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Project Summary 
Microfluidics has promised to revolutionize bio-analytical techniques with the creation of Lab-

On-a-Chip (LOC) devices that reduce the reagents, complexity, time and infrastructure required to 

perform laboratory procedures and by enabling novel measurements.
1–6

  However, the issue of sample 

preparation remains a major challenge for many of these devices.
7,8

  Firstly, achieving uniform sample 

processing is essential when operating on the micro-scale.
8
  In microfluidic devices, often only microliters 

of sample are required for each test; therefore the sample must be homogenized before a portion is taken 

for analysis in order to ensure dependable results.  Understanding the rheology of the sample on the 

micro-scale is important in optimizing devices and understanding how to process samples.   

Many traditional techniques require samples to be diluted in large volumes of reagents, and then 

particles of interest must be purified and concentrated.
8,9

  Most methods used to selectively extract 

particles are based on size.
10

  This approach is beneficial because it can be generally applied to most 

biological samples since different types of specimen have drastically different length scales.  For 

example, mammalian cells are tens of micrometers, while bacteria are only a few micrometers, and 

viruses are tens to hundreds of nanometers in diameter.   

While many exceptional devices have been designed to extract specific biological specimen based 

on size differences, expanding the parameters used to identify and select for specific particles would be 

highly advantageous.  Cell staining is ubiquitous to identify and study cells, however, intercellular 

staining is often required which requires cell permeabilization and causes cell death.  Antibody markers, 

such as expressed surface proteins, are highly specific, but in some cases can be too limiting.  For 

example, identifying circulating tumor cells by epithelial surface markers may lead some cells with 

metastatic potential to be overlooked.
11

  Physical markers promise to offer an alternative to chemical 

markers for cell identification and analysis.  Therefore, I seek to study an array of physical characteristics 

to identify specific cells.  Cell impedance will be investigated, since impedance spectroscopy enables the 

cell interior to be probed.
12

  In addition, cell deformation will be measured which has been correlated with 

a number of cell states.
13,14

  The proposed platform will also allow optical measurements to be made. 

Based on the current limitations in sample preparation, I aim to address three key issues in 

biological sample preparation.  They are: the rheology of viscous samples, selective extraction and 

washing of cells utilizing size differences, and determining relevant cell properties for cell analysis.   

First, a method to passively measure the microstructure of biological samples is explored.  I 

examined changes in human sputum with degradation agents and investigated sputum heterogeneity on 

the micro-scale.  Next, acoustic forces are used to wash cells and investigate novel applications in 

studying viral cell dynamics for this technology.  Lastly, rheology and cell manipulation will be combined 

on chip to investigate cell physical properties.  Studying sputum highlights the vast differences in 

biological specimen.  The acoustic device both underscores how general cell properties can be used to 

preferentially separate cells from other contaminants, and the limited properties used to manipulate cells.  

Therefore, to interrogate cell properties, single cells will be probed with a variety of methods to get 

relevant data despite highly heterogeneous populations.  These studies will enhance existing attempts to 

discriminate cell populations and cell states, by allowing multiple physical properties to be correlated 

with cell condition. 

Specific Aim 1: Develop and optimize a quantitative method to measure heterogeneous complex 

biological samples.  

Specific Aim 2: Characterize an acoustic separation platform to move cells from a sample stream to a 

clean buffer stream. (2a) Quantify the effect of wall thickness on acoustic focusing and optimize device 
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operation. (2b) Wash human lymphocytes spiked with Dengue virus (DENV). Use device to monitor 

DENV infection. 

Specific Aim 3: Investigate cell impedance in relation to mechanical and optical form and function.  (3a) 

Engineer an electrode design that enables dielectrophoretic manipulation, electrodeformation and 

impedance spectroscopy.  (3b) Use this device to investigate changes in cell properties upon infection 

with DENV. 

Background and Significance 
Many exciting microfluidic devices have been and are being developed to enrich and advance 

bio-analytical techniques, however, challenges in performing sample preparation steps limits the adoption 

and significance of these devices.
7
  Few commercially available devices use microfluidics, one of the 

limited commercial devices, Cephid’s GeneXpert uses a macroscopic sample preparation approach.
15

  

While numerous advances have been made in enabling sample preparation steps to be performed on 

chip,
9,16

 many devices have not been tested with complex biological samples, especially those intended to 

measure specific cell properties.
4,5,17,18

  One of the ultimate goals in biomedical research is to be able to 

take a complex clinical samples, of any type, and analyze and experiment with this sample to get results. 

Ideally, the sample can be studied in its native state to take full advantage of using real clinical samples.  

Therefore, it is necessary to perform all procedures with minimal disruption and changes to the sample.  

Thus, label-free noninvasive methods are preferred.  With the mindset of developing tools for research, I 

aim to address three major challenges in sample analysis using label-free, non-invasive techniques.  This 

work will investigate sample properties, the purification of cells from samples, and label free methods to 

analyze cells.  Taken together, the work accomplished in this thesis will add to the toolset available to 

study samples noninvasively, thus bringing us one step closer to the ultimate goal of analyzing clinical 

samples in their native state. 

Aim 1: Sample Digestion for Microfluidics 
Micro-devices offer the advantages of a reduced footprint, minimal sample and regent 

consumption, consistency across different operators and speed.  However, samples must meet certain 

criteria before being introduced to these devices.  Challenges with clogging and inadequate mixing in 

micro-devices generally require sample preparation to be performed off chip.  Additionally, when only 

small volumes of sample are required
6
 it is necessary to make sure the tested portion is representative of 

the entire sample.  Since sputum is a key biological material for diagnosis and notoriously difficult to 

work with,
8,19

 it will be the focus of this study.  

Sputum 

 Sputum is expelled when a patient coughs and is essential as a diagnostic specimen for lower 

respiratory tract infections.  Sputum is used for a variety of tests including staining, culture, and PCR.  

While the modes of pathogen detection may be drastically different, it is usually necessary to process the 

sputum prior to applying a diagnostic test.  Chemicals such as sodium hydroxide (NaOH), and N-acetyl-

L-cysteine (NALC) can be added to sputum to digest the complex matrix of mucins, heavily glycosylated 

proteins.  Depending on the assay, oftentimes additional mechanical methods are used such as vortexing 

the sample.     

Existing Devices 

Ideally, all sample preparation steps would be performed within the microfluidic device.  

However, few devices can accommodate highly viscous, elastic samples such as sputum.  E. coli at 

concentrations as low as 33 colony forming units/ml were detected in mucin (stimulating sputum) using a 

microfluidic origami style device.
20

  This device is drastically different than traditional microfluidic 

devices, and does not employ micro-channels, but uses capillary action between layers of absorbent 
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materials to digest the sample, lyse cells and extract nucleic acid (Figure 1).  While the trend towards 

using paper microfluidics is ideal for point-of-care (POC) devices, it is impossible to use many of the 

sophisticated technologies developed for traditional microfluidic devices.  

Cepheid recently released a contained polymerase chain reaction 

(PCR) platform that uses disposable microfluidic cartridges to test sputum for 

tuberculosis (TB) bacilli.
21

  Samples are combined with chemical reagents and 

mixed before they can be pipetted into the cartridge and placed in their 

custom PCR machine.  While this system is revolutionary for TB diagnosis, 

especially due to the ability to detect drug resistance, it is unlikely to be 

deployed in smaller rural health clinics.  This system requires a stable power 

source, calibration and maintenance.  In regions where TB is endemic there is 

a need for a TB diagnosis device that can be deployed with even less 

resources.
22

  Investigators at Harvard are exploring methods to adapt their on-

chip nuclear magnetic resonance (NMR) device to TB diagnosis (Figure 2).
23

  

Magnetic particles coated with antibodies bind to bacilli and cause them to 

cluster together, which results in a decrease in relaxation time that is detected via NMR.  Theoretically 

this method can measure turbid samples; however, some degree of sample processing will be necessary 

for samples to flow through the micro-channels.   

Each device has very different requirements for sample 

quality.  In order to optimize sample preparation the physical 

structure and make up of sputum before and after liquefaction is of 

particular interest.  A common procedure for digesting sputum for 

culture and acid fast smears is to liquefy samples by diluting in an 

equal volume of 2-4% NaOH and 1% NALC, and then further dilute 

in physiological buffer (PBS).
24–28

  This method results in large 

volumes of sample, however many microfluidic devices require only 

small volumes of samples,
29

 and large sample volumes must be 

concentrated to permit sensitive measurements to be made.
9,30

  I have 

investigated a method to observe the degradation of sputum on the 

micro-scale upon the addition of small volumes of highly 

concentrated NaOH.   

