

successfully fabricated by a double-photolithography patterning method for the testing of 

microfluidic hydrodynamics. 

3.3.1 Microparticles and nanoparticles trapping and releasing 

 A series of experiments were performed to build and validate our fluid–solid 

deformation model. For example, fluorescent microparticles with the diameter of 5 µm 

and  concentration ~9 × 106 particles/mL were pumped into the micro-and nanofluidic 

device at various flow rates. Under a flow rate of 20 µL/min, ~99% of the 

microparticles are trapped within the device as shown in Figure 3.5(a). Most 

microparticles are concentrated  
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Figure 3.6 The measurement of fluorescent intensity from the filtered supernatant as a function of 

various flow rates. Inset: SEM image shows dried microparticles applied with the diameter of 5 µm 

(scale bar: 5 µm). Reprinted from [79]. 

  

at the inlet region of the nano-sieve (inset), and the migration of microparticles into the 

channel is observed due to the PDMS deformation and inertial forces. Before 

introduced into the device, the microparticles are suspended in deionized (DI) water, 

leading to uniform fluorescence emission (left), as illustrated in Figure 3.5(b). 

However, the filtered supernatant changes to a transparent color (right), thus indicating 

the efficient trapping of microparticles by the device. 

We measured the fluorescence intensity of 800 µL microparticles (diameter ~5 µm) 

with concentrations of 9 × 106 particles/mL (1:1), 1.8 × 106 particles/mL (1:5), and 9 × 

105 particles/mL (1:10) by a JASCO FP–8500 spectrofluorometer at excitation peak of 

480 nm. Each 800 µL microparticles aliquot (1:1) was pumped into the nano-sieve 

device using a syringe pump (Harvard Apparatus) with a flow rate ranging from 20 to  
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Figure 3.7 The measurement of fluorescent intensity from the filtered supernatant as a function of 

various flow rates. Inset: SEM image shows dried nanoparticles applied with the diameter of 100 

nm (scale bar: 100 nm). Reprinted from [79]. 

 

120 µL/min. The filtered supernatants were collected and then measured by the 

spectrofluorometer. As shown in Figure 3.6, when a flow rate of 20 µL/min is applied, 

the peak intensity of the supernatant at ~518 nm was only ~55 counts. This 

demonstrates that almost all the microparticles were trapped in the fluidic chamber. 

However, the measured fluorescence intensity increases with the increased flow rates, 

thus demonstrating an increased particle loss for a significantly deformed device.  

To prove that the filtering phenomenon is determined by the nano-sieve 

deformation and trapping instead of the particle clogging or absorption, we pumped 

800 µL aliquots with nanoparticles (diameter ~100 nm) with a concentration of 5.5 × 

1011 particles/mL (1:1) into the nano-sieve device at different flow rates in the range of  
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Figure 3.8 Schematic of experimental design for nano-sieve device trapping C. reinhardtii cells; 

(B) The optical micrograph exhibiting the practical device (left); the blue food dye is filled within 

the entire channel (right). Reprinted from [99]. 

 

20 to 120 µL/min, and measured the fluorescence signal of the supernatants. As shown 

in Figure 3.7, the peak intensity of the filtered supernatants remains at ~4,000 counts, 

regardless of the flow rate. Because the channel depth is 1 µm, the 100 nm diameter of 

the fluorescent nanoparticles can easily pass through the nano-sieve device without 

trapping.  

3.3.2 Soft cells separation  

The schematic of the experimental design is shown in Figure 3.8(a). C. reinhardtii 

cells were pumped into a shallow and wide nano-sieve channel with a low height of 

~200 nm, which is specially designed for soft cells separation. Since the diameter of 

the C. reinhardtii cells is ~10 µm, they were trapped in the shallow channel as a 

monolayer, allowing cell media to be flowed toward the outlet. The micrograph of the  
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Figure 3.9 (a-i) The filtered solution and original solution collected in the centrifuge tube. The 

microscope images show the density of cells before (a-ii) and after (a-iii) the filtering process. (b) 

The C. reinhardtii cells trapped within the nano-sieve channel. The white arrow indicates the flow 

direction. The white dashed parabola shows the profile of the trapped cells. The enlarged region 

shows the dense C. reinhardtii cells. Reprinted from [99]. 

 

nano-sieve device is shown in Figure 3.8(b). Each channel has dimensions of 2 mm by 

12 mm, which enables the patterning of ~30 channels on a single wafer for high 

throughput experiments. Before experiments, channels were filled with blue food dye 

to confirm there were no leaks. As shown in Figure 3.9(a-i), before on-chip 

experiments, original C. reinhardtii cells show light green color (white dashed box). 

On the other hand, the collected supernatant solution from the nano-sieve outlet shows 

transparent color, with insignificant change in solution volume. A brightfield 

microscope was used to image the original solution and filtered supernatant, which are 

presented in Figure 3.9(a-ii) and Figure 3.9(a-iii), respectively. Compared with 

original solution, the filtered solution has very few cells, demonstrating that the nano- 
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Figure 3.10 (A) The C. reinhardtii cells capture efficiency as a function of various applied flow 

rates of (a) 4 µL/min; (b) 6 µL/min; (c) 8 µL/min, respectively. Reprinted from [99]. 

 

sieve device can efficiently trap C. reinhardtii cells.  The C. reinhardtii cells trapped 

within the nano-sieve device were also imaged. As shown in Figure 3.9(b), the C. 

reinhardtii cells are uniformly patterned with a parabolic profile on their deposition 

boundary (dashed white line), which is in agreement with a previously investigated 

theoretical model for channel deformation [79].  

The auto-fluorescence spectrum of the C. reinhardtii solution (before and after 

being pumped through the nano-sieve) in terms of the applied flow rate is shown in 

Figure 3.10. The auto-fluorescence intensities of original and supernatant solution 

were compared by using a spectrofluorometer with an excitation wavelength of 488 nm. 

With a flow rate of 4 µL/min, most of the C. reinhardtii cells were trapped in the nano-

sieve device as the fluorescence intensity dropped from ~13 to ~3 counts (Figure 

3.10(a)). The cell capture efficiency decreases by increased flow rate. For example, 

with a flow rate of 6 µL/min, the fluorescence intensity dropped from ~13 to ~5 counts, 

indicating some of cell leaking (Figure 3.10(b)). At a flow rate of 8 µL/min, the  
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Figure 3.11 The mixture of E. coli and C. reinhardtii cell separated by nano-sieve device, under 

the applied flow rate from (a) 4 µL/min; (b) 6 µL/min; (c) 8 µL/min, respectively. The blue curve 

represents original solution, and the orange curve shows the filtered supernatant. Reprinted from 

[99]. 

 

supernatant intensity reached to 15 counts that is comparable with the stock solution 

(Figure 3.10(c)), demonstrating most of the cells were flowed out from the outlet.  

The nano-sieve device can also be used to separate microalgae and bacteria. A 

labeled E. coli and C. reinhardtii cell mixture was pumped into the nano-sieve device. 

As shown in Figure 3.11, the mixture solution shows two distinct fluorescence peaks: 

the labeled E. coli cells emit at 520 nm and the C. reinhardtii cells emit at 680 nm. 

After on-chip experiments, almost all the E. coli cells passed through the nano-sieve 

with a flow rate ranging from 4 to 8 µL/min (Figure 3.11(a) to Figure 3.11(c)), as the 

peak of measured intensity of base solution is very close to the one of collected 

supernatant. However, the C. reinhardtii cells were trapped in the device by comparing 

with the supernatant showing no significant fluorescence peak at 680 nm. 

3.4 Discussion  

Our cell trapping approach depends on a wide but shallow nano-sieve channel and is 

achieved by continuously flowing the microparticles and the cells into the channel without 



48 
 

clogging and leaking issues. Moreover, we can adjust the height and deformation of such 

a channel, making it possible to separate and study different types of cells, such as various 

sizes. Figure 3.9(b) demonstrates that the trapped C. reinhardtii cells have larger fringe in 

size than the cells in the cell media, indicating deformation caused by the flexible PDMS 

roof. Therefore, our nano-sieve is capable of quantitatively investigating cell mechanics by 

only tuning the PDMS deformation [100], [101]. This setup also can find application in 

examining the metabolic and physiological responses of trapped microalgae cells to 

external chemical or mechanical stimuli [102], [103]. 

One of the main challenges of the fabrication of the shallow nano-sieve device is the 

bonding between the PDMS roof and the glass substrate. A positive PR layer was used as 

a sacrificial layer to cover the etched nano-sieve channel. Thus, oxygen plasma treatment 

only generated the hydroxyl functional group on the substrate outside of the etched channel. 

After baking to fully seal the channel, a solvent such as acetone was used to easily dissolve 

the sacrificial layer. By using this simple and direct approach, the nano-sieves are able to 

be patterned with an extremely low aspect ratio of 1:10,000 (height: width) without the 

issue of collapsing PDMS roof. As shown in Figure 3.4(c), without roof collapsing, the 

entire channel is completely open for the applied air to pass through, as the measured air 

flow in the channel is as low as ~2.3 sccm, indicating an extremely low resistance built in 

the channel. On the other hand, roof collapsing after plasma bonding leads to the closure 

of the channel. Consequently, the measured air flow rate is as high as ~100 sccm. This high 

resistance presented in the blocked channel is responsible for the high air flow rate 

measured by the detector of the pressure control system. Furthermore, this type of 

extremely low aspect ratio nano-device can be further used for microparticle and pathogen 
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separation and reconfigurable optofluidics [104], [105]. As many channels can be patterned 

on a single chip, the channels can all be tested in parallel to increase the throughput. While 

throughput can be increased in this manner, the overall volume of cells that can be trapped 

is limited due to the small volume of the nano-sieve itself. Once an individual nano-sieve 

traps too many cells causing the sieve to clog, there is a chance that the pressure built up 

in the channel can force all materials trapped in the sieve to be removed and proceed into 

the supernatant. The flow rate through a single channel is also limited to several µL/min 

making single channel trapping a slow process. These are limitation at the single channel 

level that can be addressed by using multiple channels for higher volume trapping at greater 

rates.  

To explore microalgae as the next generation biofuel, it is important to keep microalgae 

population viable over a long period [106]. Microalgae populations can be adversely 

affected by bacteria populations and other forms of biological contaminants. For example, 

certain microbes can damage the microalgae cell wall and prevent its growth [107]–[109]. 

The deformable nano-sieve device can efficiently separate microalgae from bacteria, 

enabling controlled movement or trapping of microalgae while mitigating the presence of 

contaminants. Even though other microfluidic methods have been introduced for 

microalgae and bacteria separation, they typically require complicated microchannel 

design and characterizations of the fluid elasticity [110], [111]. Methods for the physical 

separation of much larger cells have taken advantage of the size difference of cells quite 

effectively, but not at the scale presented in this work [112], [113]. These devices also have 

more complicated geometries involving more lengthy fabrication processes compared to 

the nano-sieve to achieve the needs described in those works. In this nano-sieve, the 
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separation is achieved by fine-tuning the flow rate and hydrodynamic deformation of the 

device. As shown in Figure 3.11, almost all the contaminant bacteria cells were flowed 

toward the waste reservoir, without the loss of microalgae. However, micrographs taken 

before and after the mixed C. reinhardtii and E. coli solutions indicate that the amount of 

C. reinhardtii cells trapped in the channel was lower than solutions containing only C. 

reinhardtii, even though a significant amount of C. reinhardtii cells were still visible in the 

channel. This indicates that a portion of the C. reinhardtii cells were lysed when pumped 

through the channel with E. coli cells. This could have been caused by differences in size, 

shape, and velocity between E. coli cells and C. reinhardtii cells flowing through the 

channels. This may have resulted in the C. reinhardtii cells being speared by the E. Coli 

cells, since E. Coli cells are rod-like while C. reinhardtii cells are spherical. Alternatively, 

the C. reinhardtii and E. Coli solution could have been more densely packed due to the 

additional E. Coli causing the C. reinhardtii to have less room for deformation. 

Understanding this phenomenon is not the intention of this work but it is an interesting 

observation. 

3.5 Conclusion  

In this chapter, it is demonstrated that a super shallow nano-sieve device with the aspect 

ratio of 1:10,000 was successfully created for experimentally measuring the capture 

efficiency of microparticles and nanoparticles, by comparing the fluorescence intensity of 

solutions with the initial particles and filtered supernatants. Highly size-selective trapping 

(~99%) was achieved while applying 5 µm microparticles under the applied flow rate of 

20 µL/min. It is observed that a significant decrease of capture efficiency was related to 

the hydrodynamically induced deformation of microfluidic device due to the increased 
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flow rate. Under a flow rate of 120 µL/min, almost 80% of trapped particles were released  

and collected. The unique properties of the nano-sieve device can be used to release, 

concentrate, and collect the target molecules from the original samples for downstream 

analysis. Furthermore, this directly addresses the clogging issues that are of specific 

concern in filtration applications. On the other hand, it can be summarized that this novel 

nano-sieve device was introduced to efficiently and simply separate microalgae/bacteria at 

the sing-cell level, by using hydrodynamically controlled deformation. Taking advantage 

of deformable microfluidics, C. reinhardtii cells were trapped in the nano-device and 

subsequently separated from E. coli cells. In addition, the utilization of a sacrificial layer 

avoided channel collapsing and leaking issues while minimizing the flow resistance for the 

separation process. This fabrication process allows for the generation of many channels on 

the same chip to increase the overall testing throughput.  
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Chapter 4. A Three-dimensional (3-D) Bead-stacked Nanodevice for 

Rapidly Capturing and Retrieving Bacteria from Blood Plasma 

 

Reprinted with the permission from “Chen, X., Miller, A., Cao, S., Gan, Y., Zhang, J., He, 

Q., Wang, R.Q., Yong, X., Qin, P., Lapizco-Encinas, B.H. and Du, K., 2020. Rapid 

escherichia coli trapping and retrieval from bodily fluids via a three-dimensional bead-

stacked nanodevice. ACS applied materials & interfaces, 12(7), pp.7888-7896.” 

Copyright {2020} American Chemical Society. 

 

This chapter introduces a novel micro- and nanofluidic device with the stacked magnetic 

beads, which was developed to effectively and rapidly capture, concentrate, and retrieve E. 

coli from the bacterial suspension in PBS and pig plasma. The small voids between the 

magnetic beads are used to physically isolate the bacteria through the device. We used 

computational fluid dynamics (CFD), 3-D optical coherence tomography (OCT) 

technology, and machine learning to probe and explain the beads stacking in a small 3-D 

space under various flow rates. A combination of beads with different sizes is utilized to 

achieve a high capture efficiency (~86%) with a flow rate of 50 µL/min. Leveraging the 

high deformability of this device, the E. coli sample can be retrieved from the designated 

bacterial suspension by applying a higher flow rate, followed by rapid magnetic separation. 

This unique function is also utilized to concentrate the E. coli from the original bacterial 

suspension. An on-chip concentration factor of ~11× is achieved. Importantly, this 

multiplexed, miniaturized, inexpensive, and transparent device is easy to fabricate and 

operate, making it ideal for pathogen separation in both laboratory and POC settings.  
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4.1 Introduction 

Microorganisms such as Escherichia coli (E. coli) can cause fecal contamination in 

recreational and drinking water and post a high risk of disease transmission. Between 2003 

and 2012, 390 outbreaks of E. coli infections in the United States were reported, which 

resulted in nearly 176,000 distinct illnesses, more than 2,000 hospitalizations, and 33 

deaths [114], [115]. While E. coli infection can be treated with common antibiotics, some 

strains of this bacteria have developed resistance to antibiotics, leading to longer recovery 

times and even death. As the development of new antibiotics is slow and challenging, 

ARBs are gradually becoming one of the leading public health concerns. Currently, around 

700,000 people are killed each year due to antibiotic-resistant infections. Projected analysis 

indicates that if no action is taken to reverse this trend, the global mortality rate caused by 

ARB could rise to 10 million each year worldwide, leading to an annual loss of 100 trillion 

USD [15], [116].  

