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Abstract 
 
 

This thesis describes technology platforms for various biological applications at nano- 

and microscale. The first platform is the silicon nanowire (SiNW) field-effect-transistor 

(FET)-based biosensor. SiNW FETs have unique features such as label-free, real-time, and 

electrical measurement, which will be demonstrated with DNA and protein sensing. We 

further demonstrate that using different surface chemistry can modulate the sensitivity and 

dynamic range of the sensor. Debye screening, one of the major bottlenecks of the 

technology, is shown to be circumvented by using electrostatically immobilized capture 

DNA for DNA sensing and a small synthetic capture agent, peptide, for protein sensing. A 

model for the detection of analyte by SiNW sensors is also developed and utilized to 

extract DNA binding kinetic parameters, which shows the potential of the platform as a 

more sensitive version of surface plasmon resonance (SPR). 

The second part of this thesis focuses on a more practical and easily expandable 

technology, the microfluidics-based platform, to perform a single-cell-based protein 

analysis. We develop a flow patterning technology to generate highly parallel DNA 

barcodes that can be further utilized as a handle to immobilize protein capture agents, such 

as antibodies. As a first step, a protocol to make high-quality DNA micro-barcodes with an 

excellent uniformity is introduced. The uniform DNA barcode patterns enable us to 

perform protein detection from single cells in a microfluidic device that spans the whole 

glass microscope slide. A data set from about thousand experiments can be collected from a 

single test with the developed microfluidic device, owing to the good quality of DNA 
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barcodes and DNA Encoded Antibody Libraries (DEAL) technology. This platform further 

demonstrates that multi-parameter protein detection at the single-cell level presents cellular 

heterogeneity which leads to new findings in biology. A quantitative version of the Le 

Chatelier’s principle, as derived using information theory, is applied to analyze a large 

amount of data from this platform. This principle provides a quantitative prediction of the 

role of perturbations and allows a characterization of a protein–protein interaction network.  

Lastly, another application of microfluidics is demonstrated for studying interfacial 

chemistry on lung surfactant systems under oxidative stress, along with mass spectrometry 

(MS) and molecular dynamic (MD) simulation results. The findings from the MS and MD 

simulations provide mechanistic details for the reaction of ozone with unsaturated 

phospholipids, leading to possible damage of the pulmonary system by ROS or direct 

ozone exposure. These investigations focus on molecular transformations that occur as a 

result of oxidative stress. Such molecular transformations can have a strong influence on 

the physical properties of the pulmonary surfactant (PS) system (i.e., the surface tension 

and elasticity of the interface), and therefore understanding how chemical transformations 

influence such physical properties can provide key insights into how the PS system 

responds to environmental challenges. Thus, we also propose utilizing microbubbles as a 

model system for investigating the physical transformations of the PS system when 

exposed to environmental challenges. The chemical composition change, along with 

physical property change, is analyzed by altered bubble size and oscillatory behavior which 

can provide an improved understanding of the physics of a PS system when it is subjected 

to oxidative stress.       

  



 viii 

Table of Contents 

 

ACKNOWLEDGEMENTS ................................................................................................ iii 

ABSTRACT ............................................................................................................................ vi 

TABLE OF CONTENTS ................................................................................................... viii 

LIST OF FIGURES, SCHEMES, AND TABLES ......................................................... xiii 

CHAPTER 1 ............................................................................................................................ 1 

1.1 MICRO- AND NANOTECHNOLOGIES IN BIOLOGY .............................................................. 1 

1.2 HOW TO STUDY BIOLOGY: TOP-DOWN VS. BOTTOM-UP .................................................. 2 

1.3 COMPLEXITY OF BIOLOGY AND MULTI-PARAMETER ANALYSIS ...................................... 4 

1.4 THESIS OVERVIEW ........................................................................................................... 7 

1.5 REFERENCES .................................................................................................................. 12 

CHAPTER 2 .......................................................................................................................... 19 

2.1 INTRODUCTION .............................................................................................................. 19 