Sputum Rheology: Particle Tracking Microrheology 

Traditional rheometers measure bulk sample properties and often destroy the sample in the 

process.  To understand the properties of sputum on length scales relevant to microfluidic devices it is 

necessary to probe sputum microrheology.  

Over the last decade, Particle Tracking Microrheology (PTM) has emerged as a valuable tool to 

get precise measurements of localized viscoelastic properties of complex fluids, ranging from colloids to 

in vivo biological samples.
31–34

  Instead of mechanically shearing the sample at different rates, the thermal 

motion of sub-micron sized particles embedded in the sample is measured optically to passively probe the 

microstructure of complex fluids.  By looking at the mean squared displacement (MSD) at different 

intervals it is possible to measure a sample’s viscoelastic behavior.  PTM has been used in a wide array of 

applications from the assessment of cell stiffness to probing the diffusive properties of therapeutic agents 

in mucus and has the potential to elucidate the behavior and function of heterogeneous and inherently 

complex biological fluids including sputum.
19,35–40

 

Samples are required to be at complete motion equilibrium before beginning measurements, 

which limits the capacity of this technique to measure dynamic processes.
37,38,41,42

  A variety of methods 

have been developed to decouple superfluous motion from thermal motion, however these methods 

 
Figure 1 Operator placing 
mucin on DNA extraction 
microfluidic origami device.  
Taken from [20]. 

 
Figure 2 Schematic of on-chip NMR 
device.  Taken from [23] 
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mostly focus on eliminating stage drift or vibrations of the entire sample and cannot address directed 

movement within specific portions of the sample.
38,43,44

  Dynamic processes, such as adding digestion 

agents to sputum, often create local currents causing beads to move in a directed manner.  Beads in less 

viscous environments will be more affected and results will not be consistent.  To make this exceptional 

technique accessible, methods to apply PTM to heterogeneous dynamic systems will be investigated.  

Aim 2: Sample Purification -Acoustofluidics 
Once the sample is digested and can flow through a 

microfluidic chip it is possible to perform many sample preparation 

procedures on chip.
46–48

  A common procedure is to exchange the 

suspending media around cells.  Acoustophoresis is well established 

as a method to manipulate biological species, and does not affect cell 

expression or viability.
49

  Despite the popularity of acoustophoresis 

for size based separation it is seldom applied to cell-virus mixtures.
50

  

In this aim acoustic forces will be used to separate cells and viruses.  

Background 

 When an acoustic standing wave propagates through media it generates a primary radiation force.  

The primary force can be described as:  

   (
   

     

  
)    (   )     (   )  Equation 1a 

 (   )  
       

      
         Equation 1b 

Where φ is the contrast factor, p0 is the pressure amplitude, Vp is the particle volume, β is the 

compressibility, k is the wave number, ρ is the density, λ is the wavelength, and x is the distance from the 

pressure node.  Subscripts p and m stand for the particle and the medium respectively.  The primary force 

acts to focus particles to either the pressure nodes or anti nodes depending on the sign of the contrast 

factor.  Solid particles like cells are generally focused towards pressure nodes while particles like lipids 

are focused to pressure antinodes in water.  The acoustic force is highly sensitive to size differences since 

it scales with volume, making it attractive as a size based separation technique.   

Due to the simplicity of device design, fabrication and operation, Lund type acoustic microfluidic 

devices are popular for particle manipulation.  Channels are fabricated in materials that enable acoustic 

waves to be transmitted with little losses.  When a piezoelectric coupled to the device is excited at the 

appropriate frequency standing waves are created within the channel (Figure 3).  The pressure amplitude 

in Equation 1a is directly related to the voltage supplied to the piezoelectric.  Generally, the channel width 

is a half wavelength to create a single node in the center and two antinodes at the channel walls.  

However, this design is fundamentally limited for particle separation and concentration.  For optimal 

concentration, a trifurcation is required at the outlet
45,48,51

 which adds complexity and may alter the 

laminar profile reducing separation efficiency.  Additionally, focusing particles to the walls may increase 

wall adsorption, leading to a lower recovery of particles. 

 
Figure 3 Schematic of Lund type 
acoustic micro-channel operating in 
the half wavelength mode. Taken from 
[45]. 
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Existing Devices 

Acoustic Devices Generally, acoustic separation 

devices rely on either migration velocities of different sized 

particles or on differences in contrast factors.  Using 

differences in contrast factors to separate particles is 

attractive since this process is definitive and not as time 

sensitive.  However, the majority of biologically relevant 

particles, such as cells, have similar contrast factors.  While 

this technique has been used successfully to separate lipids 

from blood,
54

 it is often difficult to separate biological 

particles without using specific buffers.  Petersson et al. 

adjust the fluid density to separate platelets and red blood 

cells with 92% of red blood cells (RBC) exiting in one 

outlet and 99% of platelets exiting in another outlet (Figure 

4).
52

 Improvements to this design include pre-focusing in 

both the horizontal and vertical direction.  First all species 

are focused in two dimensions to the channel edges and 

midline.  The sample then enters the next region where 

another transducer induces a node at the center of the 

channel.  This design requires two focusing regions and 

thus two transducers excited at different frequencies 

(Figure 5).  Using this design, white blood cells spiked with 

circulating tumor cells, were separated with 79-99% 

efficiency.
53

  Existing work also suggests that acoustic 

separation can be used to distinguish viable and non-viable 

cells, as cells that have undergone apoptosis are smaller.
55

 

Cell-Virus Separation 

Very few microfluidic methods 

exist to separate cells and viruses.  

However, a number of devices 

move cells across fluid 

interfaces.
46,56

  Theoretically, these 

devices should be able to separate 

cells and viruses as viruses should 

remain in the original solution due 

to the drastic size difference.  Most 

microfluidic devices that address 

virus isolation are interested in pathogen detection and extract viral nucleic acid from samples after lysing 

cells and other constituents, rather than extracting live viruses and cells.
16

  Devices that have been used to 

separate viable cells and viruses do not achieve high separation efficiency or throughputs.  Zhao et al. 

layer blood over a buffer stream and use cell sedimentation to isolate cells from spiked viruses.
57

  This 

method is inherently slow since separation depends on residence time.  The device was operated at 

6µL/min.
57

  Colleagues at Lawrence Livermore National Laboratory (LLNL) previously designed an 

acoustic cell-virus separation device; however, complete separation was not possible.  A cell-virus sample 

and buffer solution were injected in parallel using a H-filter design, and was acoustically excited such that 

cells focused to the center of the channel, while viruses remained in the lower half (Figure 6).
50

  Since the 

cells did not cross the fluid interface between the sample input and the buffer stream, cells could only be 

enriched from viruses, not separated.  Generally cell and virus separation is achieved via centrifugation.
58

  

While well established, this method is a fairly time intensive benchtop technique.  In addition, 

centrifugation has been shown to increase infectivity for certain viruses, and may change cell-virus 

 
Figure 4 Separation of RBCs and platelets using a 
cesium chloride to alter medium density.   Taken 
from [52]. 

 

 
Figure 5 Schematic of pre-focusing for acoustic 
separation of cancer cells in blood. Taken from 
[53] 

  
Figure 6 Acoustic cell-virus enrichment device previously designed at LLNL.  
Left: Schematic of H-filter design.  Right: intensity profile of cell and virus 
distribution across channel width.  Taken from [50]. 
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interaction dynamics.
59,60

  While centrifugation is useful to accelerate diagnosis,
58

 it may confound 

experiments trying to study cell-virus interactions.  Therefore an alternative method to extract viable cell 

and viruses from samples is desired. 

Drawing upon concepts that have been previously demonstrated, including the H-filter,
61

 

asymmetric node position,
62

 and acoustically transparent membranes,
63

  a unique acoustic focusing 

technique to enable high efficiency extraction of cells will be presented.  The ability to arbitrarily place 

the acoustic pressure node by subdividing channels will be investigated.  Arbitrary node placement can 

reduce the complexity of device fluidics, reduce species absorbed to the wall, and enable more efficient 

particle separation. 

Aim 3: Physical Cell Biomarkers 
Correlate cell impedance, deformability, size and optical properties with cell state and function. 

While size based separation techniques, like acoustophoresis, are able to discriminate between 

some cell types, it cannot be used perform more sensitive separations of similarly sized cells.  The 

majority of methods for cell separation and identification using physical properties are dependent on 

differences in cell size.
10

  Therefore, for precise identification of cells, highly specific proteins are usually 

stained for.  Cells can be identified by histology or by fluorescence activated cell sorting (FACS).  