Typically, the phenotypic assays have been long used as a gold standard for identifying 

the bacteria species and antibiotic resistant profile. However, these tests require a long-

time period (at least 12 - 24 hours) from sample acquisition to assay results [117]. The 

study of rapidly and effectively identifying the ARB necessitates bacteria isolation, 

purification, and concentration from the clinical samples (e.g., saliva, urine, and whole 

blood), then followed by molecular analysis such as polymer chain reaction (PCR) [118], 

[119], enzyme-linked immunosorbent assay (ELISA) [120], [121], cell plating [122], [123], 

and microscopy [124], [125]. For instance, PCR approaches can offer the multiplexing 

assays and high sensitivity for rapid characterization of specific target bacteria. However, 
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it is difficult to detect the targets in the medium of blood by PCR analysis, as blood consists 

of complex components, including red blood cells, white blood cells, and platelets, to 

decrease the efficacy of the amplification process. ELISA microarrays can separate target 

bacteria via immunoaffinity of antibodies [126], but the activity of applied antibody could 

be limited by impurity of bodily fluids, leading to the low capture efficiency of target 

bacteria [127].  

Additionally, membrane-based filtration has been broadly used due to the advantages 

of cost-effectiveness, simplicity, and rapidity [128]. The captured target bacteria, however, 

is essential to be retrieved from the membrane by repeated buffer washing. This diluted 

bacteria sample needs technological development in analytical chemistry to lower the 

detection limit in turn. Therefore, the method for retrieving target bacteria in a small 

volume is required to increase the concentration of sample for detection. Moreover, the 

filtration based on multiple membranes is required to deal with blood samples, however, 

which could suffer from the clogging issue by the blood cells [129], [130]. Cell leakage is 

another challenge as the bacteria can deform to pass through the pores. In recent years, 

microfluidics-based approaches, such as inertial force separation,[131], [132] 

hydrodynamic separation,[133], [134] electrophoresis,[135], [136] and acoustics 

separation,[137], [138] have been developed to efficiently separate and detect pathogens; 

however, all of these methods have limitations and require either sophisticated microfluidic 

designs or complicated instruments. Therefore, physical barriers such as “T-junction” 

[139], [140] and micro-obstacle arrays [141], [142] were introduced to capture the cells 

from bodily fluids; yet, the sizes of most of the bacteria ranged between 0.5 to 5 µm, 

making the fabrication process challenging.[143] 
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We previously developed a deformable nano-sieve device for the rapid and size-

selective separation of microplastics . Deformation of this device was regulated by flow 

rate; thus, allowing efficient particle trapping and releasing. Therefore, by exploiting the 

highly efficient particle trapping of the nano-sieve, stacking of the beads is achieved by 

hydrodynamic flow at various flow rates, and the liquid-flow profile of the stack is imaged 

by optical coherence tomography [79]. Then, a novel machine learning method is applied 

to automatically reconstruct the 3-D topology within the device.[144] Our system can 

isolate and concentrate E. coli cells from either the bacterial suspension or pig plasma by 

physically capturing the bacteria in the beads assay. Remarkably, the captured bacteria are 

easily released from the device with flow rate induced channel deformation, followed by 

bead isolation with a magnet. An on-chip concentration factor of ~11× is achieved by 

concentrating the bacteria in 100 µL buffer from a 1,300 µL original sample. Utilization of 

this method allows for the rapid collection of the intact bacteria from patient samples for 

down-stream molecular diagnosis and imaging. More importantly, multiple nano-sieve 

devices can be patterned on a small chip by using standard microfabrication techniques and 

operated by a small syringe pump, leading to a simple, inexpensive, and multiplexed 

instrument for bacteria sample preparation, intended for POC settings. 

4.2 Materials and methods 

Polydimethylsiloxane (SYLGARDTM 184) was purchased from Krayden Inc., CO, USA. 

Glass wafer (D263, 550 µm, double side polished) was received from University Wafer, 

MA, USA. Magnetic beads with a diameter of 5 µm and 10 µm were ordered from Alpha 

Nanotech Inc, Vancouver, Canada. Magnetic beads with a diameter of 2.8 µm were 

purchased from Thermo Fisher Scientific, MA, USA. PBS (1× without calcium and 
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magnesium, PH 7.4 ± 0.1) was purchased from Corning Inc, NY, USA. The fluorescent 

dye (BacLight™ Green Bacterial Stain, excitation/emission: 480/525) was obtained from 

Thermo Fisher Scientific, MA, USA. The plasma solution (P2891-10 mL) was purchased 

from Sigma Aldrich, MO, USA, which was diluted by the ratio of 1:10, before running 

experiments.  

4.2.1 Nano-sieve device fabrication 

A thin layer of TEOS was deposited onto a cleaned glass wafer with a thickness of 200 

nm by using Plasma Enhanced Chemical Vapor Deposition. Then, positive resist (PR: 

AZ Mir 701) was spin-coated onto the TEOS layer with a thickness of ~1 µm. Standard 

lithography was used to pattern the nano-sieve, followed by the development process 

with CD-26 developer. Buffered oxide etching (BOE) was used to etch the TEOS layer, 

with an etching rate of ~2.72 nm/s for 75 seconds. Following that, PR was completely 

removed using the acetone solution, followed by isopropyl alcohol (IPA) rinsing for 

15-20 seconds and then nitrogen drying. A sacrificial layer of PR was patterned in the 

etched channel via standard lithography. PDMS base and curing agent were mixed at a 

ratio of 10:1 and then cured in an oven at 85 °C for 50 minutes. PDMS was casted to a 

final thickness of ~5 mm. The inlet and outlet holes were punched using a biopsy punch 

(diameter = 1 mm). Eventually, the PDMS was fused onto the fabricated glass substrate 

via an oxygen plasma treatment (Electro-Technic Products). 

4.2.2 Cell culture and labeling  

Escherichia coli (E. coli, ATCC 25922) cells were cultured for 14-15 hours in LB broth 

at 37 °C in a shaker incubator, until they reached an optical density (OD) of 0.5-0.6 

measured at 600 nm, which corresponded to an approximate cell concentration of  
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Table 4.1 Conversion of E. coli cell number from cells/mL to CFU/mL [104]. 

Number of 

colonies  
Dilution of 

factor  

Volume of 

culture 

plated (mL) 

Initial 

concentration 

(CFU/mL) 

Initial 

concentration 

(cells/mL) 

Factor of 

division 

1,000 10,000 0.1 1.00 × 10
8

 2.70 × 10
8

 2.70 

Formula 

[145] of 

calculation 
CFU/mL= (number of colonies × dilution factor) / volume of culture plate 

 

 

~1.71 × 108 cells/mL. E. coli cells exhibited a prolate shape and were 2.38 ± 0.32 µm 

long and 1.20 ± 0.21 µm wide. The cells were then stained with fluorescent dye to 

enable visualization. Briefly, a sample of 1 mL of cell culture was centrifuged in a 

microcentrifuge (VWR Galaxy Mini C1213) at 2000g for 5 minutes; then, the 

supernatant was discarded. The fresh PBS was applied in order to rinse and re-suspend 

the condensed cells. Subsequently, 4 µL of the BacLight dye was added into 1 mL of 

the PBS-based bacteria solution for staining the E. coli cells; then, the sample solution 

was vortexed for 10-15 seconds. The stained cells were incubated at room temperature 

for approximately 20 minutes, followed by centrifugation at 2000g for 5 minutes. 

Afterward, the supernatant was discarded, and the pellet of cells was rinsed again using 

fresh PBS to remove the excess dye. Finally, the cells were re-suspended in 0.5 mL of 

fresh PBS and ready for use in the experiment. Cell concentration expressed as CFU 

was determined by performing a series of dilutions of overnight liquid culture (OD = 

0.92, ~2.71 × 108 cells/mL). This culture was diluted 1:10 stock/mL four consecutive 

times. The most diluted culture (0.0001 stock/mL) was then plated on a solid LB agar 

petri dish and incubated for 24 hours at 37 °C. Following growth overnight, the number 
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of colonies was counted visually, and the resulting concentration was estimated as 1.00 

× 108 CFU/mL (Refer to Table 4.1). 

4.2.3 Bead stacking and bacteria-trapping 

A syringe pump (WPI, SP220I Syringe Pump) was used to inject magnetic beads into 

the nano-sieve channel. Subsequently, the bacteria solution was pumped into the 

channel using a syringe pump at various flow rates. The filtered waste was collected in 

a centrifuge tube. Afterward, fresh PBS was applied to wash the magnetic beads and 

bacteria out of the nano-sieve channel, then collected in another centrifuge tube that 

was held on a magnetic rack. The nano-sieve channel remained viable throughout the 

entire study, and no fluid leakage occurred from the inlet/outlet. 

4.2.4 CFD modeling 

The Eulerian multiphase model in FLUENT 19.2 was used to simulate the transport of 

the beads through the nano-sieve. Water flow was assumed as laminar flow since the 

maximum Reynolds number was less than 30. Velocity inlet and pressure outlet 

boundary conditions were applied to the inlet and outlet. The diameter and density of 

the beads used in the simulation were 10 µm and 2500 kg/m3, respectively. 

4.2.5 Tomography scanning 

Volumetric topology was evaluated with an optical coherence tomography system 

(OCT, Thorlab, Ganymede). This system used a near-infrared light source (790 nm to 

990 nm) to illuminate the bead sample. Volumetric structural information was 

reconstructed through the processes involved in background subtraction, λ domain to k 
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domain conversion, apodization, and inverse Fourier Transform. It was a label-free 

process, which covered a region of 3 × 6 × 1.94 mm3.  

4.2.6 Segmentation via machine learning 

In order to quantitatively measure the volume of beads in each flow rate, we devised 

an unsupervised machine learning tool for segmentation. Specifically, we integrated k-

mean clustering with the morphological operations, to automatically extract the 

boundary of the bead stack in 3-D space. K-mean clustering[146] learns the structural 

similarity within two clusters (groups) of pixels, background, and beads. Within the 

intensity space, Euclidean distance between the two groups of pixels was iteratively 

learned by adaptive justification, which determined if an unknown pixel belonged to 

the beads or not. The segmented boundary was further enhanced when morphological 

operations were applied to eliminate the noisy pixels at the edge of the beads. 

4.2.7 Spectrofluorometric characterization 

A spectrofluorometer (JASCO FP–8500) was used to measure the fluorescence 

intensity of the stained cells. The excitation wavelength was set at 480 nm, and the 

sensitivity was set at level “high” to measure all of the samples in this study. Spectral 

analysis software (Spectra Manager, JASCO corporation) was used to collect data from 

the spectrofluorometer.  

4.2.8 Fluorescence microscopy imaging 

The magnetic beads and bacteria samples were imaged with a high-speed camera 

(AxioCam MRc, Zeiss) mounted on the microscope (AmScope). The fluorescence 

power source and GFP filter kit were used to visualize the E.coli bacteria, which was  



60 
 

 

Figure 4.1 (a) Illustration of the magnetic beads stacked nano-sieve device for bacteria isolation: 

(a-i) beads trapped in the nano-sieve; (a-ii) pumping bacteria into the nano-sieve; (a-iii) bacteria 

retrieval via high flow rate buffer washing. (b) Magnetic beads trapping: (b-i) Experimental setup. 

Inset: photograph of beads stacked nano-sieve device. SEM images of the beads stacked nano-sieve 

channel: (b-ii) Left (high-magnification); (b-iii) Middle (low-magnification); (b-iv) Right (high-

magnification). Fluorescence microscope image of the channel before (c) and after (d) bacteria-

trapping. The white arrow indicates the flow direction. Reprinted from [104]. 

 

stained with a fluorescent dye. The lens magnification was set at 2.5× and 100×, with 

an exposure time of 100 ms. 

4.2.9 Scanning electron microscopy (SEM) 

SEM (Tescan Mira3) was used to image the magnetic beads in the nano-sieve channel. 

Samples were mounted onto the specific holder using the copper taper. Then, ~200 nm 

of metal film was coated on the sample by using a sputter coater (SPI-Module™ Sputter 

Coater). For SEM imaging, the voltage was set at 20 kV. 
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4.3 Experimental results 

Our method of bacterial isolation and retrieval is presented in Figure. 4.1(a). Magnetic 

beads with a diameter ranging from 2.8 to 10 µm are pumped into the nano-sieve device at 

a flow rate of 50 µL/min. Beads with a large volume are stacked tightly within the 3-D 

space (Figure 4.1(a-i)). Then, the bacterial solution is pumped into the bead-stacked 

channel under the applied flow rate, and the bacteria are captured by bead assay as the 

buffer filters into the waste reservoir (Figure 4.1(a-ii)). As the bacteria continue to pass 

through the nano-sieve device, an accumulation of trapped cells occurs in the 3-D 

microstructure space. Finally, a small volume of fresh buffer at a high flow rate is applied 

to heave the nano-sieve and release the beads/bacteria mixture (Figure 4.1(a-iii)) to the 

assigned reservoir (Eppendorf tube).  

The on-chip experiment setup is shown in Figure 4.1(b-i). The magnetic beads were 

first deposited within the channel, and bacteria were pumped into the nano-sieve by a multi-

channel syringe pump. A magnetic rack was then used to rapidly separate the mixture of 

released beads/bacteria. A scanning electron microscope (SEM) was used to characterize 

the bead stacking within the nano-sieve device (Figure 4.1(b-ii) to Figure 4.1(b-iv)). The 

beads are uniformly stacked and heaved the nano-sieve into an arch shape (Figure 4.1(b-

iii)). We used fluorescence microscopy to image the entire nano-sieve channel before 

(Figure 4.1(c)) and after (Figure 4.1(d)) bacteria-trapping, where the stained bacteria are 

trapped within the interspaces of the beads assay.  

The beads stacking process under a flow rate of 40 µL/min is shown in Figure 4.2. 

Initially (0 second), the nano-sieve is empty (Figure 4.2(a)). Under the beads filling  
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Figure 4.2 (a) Beads stacking process during 72 s with a flow rate of 40 µL/min. The dashed purple 

box indicates the boundary of channel. The blue arrow indicates the flow direction. Scale bar: 4 

mm. Reprinted from [104]. 

 

process (24 seconds), the beads begin to stack and form an arch shape (Figure 4.2(b)). 

However, as the pressure drop builds up in the nano-sieve (48 seconds), beads are pushed  

to the sides of the channel and burst out to the outlet from the central path of the channel 

(Figure 4.2(c)). This process also moves the beads pack closer to the outlet. As the channel 

deformation is much smaller at the outlet, it allows for beads to be filled (72 seconds) into 

the device without bursting, and a denser bead stacking in the 3-D space is achieved 

(Figure 4.2(d)). In order to understand this time-dependent bead-filling process, we also 

developed a computational fluid dynamics (CFD) model to study the magnetic bead 

transport in the deformed nano-sieve. We assumed that the deformation of the PDMS roof 

is dominated by pumping pressure and that the effect of the stacked beads and heaving of 

the roof is negligible. Figure 4.3 depicts the flow rate of 20 µL/min, the highest flow  
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Figure 4.3 The simulated results from computational fluid dynamics (CFD). Top: CFD calculation 

of nano-sieve deformation and beads flow pattern; bottom: flow velocity with a flow rate of (i) 20 

µL/min; (ii) 30 µL/min; (iii) 40 µL/min; (iv) 50 µL/min. Reprinted from [104]. 

 

velocity in the channel is 0.035 m/s, and the maximum height in the channel is 19 µm at 

the middle cross-sectional (Y-Z) plane. The velocity at the centroid of the channel increases 

with the increased flow rate (Figure 4.3(a) to Figure 4.3(d)). At a flow rate of 50 µL/min, 

the highest flow rate is 0.055 m/s, and the maximum height is 30 µm at the middle cross-

sectional plane. This high flow rate and large deformation of the channel cause the beads 

to move to the sides of the channel and to the outlet reservoir. This result matches our 

experimental observation and explains the initial bead stacking and burst process, as shown 

in Figure 4.2(a) to Figure 4.2(c). 

Following the initial burst, the beads move closer to the outlet. Moreover, the inflow 

of beads starts to reconstruct the 3-D space, which is further used for bacteria-trapping. We 

used 3-D tomography technology to scan the entire channel after the bead stacking and 

applied machine learning tools to analyze the topology-related data (Figure 4.4). The 

scanning results and quantitative measures of the microbead array are depicted in Figure 

4.4(a). An overlay of the 3-D mask (in pink) and the raw data are found to be dependent  
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Figure 4.4 (a) Optical coherence tomography scan of the beads stacked nano-sieve with the flow 

rate ranging from 20 - 50 µL/min. (b) Cross-section view of beads stacking: raw 2D image (top) 

and segmented 2D mask (bottom). (c) Experientially measured volume of the deposited beads and 

maximum height in the channel after beads stacking. Reprinted from [104]. 