2.2 EXPERIMENTAL METHODS ............................................................................................ 24 

2.2.1 Nanowire sensor fabrication ................................................................................. 24 

2.2.2 Surface functionalization and characterization for DNA sensing and antibody-

based protein sensing ...................................................................................................... 29 

2.2.3. Surface functionalization and characterization for peptide-based protein sensing

 ......................................................................................................................................... 31 

2.2.4 SPR and electronic measurements ........................................................................ 36 



 ix 

2.3 RESULTS AND DISCUSSION ............................................................................................ 38 

2.3.1 DNA sensing ......................................................................................................... 38 

2.3.2 Protein sensing with antibodies ............................................................................ 53 

2.3.3 Protein sensing with peptide ................................................................................. 62 

2.4 CONCLUSIONS ................................................................................................................ 67 

2.5 REFERENCES .................................................................................................................. 69 

CHAPTER 3 .......................................................................................................................... 80 

3.1 INTRODUCTION .............................................................................................................. 80 

3.2 EXPERIMENTAL METHODS ............................................................................................ 81 

3.2.1 Microfluidic chip fabrication for DNA patterning ............................................... 81 

3.2.2 Patterning of DNA barcode arrays ....................................................................... 82 

3.2.3 Microfluidic chip fabrication for multi-protein detection .................................... 84 

3.2.4 Cell culture ............................................................................................................ 85 

3.2.5 Multi-protein detection .......................................................................................... 85 

3.2.6 On-chip cell lysis and mulplexed intracellular protein profiling from single cells

 ......................................................................................................................................... 86 

3.2.7 Data analysis .......................................................................................................... 88 

3.2.8 Molecular dynamic simulation ............................................................................. 89 

3.2.9 Modeling of electrostatic adsorption of DNA to poly-L-lysine (PLL) surface ... 89 

3.3 RESULTS AND DISCUSSION ............................................................................................ 91 

3.4 CONCLUSIONS .............................................................................................................. 104 

3.5 REFERENCES ................................................................................................................ 105 

CHAPTER 4 ........................................................................................................................ 111 



 x 

4.1 INTRODUCTION ............................................................................................................ 111 

4.2 EXPERIMENTAL METHODS .......................................................................................... 113 

4.2.1 Patterning of DNA barcode arrays ..................................................................... 113 

4.2.2 Microfluidic chip fabrication for the detection of protein secretion .................. 114 

4.2.3 Cell culture .......................................................................................................... 115 

4.2.4 On-chip secretion profiling ................................................................................. 115 

4.2.5 Data analysis ........................................................................................................ 116 

4.3 RESULTS AND DISCUSSION .......................................................................................... 117 

4.3.1 Multiple-protein secretion profiling from single cells and small cell colonies 

with integrated microchip............................................................................................. 117 

4.3.2 Secretion profile from integrated barcode chip vs. bulk experiment ................. 118 

4.3.3 Single-cell protein secretion profiling of GBM cell line: U87 cells .................. 120 

4.3.4 Cell–cell communication effect .......................................................................... 124 

4.3.5 PTEN activity on GBM cell line: U87EGFRvIII vs. U87EGFRvIII/PTEN ..... 126 

4.3.6 Toward clinical sample: analysis on GBM primary tumor cells ....................... 128 

4.4 CONCLUSIONS .............................................................................................................. 129 

4.5 REFERENCES ................................................................................................................ 132 

CHAPTER 5 ........................................................................................................................ 136 

5.1 INTRODUCTION ............................................................................................................ 136 

5.2 METHODS .................................................................................................................... 138 

5.2.1 Experimental Methods ........................................................................................ 138 

5.2.2 Theoretical Methods ............................................................................................ 148 

5.3 RESULTS AND DISCUSSION .......................................................................................... 155 



 xi 

5.3.1 Computing the covariance matrix ....................................................................... 155 

5.3.2 The network ......................................................................................................... 156 