Histology is an inherently slow process that requires highly skilled personnel to interpret results.  FACS 

can screen populations of 10
4
-10

6
 cells, however, nearly all assays require fixing and staining.

64
  Any 

assay that requires cell staining is cumbersome due to incubation and wash steps that change the cell 

properties, and makes time-resolved analysis impossible.  To stain intracellular components usually the 

cell membrane must be irreversibly permeabilized, which kills the cell.  Binding assays can also be used 

to select for specific cells based on surface markers.  While these techniques have been effective to isolate 

specific cells,
65,66

 they will miss cells that do not express these markers.  For example, a widely accepted 

limitation of CellSearch, an FDA approved CTC test, is that metastatic cells that do not express the 

targeted surface marker, epCAM, will be overlooked.
11,67

  Both these techniques suffer limitations 

inherent to chemical biomarkers.  They both alter the cells, either by introducing a dye or coupling them 

to beads or surfaces, making downstream analysis difficult if not impossible.  Furthermore, multiple 

measurements cannot be performed on the same cell at different time points.  Chemical markers are so 

specific they are at risk to miss cells that have adapted to use other proteins.  Therefore physical 

biomarkers will be investigated to distinguish cell state. 

Despite the success of cell cytometers that measure physical cell properties, such as impedance
68–

72
 and deformability,

2,73
 these cytometers have not gained widespread use.  Given the potential for 

impedance measurements to be integrated into cytometers, and the ability to probe different cell 

properties, cell impedance is grossly underused as a parameter to characterize cells.  While existing 

studies have shown that different cell lines have different impedance spectra,
74–76

 and changes in cell state 

can be monitored,
68,77,78

 correlating impedance to other physical and chemical biomarkers promises to 

make impedance spectroscopy more accessible. 

My vision is to engineer a cell culture platform that enables single cell size, impedance, 

deformability and optical properties to be measured over time.  In this thesis, a single cell measurement 

site will be designed that can be scaled to a large array.  This work will immediately address the limited 

techniques available to study cell structure and function in a noninvasive, time resolved manner, and set 

the stage for the discovery of novel biomarkers as multiple modes of measurement are incorporated down 

the line.   
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Impedance Spectroscopy 

Impedance spectroscopy is ideal for 

microfluidics and for integration into flow 

cytometry.  Microfabrication techniques 

pioneered and refined by the 

microelectromechanical systems (MEMS) 

community give us high control and flexibility 

over electrode design and enable sophisticated 

electrical procedures to be performed on chip.   

For single cell impedance spectroscopy, 

the resistance of cells is measured between two 

electrodes.  Depending on the frequency used 

different parts of the system can be probed.  At 

intermediate frequencies (1-100MHz) the cell 

membrane will act as an insulator and impedance will be related to cell size.  At high frequencies 

(>100MHz) the cell membrane capacitance is short circuited, and it is possible to probe the cell interior 

(Figure 7).
12

  Although cell size has been observed to affect impedance throughout the range of 

frequencies, it is possible to normalize by size and cell position by measuring impedance at a low and 

high frequency.
68,79

 

For flow through impedance 

spectrometers differential impedance 

spectroscopy is often employed where cells pass 

through two sets of electrodes.  This makes 

measurements less susceptible to drift, reduces 

noise of the system, gives information about cell 

velocity, and is ideal for flow cytometry.
12

  

Cheung et al. use this set up to measure a shift in 

impedance spectra in red blood cells with 

fixation (Figure 8).
68

  However, the resolution is 

limited due to current leakage.
18

  Ideally, the 

electric field should be as uniform as possible to 

limit the effects of cell location on 

measurements.  To achieve a uniform electric 

field, electrodes should be similar in size to the 

target cells and placed on the sides of channels.  

However, fabricating electrodes in one plane is much easier to achieve and has been used to perform 

impedance spectroscopy.
80

 

Other devices use only two electrodes to measure impedance spectra.  Best results are achieved 

when there is good electrical contact between the cell and the electrodes.
81

  Usually cells are trapped in 

physical traps,
74,75,82

 which can limit current leakage and allow cell membrane capacitance and cytoplasm 

resistivity to be probed.
18

 

Optical microscopy is the primary mode of studying cells, even though it is invasive, slow and 

labor intensive.  In contrast, impedance spectroscopy has been extensively studied to measure cell 

properties, and can be performed quickly, is fairly noninvasive and does not require cell staining.  This 

work aims to identify specific frequencies where impedance spectra is correlated with cell state, and set 

the stage for a platform that enables multiple cell properties to be measured over time.   

 
Figure 7 Simulated impedance spectra of a cell measured in 
differential mode.  Taken from [12]. 

 
Figure 8 Impedance spectra at two different frequencies for 
RBC with varying degrees of fixation.  Taken from [68]. 
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Single Cell Rheology in Microfluidics 

Micropipette Aspiration To measure cell 

stiffness or deformability there are a number of methods 

used.  Micropipette aspiration is regularly used to 

measure cell viscoelasticity.
84

 This method is sensitive 

to cell membrane properties and cell orientation and 

forces range from pN to nN.
84,85

  This method is easily 

amendable to a microfluidic platform, and 

measurements of human neutrophil cortical tension 

made via microfluidic micropipette aspiration are within 

the range reported using traditional micropipette 

aspiration.
83

  Using this technique, human lymphocytes, 

neutrophils, bladder cancer cells, and mouse 

lymphocytes are measured and shown to have different rigidity (Figure 9).
83

  Similarly, by measuring 

transit time, or required pressure for a cell to traverse a constriction it is possible to obtain a measure of 

cell deformability fairly easily in a microfluidic device.
73,82

  Chen et al. measure transit time through a 

long narrow constriction channel and cell impedance at 100kHz.
82

  Using a neural network they are able 

to successfully classify osteoblasts and osteocytes 97.3% of the time (Figure 10).
82

  

Hydrodynamic Stretching Gossett et al. use 

hydrodynamic stretching to study cell deformability in 

clinical pleural effusion samples.
2
  Their device 

measures cells in an ultra-high throughput manner, 

measuring up to 2000 cells/second with forces in the µN 

range.  Using this technique they can predict clinical 

outcomes with up to 91% sensitivity and 86% 

specificity.
2
  However, it is difficult to perform any 

additional measurements in conjunction with 

deformability using this set up since cells are moving at 

such high speeds.  A specialized high speed camera is 

required to image cells. 

Optical Trapping Double beam optical traps 

(termed optical stretchers) have also been used to 

measure cell deformability in a flow through manner at 

rates up to 1 cell/minute, and generate forces in the 100s 

of pN range.
1,86

  Using this method breast cancer cell 

populations with varying degrees of malignancy are 

shown to have different deformability (Figure 11).
86

 

This method requires aligned lasers to generate 

stretching forces along the laser axis. 

Electrodeformation Another method to measure 

cell deformability is by exposing the cell to a non-

uniform electric field.  The field causes dipole moments 

to form within the cell and the cell moves along the 

electric field gradient.  Force for a uniform sphere 

placed in a sinusoidal electric field is proportional to the 

square of the gradient of the electric field (Equation 2a).  The force will be directed towards the region of 

high electric field density (positive dielectrophoresis) if  ( ), the Clausius-Mossotti factor is positive, 

 
Figure 9 Cortical tension as a measure of rigidity 
measured via microfluidic micropipette aspiration.  
Taken from [83]. 

 
Figure 10 Different cell types can be distinguished by 
transit time and cell elongation through a narrow 
constriction channel.  Taken from [82]. 

 

 
Figure 11 Deformability of breast cell lines of varying 
malignancy as measured by an optical trap.  
Increased metastatic potential is correlated with 
increased deformability.  Taken from [86]. 
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and towards the region of low field density if it is negative (negative dielectrophoresis).  This depends on 

the particle and medium permittivity,  , and conductivity,  , denoted by subscripts p and m respectively 

(Equation 2b and 2c).  ω is the frequency of the electric field. 