 

on the flow rate ranging from 20 to 50 µL/min. Inspired by the machine learning-based 

segmentation task in 2D-cell microscopy image[147] and 2D-material visualization,[148] 

we generated a 3-D mask using a novel segmentation method, which was a combination of 

an unsupervised machine learning method, K-mean clustering,[146] and morphological 

operation.[149] A typical example in a cross-sectional plane is depicted in Figure 4.4(b). 

The white region corresponds to bead stacking, and the black region corresponds to the 

background and the coverslip. The maximum height of the bead stack was measured from 

the mask. For each volume, 3-D topology was generated by aligning 2D masks in 3-D 

space. The volume of deposited beads and the maximum height versus flow rates are 

presented in Figure 4.4(c). With a flow rate of 20 µL/min, the total volume and the  
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Figure 4.5 (a) Uncorrected emission curve of filtered solution from nano-sieve with a flow rate of 

8 µL/min: Original solution (pink); Stacked with only 10 µm beads (green); Stacked with mixed 

beads with sizes of 2.8 µm, 5 µm, and 10 µm (blue). The emission peaks are centered at ~520 nm. 

(b) Bacteria-trapping efficiency versus flow rate of nano-sieve only (yellow) and beads mixture 

stacked nano-sieve (patterned green). Reprinted from [104]. 

 

maximum height in the channel were ~2.50 × 105 voxel and ~60 µm, respectively. We 

found that the total volume and maximum height show an uptrend that corresponded to an 

increased flow rate. For example, with a high flow rate of 50 µL/min, the volume and 

maximum height were increased to ~1.83 × 106 voxel and ~132 µm, respectively. As the 

original channel height was only 200 nm, a ~650× increase in channel height was observed 

without showing channel failure. 

Figure 4.5 presents the trapping efficiency and retrieval factor of the bacteria in a nano-

sieve device. Two hundred microliters of the stained bacteria sample (concentration: 1.11 

× 108 CFU/mL) were pumped into the beads-stacked nano-sieve device, and the 

fluorescence signal of the filtered supernatant was measured by using a spectrofluorometer 

at an excitation wavelength of 480 nm. By introducing 10 µm magnetic beads in the nano-

sieve, the measured relative fluorescence intensity of the filtered supernatant is ~140 counts, 

demonstrating that most of the bacteria (~65%) are trapped in the nano-sieve device 

(Figure 4.5(a)). Alternatively, the measured fluorescence intensity of the supernatant was 
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Figure 4.6 (a-i) Photograph of the bacteria samples: Original (left); Filtered (middle); Retrieved 

(right). Fluorescence microscope image of original solution (a-ii), filtered solution (a-iii), and 

retrieved solution (a-iv). Scale bar: 10 µm. (b) Bacteria-trapping efficiency and retrieval efficiency 

from PBS (brown) and pig plasma (patterned blue). The applied flow rate is 8 µL/min. Error bars 

indicate standard deviation of the mean. Reprinted from [104]. 

 

only ~30 counts by introducing a bead mixture with various sizes (2.8 µm, 5 µm, and 10 

µm in order), which indicated that almost all the bacteria (~92%) were captured in the  

nano-sieve device. The bacteria-trapping efficiency versus flow rate was then explored. As 

depicted in Figure 4.5(b), without any stacked beads, the bacteria-trapping efficiency is 

between 18% - 38% at flow rates ranging from 8 to 70 µL/min. The addition of the beads 

mixture to the nano-sieve device significantly increases the trapping efficiency. The 

bacteria-trapping efficiency is above 86% at flow rates of 8 - 50 µL/min. At a flow rate of 

70 µL/min, a bacteria-trapping efficiency of 64% is achieved, which is still 3× higher than 

that observed within the nano-sieve device without stacked beads. Following bacteria- 
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Figure 4.7 (a) Uncorrected emission curve of bacteria solution with various concentrations. The 

emission peak is centered at ~520 nm. The input bacteria concentration and volume are 1.11 × 107 

CFU/mL and 1,300 µL, respectively (solid pink line). The retrieved sample is in 100 µL PBS (solid 

red line). Three other measured fluorescence intensities (colored dashed lines, marked as C ref) 

indicate the stained bacteria stock solution with a concentration of 2.22 × 107, 4.44× 107, and 1.11× 

108 CFU/mL, respectively. These references are used to calculate the concentration factor. Inset: 

Uncorrected emission curve of filtered solution. (b) Fluorescence intensity versus bacteria 

concentration. The estimated concentration factor is 13 and the evaluated concentration factor is 

~11. Error bars are standard error of the mean. (c) Fluorescence microscope image of original 

solution (left); filtered solution (middle); retrieved (right). Scale bar: 10 µm. Reprinted from [104]. 

 

trapping, 200 µL phosphate-buffered saline (PBS) was pumped into the nano-sieve device 

at a flow rate of ~900 µL/min. This high flow rate induces significant deformation of the  

PDMS roof, thus releasing the beads and bacteria into an Eppendorf tube (Figure 4.1(b) 

and Figure 4.6(a-i)). A fluorescence microscope was used to image the original bacteria 

sample (Figure 4.6(a-ii)), filtered supernatant (Figure 4.6(a-iii)), and retrieved sample 

(Figure 4.6(a-iv)). Only a few bacterial cells were observed in the filtered supernatant, 

again proving negligible bacteria leaking. The retrieved bacteria solution (cells in the unit  



68 
 

area: 0.142 cells/µm2) has similar cell numbers to the original sample (cells in the unit area: 

0.163 cells/µm2), indicating highly efficient bacterial retrieval. Our platform is capable of 

trapping and retrieving bacteria from various media, including bodily fluids. We also 

achieve a bacteria-trapping efficiency of ~60% and a retrieval rate of 80% from pig plasma 

at a flow rate of 8 µL/min (Figure. 4.6(b)). 

The bead-stacked nano-sieve can be applied to concentrate bacteria samples when the 

original cell number with a low concentration is dealt with. To explore this, we pumped 

1,300 µL bacteria with a concentration of 1.11 × 107 CFU/mL into the bead-stacked nano-

sieve device. Then, we retrieved the bacteria by introducing 100 µL PBS buffer at a high 

flow rate of ~900 µL/min, to expect an on-chip concentration factor of 13×. As depicted in 

Figure 4.7(a), the original sample with a concentration of 1.11 × 107 CFU/mL only shows 

~60 counts. Notably, the retrieved sample shows fluorescence intensity of ~480 counts, 

indicating a dramatic increase in sample concentration. The integrated fluorescence signal 

of Figure 4.7(a) with a wavelength from 520-640 nm was plotted and is presented in 

Figure 4.7(b), showing an excellent linear relationship. A ~11.2× on-chip concentration 

factor was achieved based on our experimental data, which closely matched the intended 

13× on-chip concentration. This powerful on-chip concentration capability was further 

confirmed by fluorescence microscopy. The retrieved bacterial sample shows a much 

higher concentration than the original sample, when compared to the filtered supernatant, 

indicating an efficient on-chip concentration (Figure 4.7(c)).  

4.4 Discussion  

Antibiotic-resistant bacteria (ARB) have become a severe public health concern. 

Fortunately, this risk can be reduced via the correct use of prescriptions, and by avoiding  
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Figure 4.8 (a) The investigation on the trapping efficiency as a function of various E. coli bacteria 

concentrations, under a flow rate of 8 µL/min. (b) The linearity of three concentrations tested (from 

high to low: 5.55 × 108, 1.11 × 108, and 2.22 × 107 CFU/mL). Reprinted from [104]. 

 

unnecessary prescriptions, and over-prescription of antibiotics.[150], [151] In this regard, 

rapid isolation of the target bacteria from various samples is an essential step toward the 

identification of antibiotic resistance and providing early-treatment.[152] Reported here is 

the development of a magnetic beads-stacked nano-sieve device to separate, concentrate, 

and retrieve bacteria from both the buffer solution and pig plasma samples. Leveraging the 

deformation capability of PDMS, our novel system is able to stack microbeads in a large 

3-D space to capture microorganisms from the various media. The bacteria can be trapped 

in the voids of the microbeads stack without altering their properties. Our system is simple 

to build and cost-effective as it does not require expensive, complicated, and time-

consuming nanolithography. Thus, this novel method should be ideal for high throughput, 

multiplexing, and inexpensive clinical applications. Capture efficiency remained as high 

as 86%, even by applying a high flow rate of 50 µL/min, which indicated that the system 

could process a larger sample volume in a shorter amount of time. Additionally, the 
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trapping efficiency is remaining high (>85%) regardless of the bacteria concentration, 

further demonstrating the robustness of our system (as shown in Figure 4.8). 

Unlike conventional membrane-based filtration, which is challenging to recover 

captured pathogens [153], our system is able to retrieve the captured bacteria into different 

bacterial suspensions, designed for lysis-free diagnostics [154]. Even though several 

approaches based on immunoaffinity separation have been widely used and show high 

target specificity, they require expensive and delicate antibodies to bind with the surface 

antigens [155], [156]. In addition, immunoaffinity typically has a low capture efficiency 

and cannot detect the presence of pathogens when the cell number is low, and it also 

requires time-consuming sample preparation, which is not suitable for POC applications 

[157]. Our approach entirely relies on physical separation, which is robust and does not 

interfere with the host cellular materials. Following rapid sample retrieval and separation, 

the samples are ready to be used for genotype analysis (e.g., PCR [158], [159]) and standard 

phenotype analysis (e.g., cell plating [160], [161]). Furthermore, unlike other microfluidic-

based approaches that necessitate the use of complicated instruments for operation [133], 

[135]–[138], [162]–[164], our approach only requires a small syringe pump and the 

miniaturized nano-sieve device; thus, it could be used for both lab-based or POC diagnosis.  

A unique design that incorporates tightly stacked magnetic beads to trap the bacteria 

was employed, and the efficiency of bacteria-trapping depended on the configuration of 

the beads stacking. Instead of using complicated micro-and nanofabrication to physically 

isolate the bacteria [165], [166], our approach simply relies on bead stacking at various 

flow rates and does not require expensive and time-consuming nanolithography processes 

[167], [168]. As the beads are pushed to the outlet of the channel, they begin to stack in the 
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3-D space (Figure 4.2(a)-(d)). The channel height reaches to ~132 µm at 50 µL/min, which 

is ~650× higher than the original channel height (~200 nm). This sizeable 3-D space 

created by bead stacking provides numerous voids for bacteria-trapping. This is crucial for 

bacteria-trapping, especially for on-chip concentration, as more voids within the bead array 

are required to capture bacteria. Moreover, tension caused by deformation of the PDMS 

roof is responsible for locking the bead array into position. Even with a flow rate at 50 

µL/min, we did not observe beads leaking from the nano-sieve, enabling the great 

capability of processing a large sample volume. 

We found that the bead size is also an essential factor for efficient bacteria-trapping. 

As shown in Figure 4.5, mixing 2.8 µm and 5 µm beads with the 10 µm beads significantly 

improves the capture efficiency. Since E. coli has a dimension less than 2 µm and has great 

deformability [169], [170], it can pass through the small voids created by large beads, at a 

higher flow rate. Thus, we first applied the 10 µm beads into the nano-sieve to occupy the 

3-D space, followed by the application of smaller beads. The tightly stacked smaller bead 

array has smaller voids, thus enhancing the bacteria-trapping efficiency. We observed a 

slight reduction in capture efficiency at a flow rate of 70 µL/min due to bead leaking caused 

by the larger hydrodynamic deformation. This problem could be easily resolved by 

designing a multi-channel nano-sieve device to reduce the deformation and beads leaking, 

which means each channel can collaborate with lower flow rate but finally reaching a high 

flow rate for the total volume of applied samples.  

One of the main advantages of microfluidics is the miniaturized size, enabling multi-

device operation on a small scale and reducing the consumption of applied samples.[171], 

[172] Leveraging the small size of our nano-sieve device (2 mm × 8 mm), it is possible to  
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Figure 4.9 The washing process for retrieving the bacterial and magnetic beads from nano-sieve 

channel. (a) The trapped beads and bacteria; (b) The washed channel by PBS. Scale bar: 4 mm. 

Reprinted from [104]. 

 

pattern hundreds of the nano-sieves on a 4-inch wafer scale for high throughput 

multiplexing detection. This could also be used to screen multi-resistant organisms by 

applying many different antibiotics to the isolated samples. The small size of the nano-

sieve device also enables us to work with sample volumes ranging from nanoliters to 

milliliters; thus, it is compatible with either a finger prick test or a blood draw.   

The microbial load of ARB could be as low as ~10 - 100 CFU/mL in the bodily fluids 

[173]; thus, concentrating the target is always necessary to reach the detection threshold. 

By introducing 1,300 µL of the E. coli sample into the nano-sieve device and then 

retrieving the bacteria in 100 µL of the buffer (see the retrieval process in Figure 4.9), we 

demonstrated an on-chip concentration factor of ~11×, which was evaluated by the linearity 

of the bacterial concentration (1.11 × 107 CFU/mL to 1.11 × 108 CFU/mL). Thus, our 

system is a useful platform to deal with low concentration samples and could be applied to 

extend the detection limit. The on-chip concentration factor could be further increased by 

the application of a larger volume of initial sample and by lowering the volume of fresh 

buffer solution used for retrieval. By using our novel approach, bacteria could be easily 
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separated, concentrated, and retrieved into any buffer solution and would be available for 

a direct molecular diagnostic testing of suspects in a POC setting. 

4.5 Conclusion 

Aiming to produce a rapid and reliable ARB separation and detection method, our work 

developed the first miniaturized system for the physical separation and concentration of 

bacteria from the buffer solutions and blood plasma. This was achieved via 3-D stacking 

of the nonfunctional magnetic microbeads in a confined nano-sieve device with numerous 

voids at the interface, which were characterized by optical tomography, fluid dynamics 

simulation, and machine learning reconstruction. We demonstrated that this system 

exhibits a very high bacterial capture efficiency and is capable of on-chip aggregation when 

dealing with lower concentration samples. The bacteria are simply retrieved and 

concentrated in the designated buffer without altering the properties of bacteria themselves. 

We believe that our system can be used for a wide spectrum of medical and technological 

applications, including rapid diagnosis of antibiotic-resistant bacteria in bodily fluids, such 

as plasma or whole blood. 
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Chapter 5. Understanding the 3-D Microbeads Stacking in Deformable 

Nano-sieve for Efficient Plasma Separation and Blood Cell Retrieval 

 

Reprinted with the permission from “Chen, X., Zhang, S., Gan, Y., Liu, R., Wang, R.Q. and 

Du, K., 2022. Understanding microbeads stacking in deformable Nano-Sieve for Efficient 

plasma separation and blood cell retrieval. Journal of colloid and interface science, 606, 

pp.1609-1616.” 

 

Efficient separation of blood cells and plasma is key for numerous molecular diagnosis and 

therapeutics applications. Despite various microfluidics-based separation strategies having 

been developed, there is still a need for a simple, reliable, and multiplexing separation 

device that can process a large volume of blood. Here we show a microbead-packed 

deformable microfluidic system that can efficiently separate highly purified plasma from 

whole blood, as well as retrieve blocked blood cells from the device. To support and 

rationalize the experimental validation of the proposed device, a highly accurate model is 

constructed to help understand the link between the mechanical properties of the 

microfluidics, flow rate, and microbeads packing/leaking based on the microscope imaging 

and the optical coherence tomography (OCT) scanning. This deformable nano-sieve device 

is expected to offer a new solution for centrifuge-free diagnosis and treatment of 

bloodborne diseases and contribute to the design of next-generation deformable 

microfluidics for separation applications.  
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5.1 Introduction 

Blood is a multi-phase biological fluid that can be analyzed for assessing the fundamental 

functions of the human body, like homeostasis [174], nutrient transportation [175], 

regulation of body temperature and pH [176], circulation of oxygen [177], and immune 

cell count throughout the body [178]. Cells and protein-enriched plasma are two major 

components in blood. The cell suspension consists of white blood cells, red blood cell 

(RBCs), and platelets. The analysis of physical properties of cell components in blood can 

be used for the diagnosis of several cell-based diseases, such as cancer [179], [180], sepsis 

[181], [182], sickle-cell anemia [183], [184], and malaria [185], [186]. Human plasma is a 

clear and straw-colored liquid (54.3% by volume of whole blood) comprised of various 

proteins (e.g., fibrinogen, globulin, and albumin) and several inorganic compounds [187]. 