5.3.3 The composite networks ..................................................................................... 160 

5.3.4 The number-based network................................................................................. 162 

5.4 CONCLUSIONS .............................................................................................................. 165 

5.5 REFERENCES ................................................................................................................ 166 

5.6 APPENDIX A: SUPPLEMENTARY EXPERIMENTAL METHODS (SI.I) ............................. 170 

5.6.1 Experimental procedure ...................................................................................... 170 

5.6.2 Experimental data analysis methods ................................................................... 174 

5.7 APPENDIX B: SUPPLEMENTARY THEORY METHODS (SI.II) ........................................ 179 

5.7.1 Introduction to theoretical supplementary methods ........................................... 179 

5.7.2 The ensemble: A basis for making predictions .................................................. 180 

5.7.3 Fluctuations describe the response to small perturbations ................................. 182 

5.7.4 The principle of Le Chatelier .............................................................................. 184 

5.7.5 The equation for the direction of change ............................................................ 185 

5.7.6 Tiers of the network are eigenvectors of the correlation matrix ........................ 187 

5.7.7 The spectral representation of the covariance matrix ......................................... 188 

5.7.8 The role of the number of cells in the sample .................................................... 189 

5.7.9 Antibody perturbations........................................................................................ 190 

5.8 APPENDIX C: SUPPLEMENTARY TABLES ..................................................................... 191 

CHAPTER 6 ........................................................................................................................ 198 

6.1 INTRODUCTION ............................................................................................................ 198 

6.2 EXPERIMENTAL METHODS .......................................................................................... 204 



 xii 

6.2.1 Chemicals and reagents ....................................................................................... 204 

6.2.2 Online FIDI-MS technique and heterogeneous oxidation by O3 ....................... 204 

6.2.3 Computational modeling ..................................................................................... 205 

6.2.4 Design and fabrication of microfluidic device ................................................... 207 

6.2.5 Bubble formation tests and analysis ................................................................... 207 

6.2.6. Analysis and imaging of the ozone effect ......................................................... 209 

6.3 RESULTS AND DISCUSSION .......................................................................................... 209 

6.3.1 Probing chemical property changes by FIDI ...................................................... 209 

6.3.2 Probing physical property changes by microfluidic bubble generator .............. 221 

6.4 CONCLUSIONS .............................................................................................................. 231 

6.5 REFERENCES ................................................................................................................ 233 

 

  



 xiii 

List of Figures, Schemes, and Tables 
 
Chapter 2 

Figure 2.1 A diagram and an SEM image of a single device section containing three 

groups of  SiNWs in a microfluidics channel ........................................................ 25 

Figure 2.2 Sensing device and fluidics device for sample handling. ............................ 28 

Scheme 2.1/2.2 Surface functionalization schemes ....................................................... 30 

Figure 2.3 Surface treatment scheme for peptide functionalization on a Si (100) 

substrate and XPS data ........................................................................................... 32 

Figure 2.4 Experimental setup for biological sensing with silicon nanowires ............. 38 

Table 2.1 Measured contact angles for various Si(100) surfaces. ................................. 39 

Figure 2.5 Surface analysis with XPS and SiNW response to pH. ............................... 40 

Figure 2.6 Solution gating of SiNWs functionalized by Scheme 2.1 and by Scheme 

2.2 ............................................................................................................................ 42 

Figure 2.7 Real-time response of SiNWs functionalized as in Scheme 2.1 ................. 43 

Figure 2.8 Concentration-dependent, real-time sensing of complementary DNA by 

SiNWs and by SPR in 0.165 M electrolyte ............................................................ 45 

Figure 2.9 Comparison of SPR-derived hybridization kinetic parameters with NW 

sensing data ............................................................................................................. 48 

Table 2.2 Kinetic Parameters estimated from SiNW biosensors for the hybridization of 

16-mer DNA............................................................................................................ 52 