〈    ( )〉      
   [ ( )]   | ( )|   Equation 2a 

 ( )  (
     

      
)   Equation 2b 

      (  )  Equation 2c 

This method, dielectrophoresis, is 

commonly used to manipulate mammalian and 

bacteria cells.
89

  If the field power is further 

increased cells are stretched via electrodeformation 

(Figure 12).  This deformation can be observed with 

an optical microscope and cell properties can be 

calculated.  Electrodeformation is fairly easy to 

accomplish in comparison to other techniques, and 

is readily amendable to microfluidic devices.  In 

theory the only requirement is an inhomogeneous 

electric field, which can be produced by using 

electrodes of different sizes.  Cells experience a 

much stronger dielectrophoretic force if they 

experience positive dielectrophoresis and move 

towards the region of high electric field.  Positive 

dielectrophoresis is achieved by using low 

conductivity media.  Forces are on the order of 10s 

of nN.
90

  

Cells are deformed by the electric field and 

image analysis is performed to determine 

rheological properties.  Analysis as simple as 

looking at the elongation show that red blood cells 

from patients with spherocytosis are less deformable 

than normal red blood cells.
91

  Using a numerical 

model Chen et al. were able to measure Young’s 

modulus of cervical cancer cells within the range 

measured in conventional micropipette aspiration.
87

  

Using a numerical model they simulate deformation 

expected for materials with different Young’s 

modulus and compare to observed deformation to 

get a quantitative measure of cell stiffness to 

compare to other methods.  MacQueen et al.  use electrodeformation to show Chinese hamster ovary and 

promonocytes have distinct strain and relaxation profiles (Figure 13).
88

   

Cell rheology is a key parameter in cell function
13,92

 and these results suggest that it is possible to 

identify cells based on their stiffness or deformability in a microfluidic setting.   

 
Figure 12 Schematic of positive electrophoresis and 
electrodeformation. From top left to bottom right: (i) The 
cell is exposed to a non-uniform electric field, which 
polarizes the cell, forming induced dipoles (ii).  The cell 
then migrates to the equilibrium position (iii).  The electric 
field intensity is increased and cells experience 
electrodeformation (iv).  Taken from [87]. 

 

 
Figure 13 Strain and relaxation data for CHO and U937 
cells measured via electrodeformation.  Data was fit to a 
standard linear solid (SLS) and a power law (PL) model.  
Taken from [88]. 
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Capture Arrays 

Cell capture arrays are an alternative to 

cytometry to study cell populations and obtain 

statistically relevant single cell data.  In addition, it is 

possible to make measurements at multiple time points 

on the same cells.  Hydrodynamic cell arrays use 

physical structures that are loaded with one or more cells 

(Figure 14).
93

  Experiments investigating enzyme 

kinetics,
93

 electrodeformation
91

, and cell staining
94

 

utilizing automated image analysis have been performed 

on cells positioned in these arrays.  Electric trap arrays 

utilizing dielectorphoresis to confine cells are also 

possible.
95

   

Existing Work 

Chen et al. measure cell impedance and transit time through a narrow constriction to classify wild 

type murine breast cancer cells and drug resistant cells.
82

  These two cell types are similar in size and it is 

unlikely they could be distinguished by size alone.  By measuring both impedance amplitude ratio and 

transit time they are able to successfully classify the two cell types 70.2% of the time, while using one 

parameter alone gave success rates of only 57.5 and 59.6%, respectively.
87

  Subsequent work measured 

cell impedance at multiple frequencies to deduce cell cytoplasm resistivity and membrane capacitance.
18

  

However, cells must be measured serially and their device design is not scalable to measure many cells in 

parallel.  Moreover, this method is fairly invasive, as cells must squeeze through a narrow constriction 

region.  Their work underscores the importance of measuring multiple properties of cells to get a full 

picture.  This work aims to make similar measurements using less invasive techniques in a way that can 

be scaled to measure multiple cells over time. 

Malleo et al. use a hydrodynamic capture array to measure cell lysis and poration upon addition 

of chemical fixation reagents and toxins via impedance changes.
78

  Incorporating additional modes of 

measurements will significantly advance this technology, and will require a completely different device to 

be designed.  This work seeks to correlate impedance measurements with the physical structure of cells 

by investigating optical and mechanical properties in addition to the impedance spectra.  

There is a severe deficit in noninvasive biomarkers – that is, cell properties that can be measured 

without major effects on cell viability or metabolic activity.  Numerous studies have correlated virus 

infection with changes in cell monolayer impedance which can be measured with little damage to the 

cells.
96–100

  However, investigations on the single cell level are limited.
101,102

  This work aims to expand 

the available range of noninvasive biomarkers by identifying cell electrical characteristics that predict 

changes in cell physical parameters, disease state, or biological activity. Methods to monitor cells over 

time are severely limited, especially at the single cell scale. Monitoring changes taking place in single 

cells will lead to a fuller characterization of “normal” cell parameters, to which disease states can be 

compared. To address these issues, in aim 3 multiple interrogation modalities will be integrated: 

mechanical, electrical and optical.   Measuring many properties at the same time will create a truly 

general-use capability, applicable to studying cells in a host of different applications. The goal of this 

work is to lay the foundation for a device that enables single cells to be monitored over time.  Identifying 

new label-free biomarkers will allow investigators to detect and separate cells of interest without 

significantly altering them, enabling novel assays to be developed, and exciting downstream analyses to 

be performed. 

 

 
Figure 14 Single cell hydrodynamic capture array.  
Taken from [93]. 
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Dengue Virus 

 DENV causes 50-100 million infections per year
103

 and can lead to hemorrhagic fever, and toxic 

shock syndrome which often result in death.  Currently there are no vaccines available or specific drugs to 

treat DENV infection, and nearly 3.6 billion people live countries where DENV is endemic.
104

  DENV is 

categorized as a category A priority pathogen by the National Institute of Allergy and Infectious Diseases 

(NIAID), indicating that it is among the pathogens which pose the highest risk to national security and 

public health.
105

  Category A priority pathogens can be easily disseminated or transmitted from person to 

person, and have high mortality rates.  To generate effective therapies and prevention strategies it is 

necessary to understand the intricate nature of DENV infection and how it leads to severe disease.  

Despite the extensive research into this virus, many questions remain.  Such as, why does prior infection 

with one strain often result in more severe infection when infected with a different strain of the virus?
106

  

Therefore, it is imperative to develop tools to help enable basic science research of virus infection. 

 Cell culture is a valuable platform that gives investigators experimental flexibility and high 

control over the environment to probe specific hypotheses.  While a culture plate is far from an in vivo 

system, the accessibility, flexibility, control and cost effectiveness make cell culture a mainstay of many 

laboratories.  Centrifugation is required for nearly all laboratory techniques, especially when working 

with cell culture.  However, spinoculation has been used to enhance some viruses infectivity, such as 

cytomegalovirus, herpes simplex virus, blue-tongue virus, retroviruses and HIV-1.
107

  This technique 

involves centrifuging cells and virus together.  Usually cells are cultured as a monolayer and virus is 

placed on the monolayer and spun down.  Centrifuging hepatitis C virus with liver cells for a short as 30 

minutes at 1000 x g significantly increases the amount of viral RNA extracted compared to non-

centrifuged controls.
108

  In this study, the increase in recovered viral RNA is directly related to the time, 

and the speed of centrifugation.
108

  As hepatitis C and DENV are both in the virus family Flaviviridae, 

these results suggest that centrifugation may affect DENV infection dynamics.  While traditional 

centrifugation protocols usually involve centrifuging cells in suspension at high rates for shorter times 

than spinoculation protocols, extrapolating these results suggests that even at short time scales 

centrifugation can significantly change virus infection dynamics if the centrifugal forces are high enough.  

An alternative method to centrifugation is desired.  Therefore, in aim 2 I will focus on developing an 

acoustic cell virus separation platform and use it to assess the effect of centrifugation on DENV virus 

infectivity. 

Monitoring cell infection with viruses is essential for understanding infection dynamics, and for 

vaccine and drug development.  However, relatively few methods exist to monitor cellular changes upon 

infection with virus.  Cytopathic effects are observable via microscopy for some viruses and provide 

mostly qualitative measurements of cell health.  Traditional methods to measure viral replication in cell 

culture include plaque assays and hemaglutination assays.  Plaque assays require serial dilution of culture 

supernatant onto healthy cultured cells to determine viral titer.  Hemaglutination assays asses the active 

viral particles by observing red blood cell aggregation upon incubation with virus; however this technique 

is less sensitive and can only be used for specific viruses.
109

  Using the device designed in aim 2 I will 

investigate changes in cell acoustic properties upon infection with DENV virus.  The goal is to use this 

device to obtain quantitative information of the number of infected, healthy and nonviable cells, as well as 

the amount of free virus as infection progresses.  In aim 3 I will investigate changes in cell impedance, 

deformability and optical properties upon infection to identify infected cells early after infection. 

Aim 1: Applying Particle Tracking Microrheology to Sputum 
Develop and optimize a quantitative method to measure heterogeneous complex biological samples. 
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Often samples, especially sputum, must be digested and homogenized before entering 

microfluidic devices.
21

  Therefore, it is necessary to quantify sputum mechanical properties on the micro-

scale.  I aim to apply microrheology to human sputum, and investigate methods to digest its structure. 