Efficiently separating plasma from whole blood is a key factor in molecular diagnostics 

and therapeutics. For instance, testing the relative proportions of biological substances 

from the plasma, e.g., cholesterol and glucose, can be used to evaluate the health condition 

and function of internal organs in the human body [178]. The quantitative analysis of 

specific protein biomarkers in plasma can be used to diagnose diseases such as genetic 

abnormalities [188], [189], paraproteinemias [190], [191], and hemoglobinopathies [192], 

[193]. Therefore, extracting highly purified plasma from whole blood is important to the 

precise assessment and diagnosis of those diseases.    

Conventionally, extracting human plasma from whole blood in laboratories and clinics 

relies on centrifugation process, requiring expensive and bulky instrumentations, skilled 

technician, and time-consuming protocols. The throughput is low as only a few samples 

can be processed at the same time. On the other hand, various microfluidic platforms have 
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been introduced to separate plasma from whole blood. For example, well-defined weir 

structures with a gap size of 0.5 μm have been demonstrated to continuously separate 

plasma in a cross-flow configuration [194]. The small gap can block the cell components 

and allows the cell-free plasma to flow through the microfluidic channel. Similarly, 

transverse-flow microfilters with the same gap size were reported to efficiently separate 

plasma [195]. Moorthy et al. developed a novel filter with porous structures in a 

microchannel by an emulsion photo polymerization process [196]. However, the 

fabrication and integration of sub-micron features into microfluidic devices are challenging. 

The small fluidic passage also limits the filtration speed. Due to the high fluidic resistance, 

blood needs to be extensively diluted (typically 1:20), further delaying the processing time. 

Recently, an alternative method based on a microbead-stacked microchannel has been 

developed [197]. This microbead-based filter impeded RBCs transportation and permitted 

the cell-free plasma to flow through the microbead array by capillary force without dilution. 

However, the slow capillary action in these systems can only work with a low flow rate 

(0.03-0.6 µL/min [198], [199] and is not suitable when dealing with a large volume of 

blood. Therefore, developing a miniaturized and simple microfluidic device that can be 

used for multiplexing and rapid plasma separation from whole blood is urgently needed for 

various biomedical applications [200].   

Deformable microfluidics with a very low channel height have been introduced 

recently to capture and pack various types of micro-and nanofeatures [96], [201], [202]. 

To understand the complicated deformation process, Christov et al. developed a theoretical 

model to establish the relationship between flow rate and microfluidic deformation, which 

corresponds well with the experimental results [80]. We further extended this model and 
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applied it to the design of deformable microfluidics and demonstrated good overlap with 

experimental observations [79]. However, these models only concentrate on the change of 

flow properties and less is known on how change in the structural properties of the 

structures will impact the nano-sieve performance, leading to questions about whether 

these models are useful in this scope.  

This chapter details a deformable microbead-stacked nano-sieve system for efficient 

plasma separation from whole blood, operating at a high flow rate. The deformable nature 

of the nano-sieve enables RBCs retrieval by a simple hydrodynamic deformation. 

Furthermore, we study the stability of microbeads-stacked micropattern within the nano-

sieve channel via fluorescence microscopy, optical coherence tomography (OCT), 

microfluidics, mechanical testing for material characterization, and computational fluidic 

calculation, building and modelling a reliable system for the successful plasma extraction. 

By varying the mechanical properties of the nano-sieve, a new model is established to 

better explain the fluid-structure interaction. This plasma extraction system capable of 

RBCs retrieval could be widely used for many clinical applications either in hospitals or 

POC settings. 

5.2 Materials and methods 

5.2.1 Materials 

Polydimethylsiloxane (PDMS, Sylgard®184) was obtained from Krayden Inc., CO, 

USA. Glass wafer (D263, thickness: 550 μm) was purchased from University Wafer, 

MA, USA. Silica magnetic beads (diameter: 10 μm) were received from Alpha 

Nanotech Inc., Vancouver, Canada. Phosphate buffered saline (PBS) solution (1× 
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without calcium and magnesium, pH 7.4 ± 0.1) was ordered from Corning Inc., NY, 

USA. Fresh human blood with EDTA was obtained from StemCell Technology Inc., 

Vancouver, Canada. 

5.2.2 Preparation of PDMS 

For mechanical testing, PDMS curing agent and base were mixed in different weight 

ratios of 1:5, 1:10, and 1:20, respectively, and then degassed in a vacuum chamber for 

2 hours before molding. The steel mold was fabricated following the Type IV specimen 

standard in ASTM D638. After pouring the PDMS mixture into the metal mold, it was 

left in the vacuum furnace at room temperature for 5 hours to eliminate any air bubbles 

caused by stirring mixing. The mixture was then cured in an oven at 65°C for 12 hours . 

PDMS can shrink when moved from higher to lower temperatures [203]. Thus, the 

PDMS replica was completely cooled in ambient environment for 24 hours to eliminate 

the influence of shrinkage on the strain measurement and the device fabrication.   

5.2.3 Hardness testing 

The PDMS sample was subjected to Shore A scale hardness measurement in 

accordance with the ASTM D2240-15 using a FstDgte Shore A durometer. To assure 

the constant test rate and parallel contact of the durometer to the specimen, the 

durometer was mounted on a Chatillon® TCD1221 digital force tester. A cuboid 

sample with a thickness of 10 mm was fabricated by using different mixing ratios. 

Fifteen different points were tested on a single sample with at least 6 mm apart from 

each point, as recommended by the ASTM standard.  
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5.2.4 Nano-sieve device fabrication 

A 200 nm tetraethyl orthosilicate (TEOS) layer was deposited on a glass wafer and the 

nano-sieve geometry was patterned by standard photolithography (length: 10 mm; 

width: 2 mm). Buffered oxide etching (BOE) was used to etch through the TEOS layer. 

The channel was filled with positive photoresist (AZ-701) with a thickness of ~1 µm 

as a sacrificial layer. A PDMS slab (thickness: 5 mm) was bonded over the TEOS layer 

with oxygen plasma bonding (Electro-Technic Product, BD-20AC Corona Treater). 

The device was then baked at 100 °C on a hotplate for 2 hours . The inlet and outlet 

were created by a biopsy punch (diameter: 1 mm). Finally, acetone was injected into 

the nano-sieve channel to completely remove the positive photoresist, followed by 

deionized water cleaning.   

5.2.5 Microbeads stacking and characterization 

For each experiment, 30 µL of the silica magnetic microbeads (~7.6 × 107 beads/mL) 

were introduced into the nano-sieve channel by a syringe pump at a flow rate ranging 

from 20 to 60 µL/min. A fluorescence microscope (AmScope, 10 ×) equipped with a 

high-speed camera (AxioCam MRc, Zeiss) was used to capture the microbeads pattern 

in the nano-sieve channel and the outlet reservoir.  

5.2.6 OCT scanning and processing 

Nano-sieve channels were imaged via an OCT system, which is a label-free, volumetric 

imaging modality with an axial resolution of 3 μm and a lateral resolution of 4 μm, all 

in air. The field of view of OCT system is 3 × 6 × 1.94 mm3. The imaging system 

utilizes a raster scanning pattern and works at a line rate of 25 kHz. To evaluate the 

topology of the nano-sieve channels, the volumetric dataset was processed by a K-
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means clustering algorithm to segment the nano-sieve region from the background 

[204].  The maximum height and volume were measured in the segmented regions and 

grouped according to their flow rates.  

5.2.7 Plasma separation and RBCs retrieval 

Before on-chip experiments, whole blood sample containing RBCs was imaged with 

20× magnification by a bright-field microscope (AmScope). For plasma separation, 5 

µL whole blood was first diluted to 45 µL with 40 µL PBS buffer and then introduced 

into the nano-sieve channel with a flow rate of 5 µL/min. After plasma collection, a 

high flow rate (~900 µL/min) was applied to deform the nano-sieve and retrieve the 

microbeads and RBCs in a new Eppendorf tube. Finally, a neodymium magnet was 

used to isolate the microbeads and RBCs. The cell density of the retrieved sample was 

calculated by using the commercially available ImageJ program. 

5.3 Experimental results  

Our approach of separating human plasma from whole blood samples is presented in 

Figure 5.1(a). The magnetic beads with a diameter of 10 μm were pumped into the nano-

sieve channel to construct a 3-D microbeads array. Diluted whole blood was then injected 

into the microbeads-stacked nano-sieve for the separation process. The deformed PDMS 

slab holds the microbeads in the nano-sieve and cannot be removed with a flow rate under 

60 µL/min. As shown in Figure 5.1(b), patterned by standard microfabrication, several 

nano-sieve channels can be operated simultaneously for multiplexing plasma separation. 

The detailed procedure for plasma separation from whole blood is shown in Figure 5.2. 

Initially, the microbeads are packed within the nano-sieve channel with a specific flow rate  
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Figure 5.1 (a) Schematic of the microbeads packed nano-sieve device for the separation of blood 

cells and plasma. (b) Micrograph of the multiplexing nano-sieve system for plasma separation and 

RBCs retrieval. Reprinted from [205]. 

 

(Figure 5.2(a)). The diluted whole blood sample is injected into the microbeads-packed 

nano-sieve (Figure 5.2(b)) with a flow rate of 5 µL/min. After collecting the extracted 

plasma, fresh PBS is introduced with a high flow rate to deform the nano-sieve and retrieve 

the RBCs and microbeads into a new Eppendorf tube (Figure 5.2(c)). Finally, an external 

magnet is used for separating the microbeads from the retrieving RBCs (Figure 5.2(d)). 

To understand the microbeads patterning process and maximize the patterning capacity, 

we studied the microbeads patterning with both fluorescence microscope and OCT. As 

shown in Figure 5.3, for 1:5 PDMS samples, most of the microbeads are contained in the 

nano-sieve without leaking issues. At a low flow rate, the microbeads are pushed to the 

sides of the nano-sieve (Figure 5.3(a-i)) due to the pressure drop built in the nano-sieve 

channel [204]. Increasing the flow rate causes the microbeads to accumulate to the middle 

of the channel (Figure 5.3(a-ii) and Figure 5.3(a-iii)). Similarly, for 1:10 PDMS samples, 

the microbeads are distributed to the sides of the nano-sieve at a low flow rate (Figure  
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Figure 5.2 The experimental procedure for separating plasma and retrieving RBCs from whole 

blood. (a) Beads stacking in the channel; (b) RBCs separation; (c) RBCs and microbeads collection; 

(d) RBCs extraction. Reprinted from [205]. 

 

Figure 5.3 (a) Fluorescence microscope images of the packed microbeads in nano-sieve at various 

flow rates (20-60 µL/min) and PDMS curing agent/base ratio (1:5 to 1:20). Reprinted from [205]. 

 

5.3(a-iv)) and tend to accumulate to the middle of the channel at higher flow rates without 

leaking issues (Figure 5.3(a-v) and Figure 5.3(a-vi)). However, as for 1:20 PDMS 

samples, irregular patterns and significant microbeads leaking are observed even at a low 

flow rate (Figure 5.3(a-vii)). Increasing the flow rate results in severe amounts of 

microbeads leaking to the outlet reservoir (Figure 5.3(a-viii) and Figure 5.3(a-ix)). This  
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Figure 5.4 Measured volume and maximum height of the microbeads packed nano-sieve by OCT 

with curing agent/base ratio of: (a)1:5; (b) 1:10; and (c) 1:20. Reprinted from [205]. 

 

observation agrees with the measurements from OCT scanning. As shown in Figure 5.4(a) 

and Figure 5.4(b), a significant increase of volume and maximum height from 20 to 40 

µL/min are observed for both 1:5 and 1:10 PDMS samples. Further increasing the flow rate 

to 60 µL/min does not increase the volume and maximum height, agreeing with the 

microscope images. The measured volume for 1:10 PDMS sample is ~2 times larger than 

1:5 PDMS sample, indicating a larger cross-section plane for fluidic passage and more 

voids created by a larger volume of stacked beads. On the other hand, for 1:20 PDMS 

samples, a distinct drop in microbeads volume at a high flow rate of  60 µL/min is observed, 

indicating a significant loss of microbeads (Figure 5.4(c)).  

The measured hardness of 1:10 sample is slightly higher than the 1:5 sample and is 

~2.5 times higher than the 1:20 sample, suggesting a significant drop of hardness when 

increasing the mixing ratio from 1:10 to 1:20, as shown in Figure 5.5(a). Since the 

deformable nano-sieve device works within a small deformation range, we use the Shore 

hardness test to estimate the Young’s modulus, 
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Figure 5.5 Measured mechanical properties of PDMS with a curing agent/base ratio ranging from 

1:5 to 1:20: (a) Hardness. (b) Calculated elastic modulus. Reprinted from [205]. 

 

Figure 5.6 Force analysis of a single microbead sandwiched between two deformable surfaces. 

Reprinted from [205]. 

 

𝐸 = [
𝑒

𝑆
100

3.186×10−4]

2

            (5.1) 

 

where S is the Shore durometer and E is the Young’s modulus [206]. The calculated 

modulus data is posted in Figure 5.5(b).  
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With the mechanical properties, we then constructed a theoretical model to understand 

the microbeads trapping and leaking. The force balance of a single microbead under high 

flow rate through the channel is shown in Figure 5.6. The problem is simplified as a 

microsphere being trapped between two deformable surfaces. Reaction forces normal to 

the surfaces and toward the particles are applied at the level of 

𝐹𝑁 =
1

3
𝐸∗𝐷

1

2(𝐷 − 𝐻)
3

2    (5.2) 

where FN is the reaction force in the normal direction 

𝐸∗ =
𝐸

2(1−𝜈2)
                 (5.3) 

 

E is the elastic modulus, v is the Poisson’s ratio, D is the microbead diameter, and H is the 

original height of the gap between two surfaces. The maximum possible friction force, FR, 

is obtained using the formula 

𝐹𝑅 = 2𝜇𝐹𝑁 =
2𝜇

3
𝐸∗𝐷

1

2(𝐷 − 𝐻)
3

2    (5.4) 

where 𝜇 is the coefficient of friction. While the flow drags the sphere toward to the outlet, 

the drag force, FD, is modeled using 

𝐹𝐷 = 3𝜋𝜌𝜈𝐷𝑢     (5.5) 

where 𝜌 is the density of the fluid, 𝜐 is the fluid viscosity, and the cross-section average 

flow velocity is 

𝑢 =
𝑄

𝐻𝑊𝑓(𝐸∗)
                 (5.6) 
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Figure 5.7 “Leaked” (red) versus “unleaked” nano-sieve (blue) at various flow rates observed 

under a fluorescence microscope. The grey dashed line is the “leaking” boundary based on the 

theoretical prediction, agreeing with the experimental results. Reprinted from [205]. 

 

which is a function of the total discharge Q, the gap height H before deformation, the gap 

width W, and the elastic modulus E. The function f(E*), indicating the ratio of the deformed 

cross-sectional area to the original, is incorporated to take account of the deformation of 

the channel. At the two extremes, if the Young’s modulus is infinitely large, the gap will 

be enlarged to the uniform height of particle diameter D, while if the material is infinitely 

soft, the gap will be the original height of H. Here, we use a fitting model, 

       𝑓(𝐸∗) = 1 + (𝐷
𝐻⁄ − 1){𝑒𝑟𝑓[𝑆(𝐸∗ − 𝐸0)] + 1}                (5.7) 

to capture the trend that the average gap height increases with greater elastic modulus 

transitioning from H to D. The error function is used to capture the transition with a fitting 

coefficient S and E0 to match the deformation rate and flexibility. In this theoretical model, 

we thus hypothesize that microbeads will be leaked if the drag force is greater than the  
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Figure 5.8 (a) Optical micrograph of a working nano-sieve for the isolation of plasma. The fluids 

at the outlet are more transparent as blood cells are removed. (b) Bright-field microscope image 

showing the microbeads pattern and captured RBCs: (i) low magnification; (ii) high magnification. 

(c) Microscope image of (i) original whole blood showing a high concentration of RBCs; (ii) 

Filtered plasma solution without RBCs. (iii) Retrieved RBCs from the nano-sieve. Reprinted from 

[205]. 