Scheme 2.3 The binding of proteins to antibodies at a distance ~10 nm from the 

surface of silicon nanowires ................................................................................... 53 



 xiv 

Table 2.3 Debye length at different salt concentrations ................................................ 55 

Figure 2.10 XPS of carbon 1s region, followed through the process of nanowire 

functionalization with antibodies ............................................................................ 56 

Figure 2.11 Solution gating responses of SiNWs.......................................................... 57 

Figure 2.12 IL-2 sensing with SiNWs ........................................................................... 58 

Figure 2.13 Schematic of the microfluidic PDMS chip overlaying a nanowire sensor 

device for differential measurements ..................................................................... 59 

Figure 2.14 IL-2 sensing with dual channel device....................................................... 61 

Figure 2.15 High-resolution XPS spectra of Surfaces 2 and 3, illustrating the coupling 

of the azide-containing unnatural amino acid and subsequently the FLAG peptide

 ................................................................................................................................. 63 

Figure 2.16 Fluorescence-based bioassay with FLAG peptides in microfluidic 

channels ................................................................................................................... 65 

Figure 2.17 Scanning electron micrograph (SEM) image of the NW-FET device and 

sensing result ........................................................................................................... 66 

 

Chapter 3 

Figure 3.1 Surface treatment schemes and design of the DNA patterning device and 

fluorescence image of DNAs filled into the channel ............................................. 82 

Table 3.1 Sequences and terminal functionalization of oligonucleotides..................... 84 

Table 3.2 Summary of antibodies used for cell lysis experiments ................................ 87 

Figure 3.2 The Single-Cell Barcode Chip (SCBC) utilized for on-chip cell lysis and 

multiplex intracellular protein detection ................................................................ 88 



 xv 

Figure 3.3 The microfluidic flow-patterning process to form the DNA barcodes ....... 91 

Figure 3.4 Line profiles for the DNAs patterned by Scheme 1 to 3 ............................. 93 

Figure 3.5 Electrostatic adsorption of DNAs on PLL surface and DMSO effect ........ 94 

Figure 3.6 Results from experiments designed to more fully understand the effect of 

electrostatic adsorption of DNA within the microchannels during flow patterning

 ................................................................................................................................. 95 

Figure 3.7 Molecular simulation result of the influence of DMSO in the Scheme 2 

process ..................................................................................................................... 96 

Figure 3.8 Contrast-enhanced raw data extracted from multi-protein calibration 

experiments performed on a substrate prepared by Scheme 2 and Scheme 3 .... 100 

Figure 3.9 A schematic representation of the single-cell, intracellular protein analysis 

device and experimental data ................................................................................ 102 

Figure 3.10 Antibody cross-reactivity tests ................................................................. 103 

Figure 3.11 Calibration data for proteins in the panel ................................................. 104 

 

Chapter 4 

Figure 4.1 Integrated barcode chip for secreted protein profiling from single cells and 

small cell colonies ................................................................................................. 119 

Figure 4.2 Secretion profiles from GBM cell lines: integrated barcode chip vs. bulk 

experiment ............................................................................................................. 121 

Figure 4.3 Single-cell secretion profiles for U87 cells ................................................ 122 

Figure 4.4 Distance effect for cell–cell communication ............................................. 125 



 xvi 

Figure 4.5 PTEN activity in U87EGFRvIII cells revealed by protein secretion 

profiling ................................................................................................................. 126 

Figure 4.6 Profiling of tumor-secreted proteins at the single-cell level ..................... 128 

 

Chapter 5 

Figure 5.1 Single-cell barcode chips for protein secretion profiling .......................... 138 

Figure 5.2 Design of integrated microchip for single-cell protein secretome analysis

 ............................................................................................................................... 139 

Figure 5.3 Cross-reactivity check and calibration curves ........................................... 140 

Figure 5.4 PMA and LPS activation and kinetics of protein secretion from activated 

macrophage cells ................................................................................................... 141 

Figure 5.5 Comparison of two data sets from two experiments performed in parallel

 ............................................................................................................................... 143 