Research Design 

In order to apply particle tracking microrheology to sputum being degraded, an algorithm to 

remove directed motion from particle tracks has been developed.  When liquefaction agents are added to 

sputum local currents are induced that make it impossible to use particle tracking microrheology without 

addressing the outside sources of movement. 

To remove directed motion, movement along the axis of greatest movement is eliminated and 

only motion perpendicular to this axis is used to calculate rheological properties.  This technique is 

simple, computationally efficient, theoretically sound and does not introduce complex fitting parameters.  

It is analogous to the method used by Hasnain et al. to analyze the anisotropy of DNA solutions,
110

 

however, the de-trending algorithm will be applied to each bead trajectory individually instead of the 

sample as a whole.  I hypothesize that by using this technique it will be possible to use particle tracking 

microrheology to measure heterogeneous dynamic samples. 

Simulations 

The error introduced using a 1D detrending algorithm has been assessed by simulated beads 

trajectories with and without directed motion.  A particle moving in 1D due to Brownian motion alone in 

a purely viscous fluid can be described as 
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Where  (   ) is the probability of moving   distance in   time, and   is the diffusion constant of the 

environment.  Thus, I simulated each step in x and y as a normal distribution centered around zero with a 

standard deviation of 
2/1)2( Dt .  Trajectories are calculated by taking the cumulative sum of the steps.  

According to Stokes-Einstein equation the dynamic viscosity can be calculated as:  
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Where    is the Boltzmann constant, T is the temperature in Kelvin,   is the dynamic viscosity, and   is 

the particle radius.  1000 beads with a diameter of 0.49 µm are simulated in 27 different dynamic 

viscosities.   

From the trajectories the MSD can be calculated as:  

22 ))()(()( ii txttxKtr               Equation 5 

Where   represents the position perpendicular to the fitted line, and K is a scaling factor to translate to a 3 

dimensional MSD.  Based on the assumption that the material is isotropic on the length scale of the probe, 

the movement in all axes are equal.  Therefore, the motion in one or two axes can be scaled to get 

representative three dimensional motion.  For a 1D analysis K=3, whereas for a 2D analysis, K=3/2.
111

  

MSD is calculated for each time interval,  , and averaged over all possible initial times.   As a result, 

smaller time intervals are averaged over more measurements.  The creep compliance,  ( ), is calculated 

as:  



13 
 

)()( 2 tr
TK

a
t

b




  Equation 6 

Where   is the particle radius,    is the Boltzmann constant and T is the temperature in Kelvin.  I then 

calculated the percent error as: 

                      

           
     Equation 7 

The theoretical estimate is based on the simulated dynamic viscosity.  The calculated estimate is based on 

the mean squared displacement of the particle trajectories.  All percent errors are calculated from creep 

compliance estimates at 20 Hz.  Creep compliances are reported to compare to sputum measurements, a 

solid-like material.  Percent error,  , is calculated for each bead trajectory, then the average percent error, 

 ̅, and corresponding standard deviation,  , is computed for each population of 1000 simulated beads.  No 

trend is observed between error and simulated viscosity, therefore the average percent error, ̅, and 

standard deviation,  , is averaged over the 27 different environments to get a double averaged percent 

error,   ̿  and mean standard deviation  ̅. 

In order to simulate a broad range of directed motion, the amount of directed motion added at 

each step varies from 0.01 to 3 times the average displacement in one step.  Since no strong relation 

between error and dynamic viscosity is observed, these simulations are performed for five different 

dynamic viscosities.  The error is calculated by Equation 7.  For 2D analysis with directed motion, 

different track lengths have similar amounts of error; therefore error is averaged again over track length. 

Experimental Studies 

0.49 µm diameter carboxylate-modified red fluorescent polystyrene microspheres (Invitrogen, 

Carlsbad, CA) will be tracked with a custom inverted confocal spinning disk microscope with a 63x 

objective, 1.4NA  (Leica Microsystems, Wetzlar, Germany), and an electron multiplying CCD camera 

(Hamamatsu Photonics, Hamamatsu, Japan).  Glass bottom 96-well plates (MatTek Corp., Ashland, MA) 

will be used for all experiments and an incubation chamber to keep the samples at 20˚C (Pathology 

Devices, Westminster, MD).  Images will be captured at 20 Hz with a 5 ms exposure time.  A particle 

tracking algorithm developed by the Kilfoil lab at University of Massachusetts at Amherst will be used to 

get particle trajectories.
43

  Longer track times give more reliable estimates of compliance since more 

displacements are averaged over.  Thus, beads that were tracked for less than 5 seconds will be eliminated 

to increase accuracy.   

Glycerol in water The sample is disturbed shortly before imaging by pipetting to introduce 

directed motion.  The ensemble mean creep compliance is weighted by the track length of each trajectory.    

Sputum Approximately 100ul portions of sputum have been measured for each trial, with either 

no (native) digestant added or aqueous NaOH added in a 1:10 ratio of NaOH to sputum.  The 

concentration of added aqueous NaOH will be varied to obtain final concentrations of 0 to 4% w/v NaOH 

in sputum.  Bulk digestion protocols usually involve adding NaOH in a 1:1 ratio to sputum to a final 

concentration of 1-2% NaOH.  To facilitate mixing the NaOH was pipetted up and down in the sputum 

multiple times.  For heterogeneous materials, the spread of the data is much more informative than an 

average, thus box plots will be used to display the creep compliances.  

Potential challenges Our preliminary results indicate that materials with higher creep 

compliances are more difficult to measure with our system.  Bulk digestion protocols require samples to 

be dilute in large amounts of PBS after digestion with NaOH, which drastically reduces sample creep 

compliance.  In order to address this issue, I have 1) scaled down the bulk digestion protocol as discussed 

above and 2) measured samples without diluting them in PBS to assess the effect of the NaOH.  This not 
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only reduced the volume of the processed sample, which is ideal for microfluidic devices that only require 

small amounts of sample, but also enabled us to measure the sample with our system.   

Preliminary Results  
Results in this section are taken from Fong et al.

112 

Simulations 

1D de-trending significantly reduces error when convection dominates over diffusion.  

Applying our de-trending algorithm to simulated data without directed motion results in slightly 

underestimated creep compliances, but the error does not exceed 1% when beads are tracked for 5 

seconds or greater.  The error is consistent across various simulated viscosities.  As expected, the longer 

the time the bead is tracked, the less error and more consistent results are. 

When the directed motion is on the same order as the Brownian motion the error in estimated 

creep compliance is over 40%.  This error increases to over 375% average percent error for directed 

motion that is three times the average displacement (Figure 15a).  However, with de-trending the average 

percent error is less than one percent even when the directed motion is three times as large as the average 

displacement (Figure 15b).  These results indicate a one-dimensional analysis removes the directed 

motion and is insensitive to the amount of directed motion as seen by the overlap between different 

amounts of directed motion (Figure 15b and c).  For directed motion that is less than 10% of the average 

displacement in one time step the error is negligible, < 1% average percent error, even without de-

trending data (Figure 15a inset).  When there is little directed motion, less than 10% of the average step 

size, the two dimensional analysis performs similarly to the one dimensional analysis.  However, once the 

directed motion becomes larger, the creep compliance is severely overestimated when data is not de-

trended.  

 
Figure 15 De-trending algorithm to remove directed motion.  Percent error of creep 
compliance in particles with directed motion.  The amount of directed motion 
corresponds to 0.01 to 3 times the average step size.  (a) Average percent error 
without de-trending. The error bars correspond to the mean standard deviation 
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averaged over all track lengths presented in (c).  (b) Average percent error after de-
trending.  (c) Average standard deviation without de-trending.  (d) Average 
standard deviation after de-trending.  Taken from [112] 

Experimental Studies  

Glycerol-water mixtures serve as a model system and different viscosities are measured. 

The creep compliances 

of 0 to 90% glycerol in water 

solutions are measured with 

PTM.  Since glycerol 

characteristics are well 

characterized, this data serves 

as a standard to compare with 

results from unknown samples.  

These results indicate the 

creep compliance estimated 

using particle tracking with de-

trending overestimates the 

creep compliance as compared 

to tabulated values for 

glycerol-water solutions,
113

 

(Figure 16a) and is consistent 

with data reported elsewhere.
35

  

Since both the experimental and tabulated values exhibit the same behavior with percent glycerol the 

system can be calibrated for purely viscous homogenous Newtonian fluids (Figure 16b).   

The addition of small amounts of highly concentrated sodium hydroxide does not digest all regions of 

sputum samples. 