 

maximum friction (FD > FR) and no leakage occurs if the drag is less than the highest 

possible friction (FD > FR). With the fitting coefficients of S = 10-7 and E0 = 3.3 × 107 Pa, 

the theoretical model can precisely predict the boundary (dashed line) between leakage and 

no leakage cases, as shown in Figure 5.7 (“×”: leakage; “○”: no leakage). In addition, the 

current model explains the mixed results observed for 1:20 PDMS sample at a flow rate of 

20 µL/min.  

The 1:10 sample shows the highest hardness and most reliable capability of beads 

stacking, thus employed in the further study. The mechanical properties of PDMS may be 

further improved by doping with nanomaterials [207]. A micrograph of the separation 
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process is shown in Figure 5.8 (a).  The whole blood with a red color enters the nano-sieve 

and the RBCs are trapped by the microbeads array, allowing the human plasma to pass 

through the voids of the microbeads. The separated human plasma has a light-yellow color, 

as shown in the outlet tubing. Figure 5.8(b) shows the RBCs clogged nano-sieve under a 

bright-field microscope. The blood cells are randomly mixed with the microbeads in the 

nano-sieve and most of them are blocked at the microfluidic inlet. To characterize the 

plasma separation efficiency, the original blood sample and the filtered sample are shown 

in Figure 5.8(c-i) and Figure 5.8(c-ii), respectively. The original sample has a high 

concentration of RBCs, including several cone shaped RBCs (red arrows). On the other 

hand, the filtered sample shows only a few individual cells, indicating a high plasma 

separation capability. As shown in Figure 5.8(c-iii), by applying a 3× on-chip 

concentration (input: 45 µL; retrieve: 15 µL), a cell density of (4.5 ± 0.37) × 107 cells/mL 

was achieved for the retrieved sample, which is comparable to the cell density of the 

original sample. Additionally, we observed more cone shaped RBCs in the retrieved 

sample, which may be caused by the highly confined beads array and  the high flow rate 

during the separation process [208], [209]. 

5.4 Discussion 

In this work, we experimentally measured the mechanical properties of PDMS with various 

mixing ratios. Combining with OCT scanning, we developed a computational fluidic 

system to understand how the mechanical properties of the deformable microfluidics and 

applied flow rate can affect the microbeads packing and leaking. This model successfully 

explains how the microbeads matrices are formed in the microfluidic channel, enhancing 

the overall performance of nano-sieve’s plasma separation efficiency.  
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Efficient plasma separation [210], [211] is critical for numerous down-stream 

molecular analysis and diagnosis [180], [212]–[214]. The microbeads packed nano-sieve 

device is capable of plasma separation without using bulky and complicated instruments 

such as a centrifuge. Our design only requires a dilution factor of 1:9, which is much lower 

than the other reported microdevices for whole blood processing [196], [209]. In addition, 

we apply a 5 µL/min flow rate for the plasma separation, which is ~10-100 times faster 

than previously reported studies [198], [199]. Even though immunoassay-based RBCs 

removal strategy also demonstrates a high plasma separation efficiency [215], reagents 

such as antibodies are delicate and can degrade rapidly, making the device storage 

challenging in low resource settings. Our separation process solely relies on the silica 

microbeads stacking in a deformable microfluidic device and can be stored in ambient 

environment for a very long period of time, ideal for the sample preparation in POC settings.  

This nano-sieve device can potentially be scaled up by increasing the channel width to 

reduce the pressure built in the channel. This will allow us to process a larger volume of 

diluted or undiluted whole blood. The decreased flow resistance will also allow a higher 

flow rate and faster processing time. Furthermore, ~100 individual nano-sieve devices can 

be patterned on a 150 mm wafer for multiplexing plasma separation, which is hard to 

achieve by membrane-based microfluidic devices [216].  

We show that RBCs can be retrieved by simply increasing the flow rate and the 

deformation of the nano-sieve, which is superior to microstructure-based separation as the 

clogged RBCs cannot easily be removed from the functional structure [217]–[219]. The 

study of RBCs in patient sample can be used to understand and treat many bloodborne 

diseases such as sepsis [181], [182], sickle cell anemia [183], [184], and COVID-19 [220], 
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[221]. In the future, the geometry of each nano-sieve can be modulated to process a larger 

volume of blood sample for low concentration pathogen detection. Changing the size and 

spacing of the microbeads can also be used to separate and concentrate various types of 

cells and biomarkers, or even smaller particles such as viruses by packing nanospheres. For 

example, by varying the size of the packed microbeads, it is possible to separate leukocytes 

from the other two main components (erythrocytes and platelets) in whole blood due to the 

differences in size and deformability [222]. Furthermore, as the materials properties of the 

microbeads can be tuned, the nano-sieve can be used to study various cell mechanics 

problems [223], [224] with real-time microscopy imaging in a confined nano-environment.  

Furthermore, our study is a meaningful attempt to test the fluid-structure interaction 

theory in the application of microfluidics from the viewpoint of structural and material 

properties [225]. The developed theoretical model can be used to guide the design of 

deformable microfluidics and the model closely resembling experimental results will 

inspire more detailed model development in the future.  

5.5 Conclusion 

We have successfully developed a deformable microfluidic system by packing the 

microbeads in a nano-sieve channel, which has been validated by fluorescence microscopy, 

OCT scanning, mechanical testing, and a theoretical computational fluidic model. Our 

plasma separation process does not require significant blood dilution and can process the 

blood sample in a rapid fashion. In addition, leveraging the deformation of the device, we 

show that the RBCs can be efficiently retrieved after the plasma separation. On the other 

hand, the theoretical model developed here can well predict the leaking of the microbeads 

at certain conditions and offer a guidance for the design of the next-generation separation 
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systems. In the future, computational fluidic dynamic modeling will be used to further 

understand the microbeads distribution in the nano-sieve. Our work holds a significant 

promise for the accurate assessment and diagnosis of bloodborne diseases at POC settings. 

Further study on scaling up the nano-sieve system with an enhanced capability of 

microbeads packing is under way to deal with a larger volume of blood without dilution 

for faster blood sample preparation.  
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Chapter 6. Coupling a Molecular Diagnostics with Bacteria Concentration 

by a Pneumatically-regulated Nano-sieve Device 

 

This chapter focuses on the development of microfluidic platform, i.e., nano-sieve, 

specifically designed for better securing the 3-D beads-stacked microstructure during the 

purification of antibiotic-resistant bacteria (e.g., MRSA) from whole blood, where red 

blood cells (RBCs) are firstly considered to be removed without losing the target bacteria. 

In this case, a fast and simple immunoassay was found to efficiently deplete the RBCs from 

bacteria-spiked blood samples. And the innovative pneumatic chamber was integrated onto 

the previous nano-sieve device for securing the beads stacking within the nano-sieve 

channel. The experimental results and validation studies were also conducted to assess the 

performance and feasibility of the developed microfluidic nano-sieve for processing the 

ARB purification from whole blood. By integrating with a molecular detection technique, 

i.e., RPA/CRISPR-Cas assay, a visible-based detection of a specific ARB can be achieved, 

and the detection limit is improved to identify MRSA with a concentration as low as ~102 

CFU/mL. 
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6.1 Introduction  

The global rise in antimicrobial-resistant bacteria (ARB) and their widespread 

dissemination pose a growing threat to human health. At present, antibiotic-resistant 

infections claim the lives of approximately 700,000 individuals annually on a global scale 

[226]. However, based on projected analyses, if no measures are taken to control antibiotic-

resistant infections or develop new-generation antibiotics, the worldwide mortality rate 

could surge to 10 million per year by 2050 [17]. This alarming trend would result in a 

staggering economic loss of $100 trillion each year [227]. Urgent action is imperative to 

curb antibiotic resistance and foster the development of innovative antibiotics to avert this 

potential crisis. 

Among the multitude of ARB, Methicillin-resistant Staphylococcus aureus (MRSA) 

emerges as a notable pathogen that poses a significant and formidable challenge. A timely 

and accurate detection is of utmost importance, as it can facilitate the appropriate medical 

intervention, reduce the transmission of these pathogens, and minimizes the risk of 

antimicrobial resistance. Typically, it is necessary to purify target bacteria, e.g., MRSA, 

from the given samples, such as whole blood. For example, the membrane-based method 

has been widely used for separating the bacteria owing to its simplicity, cost-efficiency, 

and rapidness [128]. However, it still remains a challenge when processing the blood 

sample, since the blood cells could clog the active membrane for the failure of bacteria 

separation. Another technical challenge is the retrieval of captured bacteria from the 

membrane with an extensive volume of iterative washing buffer, which would significantly 

dilute the retrieved samples with a lower concentration level [130], [216].  
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Alternatively, microfluidic platforms have been a dominant and reliable tool for ARB 

purification and concentration relying on various working mechanisms, such as inertial 

force [131], [132], hydrodynamics [133], [134], electrophoresis [135], [136], and acoustics 

[137], [138]. But these techniques strongly lean upon the complex design and fabrication 

process, or extra laboratory-based instruments, so that increasing delicate operations while 

applying this kind of microfluidic platform. Thus, there is a need to develop a simplified 

and direct fabrication process, while ensuring the functionality of this microfluidic 

platform to effectively separate the target bacteria. Moreover, microfluidic platforms can 

be seamlessly integrated with downstream analysis techniques, such as PCR and CRISPR-

Cas assay, leading to a rapid and direct analysis of those purified bacteria.  

The current diagnostic workflow for ARB is based on blood culture [14], which is 

labor-intensive and time-consuming. Molecular detections, e.g., polymerase chain reaction 

(PCR) require precise thermal cycles and advanced bulky equipment, which limit them for 

resource-limited point-of-care (POC) settings. CRISPR-Cas systems have been well 

established in the field of a highly specific and rapid diagnosis [58], [60], [228]–[230]. 

Among them, Cas12a is solely based on a complementary crRNA for targeting specific 

DNA sequences and uses a single domain of RuvC to cleave a target DNA [231]. Moreover, 

Cas12a features the collateral activity, allowing it to non-specifically cut neighboring 

single-stranded DNAs (ssDNA) after target binding [232]. To utilize this feature for target 

detection, ssDNA can be technically modified by adding a fluorophore-quencher. Once 

Cas12a is activated after target binding, the cleavage of ssDNA triggers the appearance of 

fluorescence signal [233]. CRISPR-Cas12a system can be applied at a temperature of 37 ℃ 

[234], [235], enabling it more suitable for POC detection compared to traditional PCR 
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assay. In addition, by combining the CRISPR-Cas system with an isothermal amplification 

approach, such as recombinase polymerase amplification (RPA) [236], rolling circle 

amplification (RCA) [237], or loop-mediated isothermal amplification (LAMP) [238], the 

specificity and sensitivity of CRISPR-Cas detection can be further improved in POC 

environments [239]. Notably, RPA could be an outstanding candidate to be compatible 

with the same temperature requirements as CRISPR assays, due to its rapidity and 

simplicity [240], [241]. 

In this study, a pneumatically-regulated multiplexed nano-sieve device collaborated 

with an immunomagnetic assay was introduced for efficiently purifying and highly 

concentrating the target bacteria directly from blood samples. The obtained bacteria were 

then identified by applying RPA/CRISPR-Cas assay for a visual-based detection. 

Exploiting the deformable characteristics of nano-sieve channel, an impressive 

concentration of ~15-fold has been reached by tuning the volume ratio of initial sample 

solution and retrieved bacteria solution, leading to an improvement in detection limit down 

to ~100 CFU/mL for a positive detection of MRSA. Importantly, this optimized approach 

can process the purification and detection of target bacteria, only within 4 hours under body 

temperature and room temperature, compared to time-consuming process based on current 

diagnostic workflow [14]. Therefore, coupling a rapid and precise molecular detection with 

the multi-channels purification could be a promising method for enhancing the sensitivity 

and specificity of MRSA detection.  

6.2 Materials and methods 

Polydimethylsiloxane (PDMS, Sylgard®184) was obtained from Krayden Inc., CO, USA. 

Glass wafer (D263, thickness: 550 μm) was purchased from University Wafer, MA, USA. 
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Silica magnetic beads (diameter: 5 μm and 10 μm, 10 mg/mL, 10 mL) were received from 

Alpha Nanotech Inc., Vancouver, Canada. Phosphate buffered saline (PBS) solution (1× 

without calcium and magnesium, pH 7.4 ± 0.1) was ordered from Corning Inc., NY, USA. 

Fresh human blood with EDTA was obtained from STEMCELL Technology Inc., 

Vancouver, Canada. The EasySep™ RBCs depletion reagent was purchased from 

STEMCELL Technology Inc., Vancouver, Canada. 

6.2.1 Device fabrication  

The innovation of fabricating an extremely thin nano-sieve channel, while preventing 

the collapse of PDMS roof, was reported in the previous study [99], [204]. In this study, 

the pneumatically-controlled nano-sieve consists of a channel-patterned glass substrate 

and a pneumatic-based PDMS topping. Briefly, a cleaned 6-inch glass wafer 

(University wafer, D263, 550 µm, double side polished) was coated by a thin layer of 

TEOS (PECVD, AME P5000) in a thickness of 200 nm. After spin-coating a 1 µm 

thick of positive photoresist (AZ Mir 701), a plastic photomask (Fineline Imaging, CO, 

USA) was used to pattern the channel onto the photoresist layer. After the buffer oxide 

etching (BOE), the nano-sieve channel was generated on the glass wafer. To fabricate 

a pneumatic chamber with the height of 2 mm and the width of 2 mm, a PDMS mixture 

(SYLGARDTM 184, Krayden Inc., CO, USA) with a 1:10 ratio of curing agent and base 

polymer was poured into a three-dimensional (3-D) printed mold (Fictiv, CA, USA). 

Followed by the PDMS curing process in an oven at 60 °C overnight, the cured PDMS 

chamber layer was punched by a 1 mm puncher (INTEGRATM MiltexTM),  for the 

pneumatic manipulation by the air pump (Precigenome LLC, CA, USA). Then this 

chamber layer and a cured PDMS thin film (~200 µm thick) were bonded by the plasma 
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treatment (Electro-Technic Products, IL, USA). Then the bonded device was baked on 

a hot plate at 100 °C for 2 hours, to obtain a strong bonding. To finalize the functional 

device, the nano-sieve channels was sealed by the pneumatic layer via the plasma 

bonding process and baking process. Before using this device for running experiments, 

the inlet and outlet holes for each channel were punched by a 1 mm puncher, aiming to 

the connection between the device and the sample sources from a syringe (BD 1 mL, 

NJ, USA), through the microfluidic tubing (Scientific Commodities, Inc., BB31695-

PE/3). 

6.2.2 Beads stacking deposition 

A strategy of creating the 3-D microstructure of stacked beads was applied to physically 

capture the target bacteria from the initial sample. In this study, the nano-sieve channel 

was first rinsed and cleaned by IPA solution. Before introducing the magnetic beads 

into the channel, the air pump was used for ensuring the pressure applied in the 

pneumatic layer consistently at 12 Psi. Then, a 50 µL of 10 µm magnetic beads (10 

mg/mL, 1:5 dilution) was injected into the channel to form a “coarse filter” by 

employing a syringe pump with a flow rate of flow rate of 30 µL/min. The injection of 

another 50 µL of 5 µm magnetic beads (10 mg/mL, 1:5 dilution) into the channel was 

followed, to form a “fine filter” under a flow rate of 20 µL/min. Finally, this 

functionalized nano-sieve device is ready for separating the target bacteria from the 

introduced sample solution. 

6.2.3 Bacterial culture 

Methicillin-resistant Staphylococcus aureus (MRSA, ATCC 43300) was purchased 

from Fisher Scientific. Kanamycin-resistant E. coli 10798 was obtained from lab stock. 
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The bacteria were cultured in tryptic soy broth medium (MilliporeSigma) and 

maintained on the tryptic soy agar plate. After the overnight culture at 37 ℃ under 200 

rpm in a shaker, 1 mL of bacterial solution was extracted and centrifuged at 8000 g for 

5 minutes to form a complete pellet. The spin-down bacteria were resuspended in 1 mL 

of PBS for the further use. This process was repeated twice to completely remove 

culture media. The concentration of the bacterial cells was determined by counting the 

colony-forming unit (CFU) on standard TSA plates.  

6.2.4 Bacteria staining 

A 2 µL working solution of BacLight green dye (Thermo Fisher Scientific) was mixed 

with 1 mL PBS-based bacteria solution, and the mixture was incubated at room 

temperature for 20 mins by following the manufacturer’s instruction. Then the solution 

was centrifuged at 8000 g for 5 minutes to discard the PBS that consists of extra dye. 