Figure 5.6 Experimental and simulation results for extracting the experimental error 

contribution to the SCBC protein assays .............................................................. 144 

Figure 5.7 Simulated histograms of average intensity from multiple DNA barcode 

loctions .................................................................................................................. 146 

Figure 5.8 Protein secretion heat maps for different colony sizes of LPS-stimulated 

macrophages .......................................................................................................... 147 

Figure 5.9 Fluctuations in the numbers of secreted IL-8 proteins for all single-cell 

experiments ........................................................................................................... 149 

Figure 5.10 The summary network derived from the information theory treatment of 

the data…. ............................................................................................................. 157 



 xvii 

Figure 5.11 Protein–protein interactions via the quantitative Le Chatelier’s 

theorem…… .......................................................................................................... 158 

Figure 5.12 The dependence of the dominant eigenvalues of the covariance matrix on 

the number of cells in the sample ......................................................................... 161 

Figure 5.13  Heat map of the covariance matrix and of the contributions to the first 

two tiers of the network for measurements on chambers containing three cells 162 

Figure 5.14 Perturbation of protein networks using neutralizing antibodies ............. 164 

Figure 5.15 Morphology change of THP-1 cells upon PMA/LPS activation for 24 hrs

 ............................................................................................................................... 172 

Figure 5.16 The eigenvalues of the covariance matrix in order of decreasing 

magnitude for samples containing n =1 cells ....................................................... 188 

Table 5.1 Sequences and terminal functionalization of oligonucleotides................... 191 

Table 5.2 Summary of antibodies used for macrophage experiments ........................ 192 

Table 5.3 Digital data for the fluctuation in protein copy numbers for experiments 

with single cell in the chamber ............................................................................. 192 

Table 5.4 Signal-to-noise ratio (S/N) for single cells in SCBC measurements .......... 195 

Table 5.5 Parameters utilized for the protein assay calibration curve ........................ 196 

Table 5.6 Values of parameters used in simulation ..................................................... 196 

Table 5.7 The coefficients of variation for each of the assayed proteins from single 

cell experiments .................................................................................................... 196 

Table 5.8 Digital representation of the covariance matrix for single-cell measurements

 ............................................................................................................................... 197 

Chapter 6 



 xviii 

Figure 6.1 Schematic illustration of FIDI-MS setup for heterogeneous reaction study

 ............................................................................................................................... 200 

Scheme 6.1 Structures of POPG, DPPG, SOPC, and DPPC investigated in this study

 ............................................................................................................................... 202 

Figure 6.2 Design of the microfluidic device for bubble generation .......................... 208 

Figure 6.3 Heterogeneous reaction of POPG with O3 as a function of time .............. 211 

Scheme 6.2 Summary of heterogeneous oxidation of POPG with O3 at the air-liquid 

interface ................................................................................................................. 212 

Figure 6.4 The FIDI-MS2 spectrum of SOZ ................................................................ 213 

Figure 6.5 Heterogeneous reaction of a 1:1 mixture of POPG and DPPG with O3 as a 

function of time ..................................................................................................... 215 

Figure 6.6 Heterogeneous reaction of a 1:1 mixture of SOPC and DPPC with O3 as a 

function of time ..................................................................................................... 217 

Figure 6.7 MD simulation results of a POPG monolayer ........................................... 219 

Table 6.1 Calculated solvation energies of phospholipids and ozonolysis products . 221 

Figure 6.8 Experimental setup and device for the bubble generation and ozone effect 

test .......................................................................................................................... 222 

Table 6.2 Bubble size and the polydispersity index .................................................... 223 

Figure 6.9 Major force components contributing to bubble generation ..................... 223 

Figure 6.10 Ozone effect on the chemical composition change in the interface ........ 225 

Figure 6.11 Time and frequency for bubble formation ............................................... 228 

Table 6.3 Parameters for the effective elastic modulus calculation ............................ 229 

Figure 6.12 Bubble size analysis ................................................................................. 230 