Two sputum samples are measured before and after adding NaOH. NaOH is added to sputum in a 

1:10 volume ratio to obtain final concentrations in the range used for bulk digestion.   When NaOH is 

added to the sputum to a final concentration of 1 or more percent the spread of the creep compliance 

increases, and suggests an increase in the sample heterogeneity (Figure 17).  This suggests that NaOH 

increases the heterogeneity of sputum by degrading portions of the microstructure of the sputum and thus 

dramatically increasing the creep compliance, while not affecting other portions.  The maximum creep 

compliance increases for both sample A and B after the addition of NaOH, and the lowest observed creep 

compliance remains relatively equal as compared to the native samples.  I hypothesize that either the 

NaOH loses efficacy soon after interacting with the sputum, or there are regions of sputum that NaOH 

cannot digest.  This would result in an increase in maximum creep compliance observed while retaining 

the measurements of low creep compliances as in Figure 17.   

 
Figure 16 Creep compliance at 20 Hz of glycerol.  (a) Creep compliances after de-
trending.  The ensemble average was calculated by weighing by track time (blue 
circles).  Tabulated creep values were calculated from tabulated viscosities at 20Hz 
(magenta squares).  (b) Calibration curve between averaged experimental creep 
compliances and tabulated values.  Linear fit: Tabulated Creep= 0.902(Experimental 
Avg Creep) -0.644, R

2
=0.997.  Mean viscosities calculated from experiments are: 

9.3E-2, 1.166E-3, 1.599E-3, 1.207E-3, 5.120E-3, 0.120 Pa s from 0 to 90% glycerol.  
Taken from [112]. 
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The utility and broad applicability of 

our 1D de-trending algorithm for 

heterogeneous materials that are isotropic on 

the length scale of the probe, and experience 

only Brownian motion and consistent directed 

motion is demonstrated.  While these 

assumptions limit the applicability of this 

technique, this very simplistic model shows 

the utility of de-trending methods and sets the 

foundation for future work in expanding these 

methods for more realistic systems.  To 

demonstrate this method successfully 

eliminates directed motion, and performs with 

the same fidelity as traditional methods when 

there is no directed motion, a combination of 

simulation and experiments are performed.  

Next, it is used to probe changes in material 

properties of sputum, a complex fluid, with the addition of sodium hydroxide which induces directed 

motion.  Overall, these results provide a method to analyze at the microscopic level, the behavior of 

complex and heterogeneous fluids. 

These results inform how to scale bulk procedures down for processing samples for microdevices.  

In microfluidic devices it is often desirable to have samples that are highly concentrated with the species 

of interest, to increase sensitivity.  These results show that minimizing the sample volume after 

liquefaction, by adding small amounts of highly concentrated NaOH to achieve final concentrations 

similar to concentrations used for bulk processing does not adequately degrade all regions of the sample.  

Therefore, it is important to take additional steps to homogenize the sample prior to taking a portion of it 

for analysis to get a representative sample.  While this thesis will not pursue this avenue, a method to 

quantify sample homogenization and digestion has been developed.  It is expected that the developed de-

trending method will be useful for those trying to optimize sample degradation.  This de-trending method 

can be used to probe complex and heterogeneous materials under dynamic conditions and can be used to 

evaluate sample digestion efficiency.  Alternatively, using the bulk digestion protocol and focusing on 

sample concentration downstream may be more effective, and a method for sample purification will be 

discussed in the following aim.  

Aim 2: Acoustofluidic Separation 
Develop and optimize an acoustic separation platform to move cells from a sample stream to a clean 

buffer stream. 

Research Design 
To validate acoustic focusing through a wall different acoustic separation devices have been 

characterized to determine the effect of different wall widths.  Next, the device will be used to investigate 

particle transfer between streams.  Using the tools developed in this aim, I will probe cell infection with 

DENV.  I hypothesize that the increased lipid biosynthesis induced by DENV infection in specific cell 

lines will result in changes in cell density and compressibility which can be probed with acoustic forces.  I 

hypothesize that by using the device designed in this aim it will be possible to fractionate infected cells 

and quickly obtain a snap shot of the cell virus dynamics, by quantifying the infected, healthy, dead cells 

and free virus present in the culture.   

 
Figure 17 Creep compliance of sputum after the addition of NaOH.  
Adding detergent increases the variability in the creep compliance 
as seen by the increase in spread.  Taken from [112]. 
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Device Design 

Devices will be obtained from the Lawrence Livermore National Laboratory (LLNL) sample 

preparation team.  Channels are etched into silicon wafers and bonded anionically to glass, with a PZT 

piezoceramic (Piezo Systems type PSI-5A4E) glued to the silicon side with cynoacrylate.  Two channels 

(separation and bypass) are separated by a wall.  During device operation, sample and buffer solutions are 

injected into the separation channel, and the bypass channel is filled with water (Figure 18).  Chips 

operate at the second harmonic, to reduce the power required to generate acoustic forces by operating at a 

higher frequency. Two wall locations (wSEP=750 and wSEP=650 µm) will be tested.  To test the effect of 

wall thickness, beads are injected into the inlet farthest away from the bypass channel such that the 

particles will focus to the pressure node (Figure 15, Generation 1). 

 

Figure 18 Left: Schematic of our acoustophoretic separation device, not to scale (Generation 2).  Right: Generation 1 devices 
were designed to study the effect of wall thickness on focusing, and generation 2 devices were designed to transfer particles 
from the input stream to the buffer stream. 

Second generation devices achieve separation of different sized particles by operating in the 

smaller channel where the acoustic force is always directed towards the same node (Figure 18, Generation 

2).  The sample solution is input on the side farthest from the focusing position, and the large particles 

migrate into the buffer stream and are extracted in the large particle outlet (LPO), while smaller particles 

do not experience sufficient acoustic force to move them into the buffer stream and exit in the small 

particle outlet (SPO).  To increase the amount of time particles are in the acoustic field and enable high 

throughput separation, the length of the channel was increased using a serpentine design with up to three 

passes.  Device consistency will be evaluated using approximately 120 mm long (3-pass) devices with 

main channel widths of wSEP=300 and wSEP=280µm, and 40mm long (single pass) devices with 300µm 

wide main channels.  Flow restrictors at the outlet will be used to enhance particle concentration and 

make the system robust against flow disturbances.  

Since high frequency excitation of the piezoelectric bounded to the chip induces significant 

heating a small fan is attached on top of the device to regulate temperature.  The temperature is estimated 

at 30-40˚C based on an attached thermocouple. 
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Calibration 

To find the 

optimal focusing 

frequency in first 

generation devices, 

LabView will be used 

to perform a frequency 

sweep (Agilent 

33220A) with a 

20Vpeak to peak 

signal and capture 

fluorescent images 

(CoolSnap, HQ2) of a 

0.01%(w/v) bead 

solution of 5.78 µm 

fluorescent polystyrene beads (Bangs Laboratory) flowing at an average linear speed of 6 mm/s through 

the main channel.  Image analysis will be performed using Matlab to determine the optimal (peak) 

frequency by finding the frequency with the greatest absolute intensity.  Intensities are averaged over the 

channel length for each frequency (Figure 19).  The peak frequency is determined by the maximum 

intensity amplitude since it is less sensitive to non-Gaussian profiles caused by stuck beads, and reduces 

computation time since no fitting is involved.  The intensity profile at the peak frequency is fit to a 

Gaussian curve to find the peak location.  For generation two devices, a Gaussian fit is used to determine 

the full width half max.  Generation one devices exhibit various modes of focusing, resulting in non-

Gaussian intensity profiles, therefore the focusing efficiency rather than the full width half max of the 

Gaussian fit is reported.  The focusing efficiency is calculated as the intensity within +25µm of the peak 

location divided by the total intensity of the channel. 

For generation 2 devices a frequency sweep is run to determine the peak frequency for each 

device, and then multiple measurements are performed at the peak frequency for linear flow rates of 20 

and 60mm/s at different voltages to evaluate the consistency of the devices. 

The focusing of different sized beads is evaluated in a generation 2, 3-pass device. Percent 

extracted is calculated as: 
                            

                                        
    .  A flow cytometer (Microcyte, Aber 

Instruments, Wales) and a coulter counter (Z2, Beckman Coulter) will be used to count beads and 

quantify cells, respectively.   