The bacteria were resuspended in 1 mL fresh PBS for the further use. 

6.2.5 RBCs depletion immunoassay 

A rapid and efficient immunomagnetic assay was chosen for removing RBCs from the 

bacteria-spiked blood sample. Briefly, the prepared bacteria solution with a desired 

concentration was first spiked into the whole blood. The bacteria-spiked whole blood 

(1000 µL) with 12 µL of Ethylene-diaminetetraacetic acid (EDTA) was reacted with 

50 µL RBCs depletion reagent (STEMCELL Technologies Inc. EasySepTM) in a 1.5 

mL Eppendorf tube. The mixed sample was placed on the magnetic rack for the 

incubation for 5 minutes at room temperature, aiming to remove most of RBCs from 

the original sample. The supernatant was then transferred to a new 1.5 mL Eppendorf 

tube, and reacted with another 50 µL RBCs depletion reagent. The whole sample was 
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placed on the magnetic rack for 5 minutes at room temperature again, to further remove 

the RBCs remaining in the original sample. The supernatant was finally transferred to 

a new 1.5 mL tube that was placed on the magnetic rack for 5 minutes at room 

temperature, to obtain a clear plasma solution for further experiments. 

6.2.6 Bacteria capture and concentration 

The 600 µL of prepared sample solutions, in which the bacteria with a certain 

concentration were spiked in 1:4 diluted plasma solution, were first loaded into several 

1 mm sterile syringes. A multi-channel syringe pump was used to simultaneously inject 

the sample solutions into the functionalized nano-sieve channels through the 

microfluidic tubing, under a flow rate of 4 µL/min. After the separation process, the 

pneumatic pressure was terminated. Then a 30 µL of fresh phosphate buffer saline (PBS) 

solution was employed for washing the whole channel to retrieve magnetic beads and 

the captured bacteria out to the collection tube. An external magnet was used for a 

simply and directly extracting the bacteria-involved PBS solution, available for the 

further RPA/CRISPR-Cas detection. The concentration factor in this case is predicted 

to be 20-fold. 

6.2.7 Fluorescence microscopy imaging 

With the completion of bacteria separation, 10 µL of each retrieved samples and initial 

samples were dropped onto a glass slide for measuring cell density. A high-speed 

camera equipped onto the fluorescence microscopy was used to capture the fluorescent 

images, which was then analyzed by using Leica LAS X software.    
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Table 6.1 List of synthetic oligos sequence used in this study. 

Name Sequence (5'-3') 

crRNA 1 UAAUUUCUACUAAGUGUAGAUAGUUCUGCAGUACCGGAUUUG 

Target 1 CAAATCCGGTACTGCAGAACT 

F1 GATTAACCCAGTACAGATCCTTTCAATCTA 

R1 ATAGCCATCATCATGTTTGGATTATCTTTATC 

F2 TATGCAACAAGTCGTAAATAAAACACATAAAG 

R2 TCATATGATATAAACCACCCAATTTGTCTGCC 

crRNA 2 UAAUUUCUACUAAGUGUAGAUCUAGAGUAGCACUCGAAUUAG 

Target 2 CTAGAGTAGCACTCGAATTAG 

F3 AAACAAGCAATAGAATCATCAGATAACATTT 

R3 TATAGATTGAAAGGATCTGTACTGGGTTAAT 

F4 AAACAAGCAATAGAATCATCAGATAACATTT 

R4 AAGGATCTGTACTGGGTTAATCAGTATTTC 

ssDNA-FQ 

Probe 
/56-FAM/TTATT/3IABkFQ 

 

6.2.8 Nucleic acid preparation 

The bacterial lysis and DNA purification were proceeded at room temperature within 

30 minutes. The lysozyme (Thermo Fisher) was added with a concentration of 20 

mg/mL, to make a lysis buffer (20 mM Tris-HCl, 2 mM EDTA, and 1.2% Triton X-

100). Then the enzymatic lysis buffer (18 μL) was added to the bacteria solution (10 

μL) and the mixture was incubated for 10 minutes. Next, 2 μL of proteinase K (Thermo 

Fisher) was added and incubated for 5 minutes. As for DNA purification, the protocol 

was slightly modified from the manufacturer's instruction. AMPure XP beads 

(Beckman Coulter) were mixed with the lysate and incubated for 5 minutes. The 

magnet was used to separate the beads from the mixture in 2 minutes. 70 μL of 5 M 



101 
 

Guanidinium chloride (MilliporeSigma) was subsequently added to wash the beads 

twice, followed by the DNA elution with 20 μL of nuclease-free water (Thermo Fisher). 

6.2.9 RPA amplification and CRISPR-Cas12a detection 

TwistAmp® Basic kit was obtained from TwistDx™. The RPA primers, crRNA, 

AsCas12a, and fluorophore–quencher probes were purchased from Integrated DNA 

Technologies, and detailed information on the synthetic oligonucleotides are listed in 

Table 6.1. The RPA primer sets were designed using PrimerQuest™ Tool.  

NEBuffer™ r2.1 was purchased from New England Biolabs. 

By following the manufacturer's instruction, A mixture of 29.5 μL of rehydration 

buffer, 11.2 μL of nuclease-free water, and 2.4 μL each of forward and reverse primers 

(10 μM) were added to the enzyme pellet, then mixing with 2 μL of purified DNA and 

2.5 μL of MgOAc (280 mM) to reach a total volume of 50 μL, followed by the 

incubation at 37 °C for 20 minutes. After the incubation, 2 μL of RPA amplicons were 

added to a pre-assembled CRISPR-Cas12a mixture consisting of 50 nM of AsCas12a, 

62.5 nM of crRNA , 10× buffer,  and 2.5 μM of ssDNA-FQ probe, finally leading to a 

reaction volume of 20 μL. This reaction solution was incubated at 37 °C in 30 min. 

After the incubation, the mixture was excited under a blue light (excitation wavelength 

at 465 nm) from the transilluminator (SmartBlue, NEB-E4100) for a naked-eye 

observation. Finally, 20 μL of nuclease-free water was added to 5 μL of the mixture, 

which was then characterized by the imaging reader (Agilent BioTek Cytation 5). 
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Figure 6.1 The process flow of fabricating a pneumatically-controlled nano-sieve device, including 

the creation of nano-sieve channel (Top row), the PDMS pneumatic chamber (Middle row), and a 

PDMS thin film (Bottom row). 

 

6.3 Results and Discussion  

In this study, we developed a pneumatically regulated nano-sieve device, incorporating 

with RPA/CRISPR-Cas method, for rapidly purifying and efficiently identifying the target 

bacteria (e.g., MRSA) from whole blood samples. As shown in Figure 6.1, the fabrication 

flow starts with a 200 nm thick layer of TEOS deposition onto a pre-cleaned glass wafer.  

Followed by spin-coating a layer of positive photoresist, a pattern of nano-sieve channel 

was defined onto the photoresist layer by photolithography technique, then transferred onto 

the TEOS layer by BOE process. The patterned channel was created, finally covered by a 

thin layer of positive photoresist as a sacrificial support for PDMS-glass bonding. This 

coated photoresist can completely eliminate the PDMS roof collapsing, significantly 

optimizing the fabrication of nano-fluidic channels. On the other hand, the pneumatic 

chamber was fabricated by using a 3-D printed mold. The uncured PDMS was sandwiched  
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Figure 6.2 (a) The optical picture of an experimental multi-channel nano-sieve device filled with 

food dye. (b) The stacked beads array secured by the pneumatic layer with positive pressure (b-i) 

and the beads released by the pneumatic layer with negative pressure.  

 

by glass slides to form a thin film, of which the thickness was determined by a support 

material of ORACAL film and was cured by baking it in the oven. Next, the pneumatic 

chamber and the cured PDMS thin film were bonded via the plasma treatment. The entire 

nano-sieve channels were completely sealed by bonding the pneumatic chamber layer and 

the patterned glass substrate via the plasma treatment. Both treatments (marked by the red 

dashed rectangles) were followed by the baking process on the hot plate to achieve the 

strong bonding in between. 

In Figure 6.2(a), a practical nano-sieve device was filled with blue food dye to present 

the multiple channels and red food dye to show the pneumatic layer, respectively, 

indicating the successfully sealed channel and pneumatic chamber. During the 

experimental tests, the magnetic beads were injected into the nano-sieve channel under the 

positive pneumatic pressure, so that realizing the well-established beads array within the 

channel for higher capture efficiency (Figure 6.2(b-i)). On the contrary, the beads release 

can be easily achieved under the negative pneumatic pressure (Figure 6.2(b-ii)).  
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Figure 6.3 (a) Optical picture of E.coli-spiked whole blood before (left tube) and after (right tube) 

RBCs removal. (b) Fluorescence of the spiked bacteria before (b-i) and after (b-ii) removing RBCs 

from whole blood. The inserts show the comparison of RBCs density accordingly.  

 

To verify that the RBCs depletion assay is specific to RBCs, the stained E. coli with a 

high concentration of 4.6 × 107 CFU/mL was spiked into whole blood and mixed with 

RBCs depletion reagent. After incubation, the red blood cells (RBCs) in bacteria-spiked 

blood sample were depleted with a solid phase immunoassay, thus obtaining plasma 

solution as shown in Figure 6.3(a). The color of sample changed from red to light-amber 

color, indicating the successful removal of the RBCs. Then the fluorescence microscopy 

was used to image the stained bacteria that presented the green fluorescent signal. In Figure 

6.3(b-i), the bacteria concentration almost remained at a similar level after the procedure 

of RBCs depletion (Figure 6.3(b-ii)). Additionally, the inserts show that most of the RBCs 

are depleted during this process, which further confirmed only RBCs were specifically 

removed but spiked-bacteria were survived as expected. 

After receiving RBCs-free E.coli-spiked plasma sample with a high concentration of 

4.6 × 107 CFU/mL, a single channel of beads-stacked nano-sieve was applied for the 

bacteria purification under a slow flow rate of 1 µL/min. As presented in Figure 6.4, the 

concentrated bacteria show very strong fluorescent signal under the fluorescent microscope, 

suggesting that most of the bacteria are trapped by microbeads stacking nano-sieve device  
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Figure 6.4 (a) Distribution of trapped bacteria under various low magnifications. The white arrow 

indicates the flow direction, and the yellow dashed line shows the region of 5 µm microbeads. The 

red dashed line is the interface of different sizes of microbeads. (b) Bacteria density before (b-i) 

and after (b-ii) nano-sieve filtering.  

 

(Figure 6.4(a-ii) and Figure 6.4(a-iii)). By investigating the interface between 5 µm 

microbeads and 10 µm microbeads, it is noted that the smaller microbeads offer narrower 

voids among them to capture most of bacteria within the channel as expected. A trapping 

efficiency of 72.3% (± 3.2%) is achieved by comparing the density of bacteria before 

(Figure 6.4(b-i)) and after (Figure 6.4(b-ii)) the capture procedure. Therefore, this 

pneumatically-regulated nano-sieve system with a mixture of various sized beads enables 

the desired capture for target bacteria from the pure and non-diluted blood sample. 

Under the condition of dynamic microfluidics, the RBCs-free bacteria sample with a 

lower concentration of ~105 CFU/mL were clearly observed to reveal the dynamic on-chip 

enrichment of target bacteria, by continuously captured by the microbeads-stacked filtering 

system, as presented in Figure 6.5. The time-lapse images indicate the increased number 

of MRSA bacteria over time. At the time of 30 minutes, the distribution of captured MRSA  
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Figure 6.5 The time-lapse fluorescent images display the distribution of MRSA bacteria under the 

dynamic  processing at the time of 30 minutes (a) and 60 minutes (b). The white arrow shows the 

flow direction. The green dots represent the MRSA bacteria stained by green dye. 

 
Figure 6.6 The optical picture of multi-channels (blue dashed lines) nano-sieve device with a 

pneumatically-controlled layer (red dashed lines). Each channel has a magnetic beads array with 

various size of 5 µm and 10 µm in order. 

 

bacteria were monitored by a high-speed camera cooperated with the fluorescence 

microscopy. The target bacteria were moving from the inlet toward the array of magnetic 

beads, eventually confined by the voids between those beads (Figure 6.5(a)). As the 

purification process continues toward the time of 60 minutes, more target bacteria were  
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Table 6.2 Concentration factor after the bacterial retrieval by nano-sieve device.  

 

 

captured by the beads array as shown in (Figure 6.5(b)). It is also observed that some 

bacteria were moving further towards the outlet area, but still confined by the voids 

between beads in a large volume of beads stacking (Figure 6.6). Therefore, it is noted that 

the target bacteria can be efficiently captured by this reliable pneumatically-regulated 

nano-sieve, to significantly minimize the bacterial leaking.  

To evaluate the concentration factors after the retrieval process, the multi-channels of 

the developed nano-sieve device, as shown in Figure 6.6, were employed to purify and 

concentrate the RBCs-free MRSA samples with various concentrations from 106 to 102 

CFU/mL (Table 6.2). As described, the 10 µm magnetic beads were first pumped into the 

cleaned channel under a flow rate of 30 µL/min, while the pneumatic layer is active for 

securing the beads structure and preventing the beads leaking. Next, the 5 µm magnetic 

beads was injected into the channel and closely approaching to 10 µm beads-stacking to  
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Figure 6.7 The procedure of bacterial lysis and DNA purification by using the functional magnetic 

beads.  

 

generate a dual-layer filtering system, which can significantly improve the capture 

efficiency when dealing with the small size of bacteria in our case [99]. The separated 

fluids can be collected from the waste outlets, and the captured MRSA bacteria can be 

obtained for the evaluation of concentration factors regarding a series of samples with the 

concentration from high to low level. 

Following the successful concentration of MRSA from multiplexing nano-sieve device, 

we employed the standard plate count method to assess the concentration capability of the 

device. Table 6.2 presents the achieved concentration factors for various inlet 

concentrations using the nano-sieve device. The concentration factor was determined by 

dividing the inlet concentration by the outlet concentration. We introduced a total of 600 

µL of MRSA sample solution into the nano-sieve channel, while 30 µL of PBS was used 

to retrieve the MRSA bacteria, resulting in a theoretical concentration factor of 20. 

However, as the MRSA concentration increased. The experimental concentration factor 

showed a slight decreasing trend. One possible explanation for this is that at higher MRSA 

concentration, some bacteria might have leaked out through the waste outlets. This 

suggests that the nano-sieve is more suitable for concentrating low-concentration bacteria 

sample, aligning with our objective of enhancing the detection limit. 
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Figure 6.8 The schematic presents the mechanism of RPA amplification process, including (a) 

primers binding; (b) recombinase-mediated strand displacement and Primer extension; (c) 

amplification and strand displacement. 

 

To determine the on-chip detection limit by using RPA/CRISPR-Cas, the captured 

MRSA bacteria were highly retrieved from the nano-sieve channel under the negative 

pneumatic pressure, by applying a small volume of fresh PBS buffer. Then MRSA bacteria 

lysis and DNA purification, as shown in Figure 6.7, was executed to obtain the target DNA 

from bacteria for the further RPA/CRISPR-Cas assay. Briefly, the lysate comprising the 

DNA from MRSA bacteria was reacted with the introduced magnetic beads, so that DNA 

molecules binding onto the surface of beads through electrostatic interactions and 

molecular crowding. After trapping the DNA-bound magnetic beads by using external 

magnet, the proteins and membrane debris were efficiently separated and removed. By 

washing the DNA with guanidinium chloride to solubilize the DNA-protein interactions, 

the purified DNA was eluted by using nuclease-free water. The RPA procedure (Figure 

6.8) was followed to achieve isothermal amplification of the target DNA, based on the  
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Figure 6.9 The schematic shows the mechanism of CRISPR-Cas12a system to cleave the target 

DNA and ssDNA with fluorophore-quencher molecules for a visual detection. The ssDNA probe 

is linked with fluorophore-quencher molecules. The crRNA means a guided RNA that is designed 

to be complementary for the target DNA sequence.  

 

activities among the single-stranded DNA-binding (SSB) proteins, DNA polymerases, and 

recombinases. This process starts with primer binding that specifically recognizes and 

binds to the target DNA sequences.  A recombinase enzyme then facilitates the strand 

displacement of the double-stranded DNA, to create a displacement loop structure. 