Cell-Virus Separations 

Human Raji cells are cultured in RPMI 1640 growth media supplemented with 10% fetal bovine 

serum at 37˚C and 5% CO2.  Cells are re-suspended in 1xPBS for experiments and used within the same 

day.  Cells are kept at room temperature during experiments.  Live DENV II will be obtained at an 

estimated concentration of 1.2 ·10
8
 plaque forming units/ml and diluted to about 1:1000 into either 1x 

PBS (virus only experiments) or Raji cells (spiked experiments).  The virus is spiked into the cell solution 

shortly before performing cell separations such that the virus and cells are together less than 20 minutes 

before entering the separation channel.  Significant cell infection is not expected to occur during this short 

period, but viruses may adhere to cell membranes.  DENV has been shown to infect Raji cells.
114

  Fresh 

cell media is used to coat the device and tubing prior to running separation tests to prevent the cells and 

viruses from being adsorbed to tubing and chip surfaces.  Reverse transcriptase PCR is used to quantify 

viral separation.  Separation experiments are performed at flow speeds of 60mm/s, and at 16V to enable 

high speed extraction of cells into the clean buffer stream.  Pure virus and cell samples as well as virus 

 
Figure 19 Representative frequency sweeps for 16 µm (left) and 80 µm (right) devices, wall is 
located at 650 µm.  Blue is low intensity and red is high intensity.  The focusing efficiencies 
are 0.901 and 0.294 respectively.  Peak frequencies and locations are indicated by a black 
circle, and channel walls are indicated by dashed yellow lines. 
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spiked in cell samples are run through the chip with (16V) and without (0V) the acoustic field turned on 

(N=3). 

Virus Infection Monitoring 

The preliminary results suggest that this device can isolate cells and free virus with less effect on 

cell virus dynamics than centrifugation since cells are only exposed to the acoustic field for a matter of 

seconds, in comparison to minutes in centrifugation.  To investigate the ability of the device to monitor 

cell virus dynamics, cells and DENV will be cultured together and at specific time points aliquots of the 

culture will be run through the chip and the outputs quantified.   

 Free virus: Quantifying changes in the amounts of virus exiting the chip will give a measure of cell 

infection as more viruses will exit in the LPO in infected cells.   

 Infected cells: It is expected cells will behave differently in the acoustic field, as their membrane and 

internal composition changes upon infection.  DENV has been shown to increase lipid biosynthesis in 

numerous cell lines
103,115

 which should change the cell acoustic properties.
54

  Preliminary results 

indicate that by tuning the operating voltage, different species can be isolated. 

 Healthy and Non-viable cells:  Prior work indicates that acoustic forces can be used to discriminate 

between viable and non-viable cells.
55

 

Quantifying the healthy, infected and dead cell populations and the free virus will give a representative 

picture of virus infection.  In this aim I plan to establish our device as a tool to quickly obtain a picture of 

the cell virus dynamics, and use it to study DENV infection. 

Preliminary Results 

Focusing Through the Wall 

Thicker walls result in higher resonant frequencies, and lower focusing efficiencies. 

The equivalent water width of the silicon walls can be estimated using the relative speed of sound 

in silicon and water. Since the speed of sound in silicon is approximately 6 times faster than in water, 

thicker walls reduce the effective channel width resulting in higher resonant frequencies, and smaller 

nodal spacing. Resonant frequency can be calculated as:   
  

  
.  Where n is the number of pressure 

nodes (2 for our device), c is the speed of sound in water, and w is the equivalent channel water width of 

the device.   

 
Figure 20 Peak Frequency (a), location (b), and focusing efficiency (c) for different wall widths and wall locations.  Black 
dotted lines are theoretical calculations based on the speed of sound in silicon and water.  (a) Upper dotted line is calculated 
40*C, and lower theoretical line is at 30*C. (b) Differences in theoretical peak locations at 30 and 40*C were insignificant. 

 
As predicted, the peak focusing frequency increases as the wall thickness increases, regardless of 

the wall location.   However, this simple estimation does not capture the complexities of the physical 

system, and underestimates the peak frequency when compared to experimental data for wall widths 

greater than 32um (Fig 20a).  As the wall width increases, the focusing efficiency and peak location 
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become more erratic.  However with wall widths of 16 µm the focusing efficiency for both 650 and 750 

devices were relatively high and the focusing position is reasonably well defined.  Thus, achieving 

acoustic focusing through thin walls appears to be possible. 

Device Optimization 

Optimizing field strength, flow rate, and particle size: Increasing the time particles are exposed to the 

acoustic field increases separation efficiency. 

The location of the wall in second generation devices did not significantly change device 

properties.  By increasing the channel length or decreasing flow speed it is possible to achieve focusing at 

lower voltages.  The shift of the location plot for the single pass device downwards with respect to the 

three pass device indicates the single pass device is less efficient at focusing, since beads require higher 

voltages to migrate (Figure 21).  Additionally, the focusing width for the single pass device is shifted up 

with respect to the 3-pass device, signifying that at the same power particles are less focused in the single 

pass device (Figure 21).  A similar trend is observed when comparing the location and focusing width for 

the high and low flow speeds.  The data points for 0V do not show a difference between the single pass 

and multiple pass, indicating using a serpentine design does not introduce significant mixing to degrade 

separation abilities at flow speeds up to 60mm/s.  

  
Figure 21 Peak location and width for generation 2 devices.  Red: 60mm/s, Blue 20mm/s 

The separation efficiency of our devices is evaluated with multiple sizes of beads at different 

operating voltages at flow speeds of 60mm/s.  Using this data as a calibration curve the required voltages 

to extract particles of a particular size can be estimated (Figure 22).  Since Raji cells are estimated to be 

5-8 μm in diameter,
116

 I choose to operate at 16V for cell-virus separations.  
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Cell-Virus Separations 

Cells are extracted into a clean buffer stream with 

greater than 95% efficiency. 

Without the acoustic field turned on the 

cells and virus both exit in the sample stream with 

little diffusion, less than 2% of cells or virus exit in 

the clean buffer stream.  With the field turned on, 

cells are successfully moved to the clean buffer 

stream, percent extracted >95% (Figure 23).   

However, the virus is also more likely to travel to 

the clean buffer stream when cells are present in 

the solution.  Without cells 90% of viruses exit in 

desired outlet, the SPO, and with cells 68% exit in 

the SPO.  By enabling arbitrary node placement 

cell-virus separation is achieved with higher cell 

extraction and at greater than tenfold speeds than 

existing microfluidic devices.
57

 

Next, the reason for drop in virus separation from 

approximately 90% to 70% when cells are present will be 

investigated.  The amount of free virus moving into the 

buffer stream must be minimized for optimal device function.   

I will quantify infection progression by measuring 

cell-virus cultures at different time points post infection.  

Based on existing work characterizing DENV infection in 

cells,
117

 the number of viruses exiting in the LPO is expected 

to be relatively low immediately after cells are infected, and 

then increase as cells are being infected.  Infected cells will 

move the viruses within them into the LPO.  The infection 

rate will plateau, and then a second round of infection will 

occur as the proliferated virus is released from cells into the 

media.  When the second round of infection occurs I expect 

to see an increase in the total amount of virus (in both the 

SPO and LPO).   

Virus Infection Monitoring: Potential challenges and 

strategies 

Free virus appears to move with the cells into the buffer stream. Completely eliminating free 

virus transfer into the buffer stream may be impossible due to increased mixing caused by cells crossing 

fluid streamlines.  I will use inert model cells (ie beads) to determine the amount of transfer purely due to 

large particles changing streamlines.  Depending on results, I will investigate using more realistic models, 

such as artificial liposomes,
118

 or cells with surface receptors blocked.  Additionally, samples may be run 

through the chip multiple times to enhance cell washing and to understand the efficiency of the device at 

different virus concentrations.  It is expected that as the sample is run through the chip multiple times, 

virus transfer into the buffer stream should decrease as the free virus is washed from the cells, and then 

plateau when only the virus associated with cells remain. 

Model system to determine if it is possible to identify virus infected cells.  It is possible that 

DENV infected cells will not be distinguishable using acoustic forces.  While evidence of changes in cell 

 
Figure 22 Recovery of particles from large particle outlet.  
Each data point is averaged over three trials, error bars are 
one standard deviation. 

 
Figure 23 Percent extracted in blue: large 
particle outlet (clean buffer stream) and green: 
small particle outlet at 16V for pure cell and 
virus samples and for cells spiked with virus.   
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metabolism suggests that the acoustic properties of the cells will change upon infection, this change may 

not be significant enough for the device to isolate infected cells.  To determine the limit of resolution for 

the device, I plan to use a model cells to controllably change “cell” properties.  Droplet microfluidics has 

been used to reliably manufacture liposomes, by creating droplets with a lipid bilayer.
118

  Using this 

technique, it is possible to make artificial cells and control the interior composition.  Alternative 

approaches include using the acoustic device to distinguish cells derived from adipose tissue versus other 

types of cells to determine if lipid content changes cell acoustic properties. 

While the acoustic device may have a limited ability to distinguish newly infected cells, it is 

expected as significant changes occur, cell acoustic properties will change and infected cells will be 

distinguishable.  However, being able to identify infected cells before significant metabolic and physical 

changes occur is desirable.  Therefore there is significant interest in investigating techniques that can 

probe the cell interior, which will be addressed in aim 3. 

Aim 3: Single Cell Impedance and Mechanics 
Investigate cell impedance in relation to mechanical and optical form and function. 

Research Design 
In order for impedance spectroscopy to become accepted as a way to probe cells it is necessary to 

establish a relationship between cell impedance and cell state.  The work with sputum in aim 1 highlights 

two key facts that help us attack this problem.  Heterogeneity in sputum on the micro-scale isn’t 

observable by bulk measurements.  In order to obtain the resolution needed to interrogate cells, 1. 

measurements must be taken at relevant length scales: the single cell level, and 2. heterogeneity between 

cells must be accounted for.  To probe changes in cell state despite inherent cell heterogeneity, the goal is 

to enable single cell measurements on the same cell over time.  Correlating impedance measurements 

with multiple cell physical properties such as size, deformability and optical properties will make cell 

impedance a more accessible parameter.  Cell mechanical properties have been shown to be essential in 

cell function,
92

 and different cell lines
82,83,119

 and cell states
13

 exhibit different mechanical properties.  By 

maintaining optical access to the cells, impedance measurements can be related to well-studied and 

accepted optical markers.  I hypothesize that lipid and membrane rearrangement
103,115

 caused by DENV 

infection will reduce the cell’s impedance and increase its deformability. 

Drawing inspiration from previous reports of hydrodynamic cell trapping
93,120

, single cell 

impedance spectroscopy
81

, and dielectrophoretic cell manipulation
87,88,95

 a device that can concurrently 

probe cells in the mechanical, electrical and optical domains will be developed. For long term time-

resolved studies, single-cells must be retained in place or repeatedly pass through a measurement site. To 

achieve this, physical capture structures used in hydrodynamic capture arrays and 3-D electrodes used for 

impedance spectroscopy will be combined.  A physical trapping site made of angled 3-D electroplated 

electrodes will trap cells for interrogation. This configuration allows high sensitivity impedance 

measurements by establishing good electrical contact between the cells and electrodes.   

To perform stiffness studies, the 3-D electrodes will be supplemented by a planar electrode to 

impose forces for electrodeformation measurements (Figure 24). Electrodeformation has been chosen to 

measure cell deformability for multiple reasons.  It does not require physical trapping and squeezing of 

cells, like micropipette aspiration, which may increase device fouling and limit the lifetime of the device.  

Other methods such as optical stretching will increase device fabrication complexity, by requiring a laser 

set up.  The ultimate vision for this technology is to scale it up to an array of capture sites which can 

monitor cell properties over time.  Therefore, the stable capture of cells is paramount, and methods 

measuring cell properties in flow were not considered.   
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During electrodeformation measurements cells will move towards the small planar electrode 

where the electric field is highest.  Particles will not be physically constrained by the capture and 

impedance structures in this mode, allowing for accurate whole cell deformability to be measured (Figure 

24).  Electrical forces generated by the electrodes are also useful for unloading a cell from the trapping 

site.   

It is anticipated that using hydrodynamic 

traps will allow greater measurement flexibility and 

improved cell viability as compared to cell 

manipulation by DEP alone. A limitation of DEP is 

that trapping forces depend strongly on the 

conductivity of the suspending medium. Holding the 

cell with a hydrodynamic capture structure allows for 

easy replacement of suspending media with low 

conductivity fluid during deformation measurements 

to increase the DEP force and reduce electrical stress 

on the cell by reducing the voltage drop across the 

cell membrane.
87

 During electrodeformation 

measurements cells will be suspended in low 

conductivity, iso-osmotic sugar solution.  To limit 

the negative effects of this non-physiological 

medium, cells will be re-suspended in media as soon 

as deformation measurements finished.  Media exchange capability will become essential as the device is 

scaled up to large arrays of measurement sites. It will enable cells to be cultured on chip and probed with 

chemical stimuli.
78

 

Potential Challenges and Strategies 

Device Design While I expect the cells to have good electrical contact with the 3-D electrodes, it 

is possible that leakage current may limit the ability of impedance spectroscopy to probe cell electrical 

properties, and measurements will be dominated by cell size.  By suspending cells in low conductivity 

media, I hope to minimize the leakage current.  In order to further normalize by cell size I will measure 

cell impedance at a high and low frequency, as well as measure cell size via optical measurements.  I 

hope that having optical access to cells will aid in device troubleshooting and in interpreting data. 

Model Biological System I can validate the system with existing cell lines and treated cells that 

have been shown to change their mechanical and electrical properties.  By making the cell membrane 

permeable using chemical reagents or toxins, I expect to see a decrease in cell impedance.
78

  Additionally, 

by fixing cells using paraformaldehyde I can increase the cell stiffness and quantify the systems’ ability to 

measure changes in cell deformability.  An alternative approach is to fabricate artificial cells and control 

the cell interior.
118

  For example, Hur et al.
121

 use viscous oil droplets and elastic particles to quantify the 

effect of different particle viscoelastic properties, and use these results design a device to separate 

cancerous cells from blood.  While it is possible that some DENV infected cells will not show changes in 

impedance or deformability, existing work suggests that endothelial infected cells will show changes in 

impedance.
122

 

While components of the proposed device have been implemented previously, integrating these 

different modes of measurements promises to generate new insights and requires a completely different 

device design.  Being able to detect virus infected cells before they outwardly show signs of infection, 

such as changes in cell morphology or viral budding occurs, will be extremely useful to study early 

infection dynamics.  This system will be used to measure cells and DENV infected cells.  DENV 

infection increases endothelial cell permeability which changes their electrical properties,
122

 therefore this 

 
Figure 24 Schematic of proposed device for electric 
interrogation. 
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cell line will be considered as model system for studying DENV infection.  Collaborators at LLNL have 

extensive knowledge about DENV infection and will be able to assist in troubleshooting and interpreting 

results in the biological domain. 

Expected Results 
Changes in cell impedance spectra are expected to occur at high frequencies in DENV infected 

cells before infection is apparent by cytopathic effects.  Infection with DENV has been shown to induce 

rearrangement and expansion of the endoplasmic reticulum early after infection (approximately 12 hours 

post infection).
123

  This rearrangement is expected to change the cytoplasm impedance.  Additionally, 

impedance measurements at moderate frequencies are expected to change as dengue infection changes 

cell membrane properties.  Increases epithelial cell permeability upon DENV infection have been shown 

to decrease measured impedance.
122

  DENV also causes an increase in the total surface area of the cell 

membrane as it induces membrane curvature and establishes reaction centers where the virus is 

synthesized.
115

  As the infection progresses it is hypothesized that changes in cell impedance spectra at 

lower frequencies will be observed as the virus affects the cell health and cell apoptosis begins.    

Conclusion 
In conclusion, this project will address three challenges in utilizing microfluidic devices for 

biological sample preparation.  Our first two aims address two alternative ways to approach sample 

preparation.  First, I focus on methods to quantify sample quality.  Adapting PTM to quantitatively 

measure viscous samples that are not at equilibrium will provide measurements more relevant to micro-

devices and accelerate the optimization of sample digestion protocols.  Optimizing sample digestion 

reduces the need for complex sample preparation procedures to be performed on chip and will make 

current devices accessible to a range of complex biological samples.  Next, I focus on sample purification 

on chip using our innovative acoustic device.  Using a thin wall to subdivide the channel and position 

cells arbitrarily using acoustic forces dramatically expands the potential of acoustophoretic manipulation, 

a well-established cell handling platform.  By attacking the challenge of extracting desired species from 

both the sample rheology side, and the sample purification side, I hope to provide tools that will facilitate 

the use of microfluidics for a variety of difficult biological samples. Finally, the need for function 

specific, non-invasive biomarkers for cell identification will be considered.  By correlating changes in cell 

state to their impedance spectra, deformability, size and optical measurements, it will be possible to see 

novel associations between these properties.  This will allow deeper exploration of how biological 

structure predicts function, and impedance spectra to be more widely implemented for cell sensing.  It 

will immediately enable novel assays to be performed investigating changes in cell physical properties 

with changes in cell state, and ultimately spur the development and adoption of innovative cytometers.  

While each aim is distinct, together they promise to enable complex clinical samples to be interrogated 

with single cell resolution on microfluidic platforms.    
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