Subsequently, DNA polymerase enzyme starts to synthesize a complementary DNA strand 

using the displaced target strand as a template. As the primer extension proceeds, the 

displaced strand from the target continues to form new displacement loops, eventually 

leading to the amplification by synthesizing new DNA strands. After introducing RPA 

amplicons into the CRISPR-Cas12 system, as shown in Figure 6.9, in a positive sample, 

when the Cas12-crRNA complex reacts with the complementary target DNA, the nuclease 

activity can be activated, enabling the DNA targeting and editing. Once a sequence that 

matches the crRNA is found, the Cas12 protein binds to the target DNA sequence at a  
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Figure 6.10 (a) The quantitative data plotted by introducing the fluorescence intensity versus 

various bacterial concentration from 103 to 101 CFU/mL. "NTC" refers to no template control. The 

data are represented as mean ± standard deviation (n=3). For statistical analysis, ns, not significant 

= p > 0.05; * = 0.01 < p ≤ 0.05; ** = 0.001 < p ≤ 0.01; **** = p ≤ 0.0001. (b) The endpoint image 

displays the visual detection by presenting the yellow-green fluorescence signal under the 

ultraviolet light. 

 

specific site, as well as cleaving nearby non-target DNA strands (i.e., ssDNA exhibited in 

Figure 6.9) by a collateral cleavage activity. Therefore, the fluorescent signal from the 

fluorophore separated from the quencher is released and can be visualized by naked eye 

under the ultraviolet (UV) light. In a negative sample, the nuclease activity of Cas12a 

remains inactivated due to the absence of ssDNA, preventing the release of fluorophore 

from the probe linked with fluorophore-quencher molecule. So there is no fluorescence 

signal detected from the negative sample as shown in Figure 6.9. 
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After the multiplexing purification of the initial MRSA bacteria samples with various 

concentration from 103 to 10 CFU/mL, the RPA/CRISPR-Cas assay, as described above 

(Figure 6.7, Figure 6.8, and Figurer 6.9), was applied for identifying those retrieved 

bacteria from the nano-sieve by quantitatively measuring fluorescence intensity using the 

plate reader and visually detecting the fluorescence signal using a transilluminator at the 

excitation wavelength of 465 nm. As seen in Figure 6.10(a), the measured fluorescence 

intensities related to the no template control (NTC) and various bacterial concentrations in 

this case were plotted, corresponding to the endpoint images displaying the naked-eye  

results. The difference among the bacterial samples can be realized by employing one-way 

analysis of variance (ANOVA) analysis, compared with NTC sample. In Figure 6.10(b), 

the positive sample can be easily differentiated from the negative groups by naked-eye 

from the concentration of 104 to 10 CFU/mL. It is stated that our experimental setup by 

integrating the pneumatically controlled nano-sieve with RPA/CRISPR-Cas assay 

achieved the detection limit of initial bacterial blood sample down to ~100 CFU/mL.  

6.4 Discussion 

The approach based on rapid purification and high concentration of pathogens from a large 

volume of bodily fluids would be critical to diagnose diseases, such as sepsis, at the early 

stage [137], [242]. By comparing with the surface chemistry technique, isolating pathogens 

by applying microfluidic devices with the physical manipulation could be much flexible 

and compatible to the bacterial samples with lower concentration, meanwhile minimizing 

contamination issues. Our functionalized nano-sieve system is cooperating with a 3-D 

beads-stacking, which can provide the accurate manipulation of capture efficiency by 

applied flow rates [104] and the optimized pneumatic chamber to counterbalance the 



113 
 

hydrodynamic pressure under the microfluidic flows [243]. In addition, this flexible 

pneumatic layer can significantly immobilize the bead-stacked microstructure with the 

positive pressure applied during the purification process, and execute an easier target 

release by setting the negative pressure during the retrieval process. In the future, the 

development of 3-D spaced beads array and the retrieval procedure could be more 

beneficial to a higher capture efficiency and concentration factor of target bacteria, 

respectively, aiming to improve the detection limit by combining with our optimized 

molecular detection technique.  

While our current research introduced the MRSA-spiked blood samples, the future 

work could be engaged in investigating clinical samples to validate the availability of our 

approach in the field of biomedical research and clinical diagnostics of bacteremia, such as 

sepsis. So far, our system had been simultaneously tested up to six samples. However, 

introducing more channels in a 6-inch glass wafer during the device fabrication process, 

we can achieve the simultaneous detection of hundreds of clinical samples using a sample 

equipment setup comprising a multi-channel pump, pipetting system, heat block, magnet, 

transilluminator, and other necessary components. Therefore, this microfluidic device 

could enable a multiplexing purification and retrieval for various pathogens from different 

samples [229], [244]. Additionally, while our RPA/CRISPR-Cas assay is currently 

performed in tubes after bacterial concentration by nano-sieve and is still requiring manual 

pipetting, our future work would integrate a well-developed microfluidic platform with this 

molecular detection technique for operating an on-chip real-time detection of target 

pathogens, potentially reducing the processing time for the positive results. At this point, 
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we could also develop the operation process by introducing the one-pot reaction based on 

RPA and CRISPR assay [245], [246]. 

6.5 Conclusion 

In summary, we have proposed a miniaturized and multi-functional nano-sieve platform 

integrated with a pneumatical chamber for a rapid purification and high concentration of 

MRSA bacteria from RBCs-free samples. Our developed fabrication process is simplified, 

time-saving, and cost-efficient, but generating multiple channels in one 6-inch wafer. This 

approach leads to an efficient capture of MRSA via the precise control of the applied flow 

rate, resulting in a significant concentration of captured bacteria (~15-fold). The developed 

nano-sieve integrated with RPA/CRISPR-Cas12 assay significantly improves the detection 

sensitivity, resulting in a lower on-chip detection limit of 100 CFU/mL compared to the 

off-chip limit of 104 CFU/mL. Importantly, this sensitive detection method was completed 

in less than 4 hours under body temperature (~37 °C) conditions, without using the 

centrifugation. The scalability of the nano-sieve device allows for the simultaneous 

processing of multiple clinical samples and multiplexing detection of different pathogens. 

By developing MRSA detection technique for the enhancement of its sensitivity and 

specificity, our approach shows potential in improving patient outcomes and addressing 

the challenges posed by ARB infections. 
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Chapter 7. Conclusion and Future Opportunities  

Part of the content in this chapter reprinted with the permission of “Korensky, G., Chen, 

X., Bao, M., Miller, A., Lapizco‐Encinas, B., Park, M. and Du, K., 2021. Single 

Chlamydomonas reinhardtii cell separation from bacterial cells and auto‐fluorescence 

tracking with a nanosieve device. Electrophoresis, 42(1-2), pp.95-102” and “Nanaware, 

A., Kranbuhl, T., Ching, J., Chen, J.S., Chen, X., Tu, Q. and Du, K., 2022. Pneumatic 

controlled nanosieve for efficient capture and release of nanoparticles. Journal of 

Vacuum Science & Technology B, 40(6).” 

 

 

Sepsis, a condition characterized by life-threatening dysfunction of organs, typically arises 

from a response of the body to bacterial infection [247]. In order to mitigate the mortality 

rates associated with sepsis and alleviate the burden on healthcare systems, it is crucial to 

achieve early detection of sepsis. Delays in administering appropriate antibiotics by even 

an hour could lead to a 7.6% increase in mortality for patients suffering from severe sepsis 

and septic shock [10], [248]. To accomplish this, there is a pressing need for rapid (within 

a few hours), highly sensitive, specific (down to ~1 CFU/mL for each specific bacterial 

strain), and multiplexed methods of detecting sepsis-causing bacteria in blood samples 

obtained from patients [249]. In this dissertation, it has demonstrated that a novel 

microfluidic platform functionalized by a 3-D beads-stacked microstructure and a 

pneumatically controllable chamber was successfully generated to rapidly and efficiently 

purify the target bacteria, such as MRSA, from laboratory-based blood sample. By 

incorporating with a molecular detection technique, i.e., PRA/CRISPR-Cas system, the 

low-concentration targets from blood sample can be fully isolated, highly concentrated, 

and specifically identified, potentially for detecting sepsis-causing bacteria in patients’ 

blood samples in near future. This chapter summarizes the present research on an efficient 

purification and detection of ARB from whole blood by combining an optimized nano-

sieve device with a developed RPA/CRISPR-Cas assay. This chapter also highlights the 

key contributions and future opportunities.  
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7.1 Research summary  

By combining microfluidics with advanced molecular detection techniques, this study 

seeks to enable the development of novel diagnostic tools that can address the urgent need 

for rapid and accurate identification of antibiotic-resistant bacterial strains. The field of 

microfluidics empowers the manipulation of fluids, with either small or large volumes, 

granting precise command over fluid flow and analysis. Leveraging the inherent benefits 

of microfluidics, such as high throughput and compatibility with automation, renders it an 

optimal platform for tackling the obstacles involved in simultaneous purification and 

detection of multiple bacterial targets. On the other hand, molecular diagnostic technology 

has gained extensive utilization in bacteria identification due to its multitude of advantages 

over traditional methods, including exceptional accuracy and specificity in targeting 

specific and unique DNA sequences associated with the bacteria of interest. Additionally, 

molecular methods offer the advantage of optimized processing times, often within a few 

hours, as compared to culture-based methods. Therefore, the integration of microfluidic 

platform and molecular detection technique could be a promising method for the aim of 

early detection of sepsis, so that potentially improving the survival of those infectious 

patients.  

In Chapter 1 of this dissertation, the current condition of bloodstream infections (BSI) 

and the current technologies for diagnosing BSI, such as sepsis, has been reviewed, leading 

to the motivation and the objectives to design, fabricate, and develop a robust microfluidic 

platform, i.e., nano-sieve, for rapidly and efficiently purifying the target bacteria from the 

desired samples, by combining with a reliable molecular detection technique, i.e., 
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RPA/CRISRP-Cas assay, for specifically and sensitively identifying the target bacteria 

within a short time.  

The details of Chapter 2 mainly focus on the validation of theoretical model related to 

a super shallow nano-sieve channel based on an idea of deformable microfluidics. An 

experimental measurement of the trapping efficiency of fluorescent microparticles was 

subsequently conducted using the manufactured nano-sieve, which served to verify the 

accuracy of the model. Building upon this, the established model was employed to gain 

insights into channel deformation at varying flow rates, thereby enabling further 

optimization of nano-sieve microfluidics. The calculated capture efficiency closely 

matched the experimental data, demonstrating the reliability of the model. Consequently, 

this robust model can effectively predict changes in trapping efficiency across different 

flow rates and channel heights. Furthermore, general guidelines were developed for the 

advancement of deformable microfluidics in isolating and releasing micro- and nano-

particles with diverse channel heights and flow rates.  

The following Chapter 3 further demonstrates the development of fabricating an 

extremely thin nano-sieve channel with an aspect ratio of 1:10,000, down to ~200 nm in 

depth. The exceptional characteristics of this nano-sieve device offer the opportunity to 

better concentrate, release, and harvest molecular targets from original samples, facilitating 

downstream analysis. Moreover, this advancement directly tackles the prevalent problem 

of clogging encountered in filtration applications. Therefore, the innovative nano-sieve 

device was developed to efficiently and easily separate microalgae and bacteria at the 

single-cell level by leveraging hydrodynamically controlled deformation. In addition, by 
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incorporating a sacrificial layer, the device effectively prevents channel collapse and 

leakage, while minimizing flow resistance during the separation process. 

A significant improvement in a 3-D beads-stacked microstructure within the well-

established nano-sieve channel was exhibited in Chapter 4. In our pursuit of developing a 

fast and reliable method for the separation and detection of ARB, this research has 

successfully created a miniaturized system. This innovative system enables the physical 

separation and concentration of bacteria from buffer solutions and blood plasma. This 

breakthrough was achieved through the 3-D stacking of nonfunctional magnetic 

microbeads within a confined nano-sieve device that features numerous voids at the 

interface, which were also thoroughly investigated using optical coherence tomography 

(OCT), computational fluid dynamics (CFD) simulation, and machine learning 

reconstruction. Our findings demonstrate that this system exhibits an exceptionally high 

efficiency in capturing bacteria, and it can aggregate bacteria on-chip when dealing with 

samples of lower concentrations. Importantly, the bacteria can be easily retrieved and 

concentrated in a designated buffer without altering their properties. 

Chapter 5 presents a significant progress in developing the deformable microfluidic 

system that utilizes a nano-sieve channel packed with magnetic microbeads. The efficacy 

of this system has been confirmed through various validation methods, including 

fluorescence microscopy, OCT scanning, mechanical testing, and a computational fluidic 

model. Our developed theoretical model also accurately predicts the leakage of microbeads 

under specific conditions, providing valuable insights for designing next-generation 

separation systems. Notably, our plasma separation process based on the improved beads 

stacking only requires minimal blood dilution and can rapidly process blood samples. 
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Furthermore, by leveraging the deformable nature of the device, we have successfully 

demonstrated efficient retrieval of RBCs after plasma separation, while a small volume of 

blood sample has been tested in this study. 

To further develop a rapid and reliable system to purify and detect the targets, the idea 

of integrating the microfluidic platform with a molecular detection technique was proposed 

in Chapter 6. We have introduced a miniaturized and versatile nano-sieve platform that 

incorporates a pneumatical chamber, enabling rapid purification by well-secured beads 

array and high concentration of MRSA bacteria from RBCs-free samples. Our fabrication 

process is streamlined, time-efficient, and cost-effective, allowing for the creation of 

multiple channels on a single 6-inch wafer. By precisely controlling the applied flow rate, 

our approach ensures effective capture of MRSA bacteria, leading to a substantial 

concentration of the captured bacteria. Furthermore, the integration of the developed nano-

sieve with the RPA/CRISPR-Cas assay represents a substantial advancement in detection 

sensitivity. The positive results can be easily realized by naked eye, leading to a rapid and 

direct detection method for target bacteria.  

In summary, a microfluidic-based deformable nano-sieve device was designed and 

fabricated, then further developed and optimized for the bacterial purification process from 

desired sample solutions. The performance of 3-D beads stacking was also investigated via 

optical coherence tomography (OCT), computational fluid dynamics (CFD), and machine 

learning reconstruction. Improvement of this nano-sieve system was achieved by 

introducing a pneumatic chamber to make 3-D beads-stacked microstructure more reliable 

without leaking issue, further optimizing the capture efficiency and retrieval process. The 
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developed molecular detection technique was also explored in detail, to highlight a reliable 

and promising approach for rapid and efficient bacterial purification and identification.   

7.2 Key contributions 

This dissertation is aimed at the generation and development of a microfluidic-based 

deformable nano-sieve device for highly efficient purification of target bacteria from whole 

blood, and at the integration of a molecular detection technique to achieve a fast but reliable 

on-chip identification of those purified bacteria that are concentrated by nano-sieve. 

In Chapter 2 and Chapter 3, a simple but functional nano-sieve device was successfully 

created through a cost-effective and easily-operated fabrication process. The fluorescent 

microparticles were applied to evaluate the performance of trapping efficiency of such a 

nano-sieve device. Almost all the microparticles (~99% from quantitative data) were 

captured by the hydrodynamically deformed nano-sieve channel (1 µm in thickness) under 

a high flow rate of 20 µL/min. It was also found that increased flow rate can raise the roof 

of compliant channel induced by a hydrodynamic deformation, so that easily releasing the 

trapped microparticles for downstream analysis. Moreover, a theoretical model was 

established to reveal the capture efficiency as a function of the dimensions of channel and 

the size of applied microparticles. This investigation could support and nationalize the 

experimental findings, so that predicting the capture efficiency of microparticles with a 

nano-sieve device, under the condition of various dimensions and flow rates. Additionally, 

an optimized fabrication process can be employed to generate a thinner nano-sieve channel 

with an aspect ratio of 1:10,000 via the application of the sacrificial material within the 

channel. This approach significantly prevents the technical issues of PDMS roof collapse 
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during the fabrication of nanofluidic channel. By using the rigid microparticles and soft 

cells, the capability of such a nano-sieve device has been evaluated for the separation and 

concentration, and release of various targets. Therefore, this breakthrough not only enables 

efficient separation but also addresses critical issues associated with filtration, making it a 

valuable tool in various applications. Moreover, this study could facilitate the optimization 

of next-generation deformable microfluidic platform for the efficient manipulation of 

building micro- and nanostructure [250], [251]. 

The following contribution afterward, described in Chapter 4, was to create a 3-D 

magnetic beads-stacked microstructure within this highly deformable nano-sieve channel, 

thus forming the voids between the applied beads for a size-selective capture of target 

bacteria. In this case, E. coli-spiked in PBS buffer solution and in blood plasma had been 

tested via such a developed filtering system with a combination of beads in various sizes, 

leading to an impressive capture efficiency of ~92%, compared to the capture efficiency of 

only ~18% while applying the filtering system without any beads array. Moreover, 

leveraging the high deformability of nano-sieve, an E. coli sample can be fully retrieved 

by applying a higher flow rate, collected in a fresh PBS-based buffer with a smaller volume. 

With this feature, an on-chip concentration factor of ~11-fold has been achieved by 

adjusting the volume of initial sample solution and retrieved solution. Significantly, this 

device possesses key attributes such as multiplexed capability, miniaturization, 

affordability, and transparency, rendering it simple to fabricate, operate, and detect. As a 

result, it proves to be an ideal solution for pathogen separation and concentration in both 

laboratory and point-of-care (POC) settings.  
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In Chapter 5, we also explored the capability of such a nano-sieve device to separate 

the plasma from whole blood and retrieve blood cells, as efficiently separating blood cells 

and plasma plays a crucial role in various molecular diagnosis and therapeutic applications. 

In this study, the microscope imaging, OCT scanning, and mechanical tests were used to 

investigate and understand the mechanical properties of the nano-sieve channel, flow rate, 

and microbeads packing/leaking, leading to support and rationalize the experimental 

validation. The development of this deformable nano-sieve device holds promise as a new 

solution for centrifuge-free diagnosis and treatment of bloodborne diseases. Additionally, 

it contributes to the advancement of next-generation deformable microfluidics for 

separation applications. 

Last, the research discussed in Chapter 6 creates a reliable approach to rapidly and 

efficiently purify and identify the target bacteria from blood sample, by integrating a 

molecular detection technique to a pneumatically-regulated multiplexing nano-sieve 

device. The improvement of nano-sieve device indicates a more reliable filtering system, 

in which the 3-D beads stacking has much higher reliability to avoid the beads leaking 

issue and a simpler and easier retrieval of captured bacteria can be achieved by accurately 

tuning the pressure within the pneumatic chamber. By introducing the multi-channels for 

a multiplexing purification procedure, a rapid and effective bacterial separation from whole 

blood was also completed, and a ~15-fold concentration factor can be reached. Our 

developed nano-sieve, combined with the RPA/CRISPR-Cas12 assay, achieves a 

substantial enhancement in detection sensitivity. It enables a significantly lower on-chip 

detection limit of 100 CFU/mL, surpassing the off-chip limit of 104 CFU/mL. Notably, this 

highly sensitive detection method is accomplished in less than 4 hours under the body 
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temperature conditions (~37 °C), and not requiring the need of centrifugation. This 

breakthrough offers a rapid and efficient solution for the detection of target analytes, 

thereby holding immense potential for various diagnostic and research applications. 

7.3 Future opportunities 

The current research in this dissertation states a promising approach for a rapid and reliable 

purification and detection of ARB from whole blood, by combining a molecular detection 

technique with a pneumatically-regulated nano-sieve platform. The following directions 

could be followed up. 

7.3.1 Develop a pneumatically-regulated nano-sieve for targeting biomolecules 

The efficient isolation and retrieval of biomolecules are crucial for a wide range of 

biomedical applications, including molecular diagnostics [244], precision therapeutics 

[252], and mechanobiology [253]. Nanofiltration membranes with controllable 

selectivity have emerged as a promising approach due to the lower cost and ease of use. 

However, these membranes often require additional post-treatments to remove or 

retrieve the captured targets, which can be complicated and may alter the membrane 

properties [254]. Electrophoresis has also been developed for the separation of 

nanoparticles, nucleic acids, proteins, and cells. However, it relies on high DC voltage 

and is not directly applicable in complex biofluids, as it can disrupt the electrostatic 

forces in the solution. To overcome these challenges, micro- and nanofluidic systems 

have been developed in recent years, by offering high scalability and resolution. These 

systems provide an alternative approach for efficient isolation and retrieval of 

biomolecules without the requirements of extensive post-treatments or high voltage. 
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A simple confinement utilizing a convex lens and a flat substrate has been 

introduced to enhance the trapping efficiency of molecules for fluorescence sensing 

[255]. However, this approach only allows to form a single trapped region. On the other 

hand, top-down approaches have been utilized to create nanofluidic channels with 

intricate nanofeatures, such as dual height and staircase nanochannels, offering 

controllable geometries [256], [257]. Nevertheless, the fabrication and bonding 

processes for these chips pose challenges. More recently, Wunsch et al. developed a 

laterally nano-scaled displacement chip with periodic nanopillars, enabling the 

separation of exosomes from colloids, even as small as 20 nm in size [84]. This chip 

has also been used to manipulate and stretch lambda DNA within the 2D nanopatterns 

[258]. Additionally, Yu et al. demonstrated single-cell capture and single-DNA 

linearization using a pneumatic microchannel and nanoslit, laying the foundation for a 

fully integrated on-chip device for nucleic acid extraction and genome sequencing [96]. 

Recently, a nano-sieve platform was designed to effectively capture and retrieve 

microparticles by simply tuning the hydrodynamic pressure within the deformable 

nano-scaled channel [79]. By securing different sizes of magnetic microparticles, such 

a device has been developed to separate, concentrate, and retrieve micro-organisms and 

red blood cells from bodily fluids at a high flow rate, further leading to an on-chip 

sepsis diagnosis [199], [98]. However, the capacity of this nano-sieve could be 

improved by modifying the structure of channel itself, so that enabling the potential 

capture for the small nanoparticles.  

As described in Chapter 6, a pneumatically-regulated nano-sieve has been 

successfully fabricated for better locking the 3-D beads-stacked microstructure, aiming  
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Figure 7.1 (a) Schematic of the pneumatic controlled nano-sieve device. (b) SEM image of the 

microgrooves inside the channel with a feature size of 5 μm. (c) Schematic of the microgrooves 

patterned on the glass substrate with the introduced nanoparticles. (d) TEM image of the applied 

quantum dots. (e) Photograph of the channel: after target capture (e-i) and after target release (e-ii). 

Reprinted from [243]. 

 

to capture the small-sized bacteria, such as MRSA, from whole blood. The addition 

of this pneumatic chamber can be easily precisely controlled by tuning the applied 

pressure, achieving the counterbalance of hydrodynamic pressure within the channel 

induced by high flow rate. On the other hand, guided by CFD, microgrooves with a 

feature size of ~5 μm were patterned on the bottom of nano-sieve channel, as shown in 

Figure 7.1(a) and 7.1(b), exploring the performance of this new nano-sieve channel 

for highly efficient capture of nanoparticles, i.e., quantum dots with a diameter of 15 

nm (Figure 7.1(d)). By incorporating our numerical simulations and experimental 

findings, we have demonstrated that the presence of microgrooves reduces the flow 

rate in their vicinity, thereby enhancing the trapping efficiency of quantum dots. 
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Importantly, the captured targets can be easily retrieved for downstream analysis by 

simply deactivating the positive pneumatic pressure (Figure 7.1(e)). 

 Therefore, the future opportunity based on the employment of improved nano-sieve 

with patterned microgrooves could be extended to 1) the channel design with adaptable 

height and width, and microstructure shape; 2) the theoretical perspective and 

experimental observation for the mechanical properties, regarding the deformable 

PDMS roof and the pneumatic pressure by even higher flow rate, further optimizing 

the target capture and release; 3) established protocols of lysis and purification, which 

could be integrated into this kind of nano-sieve for the extraction of biomolecules.  

7.3.2 Study microalgae cells with a nano-sieve device for next-generation 

biosensor  

In recent years, there has been significant interest in microalgae due to their potential 

applications in food, feed additives, environmental monitoring, renewable energy, and 

cosmetics [106], [260]. Microalgal biofuel, for instance, offers a unique solution to 

develop the renewable energy, because of the numerous advantages of microalgae, such 

as high growth rate, co-products similar to conventional fuels followed by oil extraction, 

ability to remediate wastewater, independence from arable land, and capabilities of 

carbon dioxide fixation [261], [262]. 

To explore microalgae as a potential next-generation biofuel, it is crucial to 

maintain the viability of microalgae population over extended periods of time [106]. 

Biological contaminants, including bacteria populations, can have adverse effects on 

microalgae populations. Some microbes, for instance, can damage the microalgae cell 

wall and inhibit their growth [108], [109]. The deformable nano-sieve device can 
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efficiently isolate microalgae from bacteria, enabling the manipulation of microalgae 

while mitigating the presence of contaminants. Even though other microfluidic 

methods have been introduced for microalgae and bacteria separation, they typically 

require complicated microchannel design and characterizations of the fluid elasticity 

[110], [111]. Methods for the physical separation of much larger cells have taken 

advantage of the size difference of cells quite effectively, but not at the scale presented 

in this study [112], [113]. Those devices also have more complicated geometries 

involving more lengthy fabrication processes, compared to the fabrication of nano-

sieve, described in those works. With the nano-sieve, the separation is achieved by fine-

tuning the flow rate and hydrodynamic deformation. As shown in Figure 3.11, the 

majority of contaminant bacteria cells were efficiently washed into the waste reservoir 

without the loss of microalgae. However, micrographs taken before and after the mixed 

C. reinhardtii and E. coli solutions indicate that the amount of C. reinhardtii cells 

trapped in the channel was lower than solutions containing only C. reinhardtii, even 

though a significant amount of C. reinhardtii cells were still visible in the channel. This 

indicates that a portion of the C. reinhardtii cells could be lysed when pumped through 

the channel with E. coli cells. This could have been caused by differences in size, shape, 

and velocity between E. coli cells and C. reinhardtii cells flowing through the channels. 

This may have resulted in the C. reinhardtii cells being speared by the E. Coli cells 

since E. Coli cells are rod-like while C. reinhardtii cells are spherical. Alternatively, C. 

reinhardtii and E. Coli solution could have been more densely packed due to the 

additional E. Coli causing the C. reinhardtii to have less room for deformation.  
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Figure 7.2 (A) The integrated fluorometer used to measure the auto-fluorescence signal from the 

trapped C. reinhardtii cells. (B) The auto-fluorescence intensity of C. reinhardtii cells under 

continuous excitation: (B-i) 0-50 s; (B-ii) 50-100 s; (B-iii) 100-150 s; (B-iv) 150-200 s; (B-v) 200-

250 s. The background signal without C. reinhardtii cells is ~1.9x103 a.u., which is over a full order 

of magnitude lower than the signal observed with C. reinhardtii cells. Reprinted from [99].  

 

Understanding this phenomenon is not the intention of this work but it is an interesting 

observation. 

In this study, we have taken the initial step towards establishing a reliable, 

inexpensive, and label-free separation and biosensing. Furthermore, stable sensing can 
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be implemented since, as shown in Figure 7.2, C. reinhardtii cells exhibited the ability 

for continuous laser excitation for minutes with minimal photobleaching issues. Many 

existing microalgae biosensors are facing challenges related to the stability of the 

fluorescence signal over time, and various immobilization techniques are being 

explored to address this limitation [106]. Large fluctuations in the auto-fluorescent 

signal of the C. reinhardtii cells could result in false-positive and false-negative results. 

Combining the small and sensitive fluorometer with C. reinhardtii cells trapped nano-

sieve device, excellent auto-fluorescence stability of C. reinhardtii cells over a long 

period was demonstrated, which can be further used for rapid and label-free detection 

of aquatic pollutants [263]. This auto-fluorescence stability indicates the continued 

viability of the trapped cells. This proposed method can be employed for single-cell 

analysis in genomics, transcriptomics, and metabolomics without the need for complex 

serial dilution, micromanipulation, or dielectrophoretic sorting techniques. 

Due to its minimal photo-bleaching issues, the proposed method shows promise as 

a label-free biosensor for environmental monitoring. Future research aims to enhance 

this method for generating a multiplexing and high-throughput bio- and chemical 

sensor [264]. 
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Appendix A 

Table A.1 Bill of Materials  

Name of Materials/Equipment Vender/Source Catalog number 

Polydimethylsiloxane (PDMS, SYLGARDTM 184) Ellsworth Adhesives SKU: 2065622 

The fluorescent microspheres (5 µm in diameter) 
Thermo Fisher 

Scientific 
35-2B 

The fluorescent nanoparticles (100 nm in 

diameter) 
CD Bioparticles DCFG-L003 

The glass wafer (D263, 150 mm in diameter, 550 

µm in thickness, double side polished) 
University Wafer ID# 1618  

Applied Materials P5000 (Chamber A - PECVD of 

TEOS Silicon Dioxide) 
RIT SMFL N/A 

Positive photoresist (AZ Mir™ 701) RIT SMFL N/A 

Buffered oxide etching (BOE) bench (10:1 BOE 

Tank is for general oxide etching.) 
RIT SMFL N/A 

Biopsy punch (1 mm in diameter) Integra LifeSciences 33-31AA-P/25 

BD-20AC laboratory corona treater 
Electro-Technic 

Products 
SKU: 12051A 

JASCO FP-8500 spectrofluorometer JASCO Global N/A 

CD-26 developer solution 

Rohm and Haas 

Electronic Materials 

LLC 

N/A 

Escherichia coli (E.coli) bacteria cells ATCC ATCC 25922 

Bacteria-free C. reinhardtii cells  
Carolina Biological 

Supply  
Item #: 152040 

Multichannel syringe pump eBay WPI SP220I 

Amscope XD-RFL microscope AmScope N/A 

Scanning electron microscopy (Tescan Mira3) RIT imaging science N/A 

Magnetic beads (10 mg/mL,5 µm in diameter) Alpha Nanotech Inc N/A 

Magnetic beads (10 mg/mL, 10 µm in diameter) Alpha Nanotech Inc N/A 

Magnetic beads (2.8 µm in diameter) 
Thermo Fisher 

Scientific 
N/A 

PBS (1× without calcium and magnesium, PH 7.4 

± 0.1) 
Corning Inc N/A 

BacLight™ Green Bacterial Stain 
Thermo Fisher 

Scientific 
B35000 

Pig plasma solution Sigma Aldrich P2891-10 mL 

Microcentrifuge (VWR Galaxy Mini C1213) 
VWR International, 

LLC 
N/A 

Eulerian multiphase model (FLUENT 19.2) ANSYS N/A 
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Optical coherence tomography system Thorlab N/A 

Digital microscope high-speed camera Zeiss  AxioCam MRc, Zeiss 

SPI-Module™ Sputter Coater 
 RIT imaging 

science 
N/A 

Human whole peripheral blood (Fresh, EDTA, 10 

mL) 

STEMCELL 

Technologies 
70508.1 

FstDgte Shore A durometer RIT N/A 

a Chatillon® TCD1221 digital force tester RIT N/A 

EasySep™ RBC depletion reagent 
STEMCELL 

Technologies 
18170 

Microfluidic tubing  
Scientific 

Commodities, Inc. 
BB31695-PE/3 

Photoresist mask (plastic) Fineline Imaging N/A 

3-D printed mold for pneumatic chamber Fictiv N/A 

iFlow Touch™ Microfluidic Pump System Precigenome LLC N/A 

BD Luer-Lok™ 1 mL syringe BD N/A 

Methicillin-resistant Staphylococcus aureus ATCC 43300 

Tryptic soy broth medium MilliporeSigma 22092-500G 

Ethylene-diaminetetraacetic acid (EDTA) Rockland MB-014 

Lysozyme Thermo Fisher N/A 

Triton X-100 (1.2%) Thermo Fisher N/A 

Tris-HCl (20 mM) Thermo Fisher N/A 

Proteinase K Thermo Fisher N/A 

AMPure XP beads Beckman Coulter A63880 

Nuclease-free water Thermo Fisher N/A 

Guanidinium chloride MilliporeSigma N/A 

TwistAmp@ Basic kit TwistDxTM N/A 

The RPA primers, crRNA, AsCas12a, and 

fluorophore-quencher probes 

Integrated DNA 

Technologies 
N/A 

NEBufferTM r2.1 
New England 

Biolabs 
N/A 

Blue light transilluminator SmartBlue NEB-E4100 

Agilent BioTek Cytation 5 imaging reader 
Agilent 

Technologies 
Cytation 5 
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