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CHAPTER 1 

Introduction 

1.1  Research Problem Description 

The unique ability of stem cells to exist in multiple states (i.e., pluripotent, multipotent, mature) provides a powerful 

tool for developmental biology, pharmaceutical science and regenerative medicine.  Ironically, this same property 

hinders rapid progress in these fields due to the current lack of experimental control to maintain stem cells or their 

progeny in a specified state.  One primary challenge is defining and executing screening protocols that can non-

invasively monitor the status (i.e., viability, proliferative capacity, functional competence) of a given population of 

cells.  The complexity of such screening is amplified in biologically relevant three-dimensional constructs, where 

not only is accessing the cells for screening more difficult but the status of cells can be altered if they are removed 

from the construct for characterization [1-2].  In addition, certain characterization approaches, such as those 

involving antibody or peptide binding either require the use of fixed tissue or can alter stem cell state, thereby 

limiting clinical use [3-4].  Continued advances in stem cell research depend on the development of new 

technologies that meet the following design criteria: This instrument should A) avoid disaggregation to preserve the 

microenvironment and maintain cell viability, B) acquire an accurate measurement by quantifying a representative 

fraction of the volume, (C) avoid the use of exogenous labels so as not to influence phenotype and (D) allow sorting 

based on any measurement made on the system. The goal of this project is to develop an instrument that meets these 

criteria (summarized in Figure 1.1).  
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Figure 1.1  Schematic of ideal design criteria for analysis of 3-D microtissues.  A) Must avoid disaggregation to 

preserve the microenvironment and maintain cell viability. B) Should acquire an accurate measurement by 

quantifying a representative fraction of the volume. C) Avoids the use of exogenous labels so as not to influence 

phenotype.   D) Allows sorting based on any measurement made on the system. 
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1.2  Specific Objectives and Hypotheses 

Specific Objective 1: To develop a proof of concept Multiphoton Flow Cytometry (MPFC) system.  Hypothesis.  A 

novel optical arrangement including multiphoton excitation could be used to enhance the ability of flow 

cytometry systems to accurately and non-invasively probe cells in the interior of microtissues in an enhanced 

throughput fashion (thereby addressing design criteria A and B).  To test this hypothesis, a modular 

microfluidic device was developed to stream microtissues in a controlled manner past a point of optical interrogation 

(Chapter 3).  The device was incorporated onto a Multiphoton Laser Scanning Microscope (MPLSM) and detection 

software was developed.  Together, these components formed the basis for an instrument capable of measuring 

microtissue characteristics in an enhanced throughput fashion.  The utility of the resultant system, named 

multiphoton flow cytometry (MPFC), was assessed by quantifying microtissue size and fluorescence intensity, and 

comparing results to those attained with conventional static imaging techniques [5]. 

 

Specific Objective 2: To sort multicellular entities based on characteristics detected using MPFC.  Hypothesis.  A 

novel, microfluidic-based sorting mechanism can be incorporated into the MPFC design to purify populations 

of large particles (thereby addressing criterion D). To test this hypothesis, several iterations of the 1st generation 

MPFC flow cell were developed, allowing sorting of large particles based on user-defined criteria.  To identify the 

best iteration, designs were tested by sorting fluorescent beads.  Assessment criteria were 1) purity of desired 

particles, 2) enrichment ratio, 3) accessibility and 4) ease of use (Chapter 4).  The optimal large particle sorting 

device (LaPSD) was further validated by sorting fluorescently stained embryoid bodies (EBs) and assessing the 

viability and long-term function of cells of the EB [6]. 
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Specific Objective 3: To use the MPFC system to non-invasively purify populations of microtissues and to assess the 

functional capacity of sorted populations.  For final validation of the MPFC as both a research tool and to 

demonstrate potential for clinical transplantation, microtissues were sorted based on extrinsic and intrinsic 

fluorescent indicators of cell state.  Hypothesis.  Purified populations of EBs, detected and sorted on the MPFC 

based on fluorescent indicators of size, cell phenotype and viability, will have higher percentages of cells 

adopting a cardiac phenotype (Chapters 5 & 6) than unsorted populations of EBs (thereby addressing 

criterion C).  Conventional methods for assessing cell phenotype and function were performed to test this 

hypothesis [7]. 
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CHAPTER 2 

Background 

2.1  Introduction to Flow Cytometry 

Flow cytometry is a relatively mature, high-throughput biological and clinical technique used for 

characterizing large populations of single cells [8]. Unlike RNA and protein-based approaches (i.e., RNA or protein 

microarrays, reverse transcriptase-polymerase chain reaction, Western blot or ELISA), flow cytometry can be used 

to analyze intact cells, permitting the study of analyzed populations over time.  A myriad of measurements can be 

rapidly made using flow cytometry systems including but not limited to cell count, viability, size, granularity, as 

well as DNA/RNA content, surface sugars and protein expression.  Commercial flow cytometers consist of a fluidic 

delivery component that focuses a sample stream composed of single cells onto a light interrogation point within a 

flow cell (Figure 2.1).  Principles of laminar flow allow for a buffered solution, commonly known as sheath fluid, to 

physically focus cells into a confined stream.  This so-called hydrodynamic focusing effect is most commonly 

implemented with sheath fluid in commercial systems, but has recently been accomplished in micro-flow cytometry 

applications with electric fields [9-11] and acoustic waves [12-14].  Light excitation in commercial systems is 

typically supplied by mercury lamps, along with argon and krypton ion lasers.  The incorporation of optical 

excitation filters increases the sensitivity and selectivity of the instrument by delivering light at a wavelength that 

caters to the excitation spectrum of the fluorophores being used.  Following excitation, longer wavelength photons 

are emitted from the fluorophore and directed to specific detectors, typically photomultiplier tubes (PMTs), where 

they are amplified and digitized to an electric pulse that will be analyzed by the software.  Emission filters and other 

spectral approaches are also used to further discriminate the fluorophores seen at detection.  Many of these 

instruments include the capability of detecting other cellular parameters based exclusively on light scatter.  Slightly 

deflected light, known as forward scatter, gives a measure of cell size, while light that is deflected perpendicular to 

the light source, or side-scatter, measures the granularity of a cell.  Some modern instruments incorporate the ability 

to analyze up to 19 parameters simultaneously [15].  
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Figure 2.1  Schematic of a traditional flow cytometry system.  Adapted from original artwork by Life Technologies 

(www.lifetechnologies.com).  Copyright © 2012 Life Technologies Corporation.  Used under permission.   
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2.2  Fluorescent Activated Cell Sorting of Single Cells (FACS)    

 One of the great advantages of flow cytometry is its unrivaled ability to sort cells based on the 

aforementioned cellular characteristics.  Fluorescence-activated cell sorting (FACS) instruments accomplish sorting 

by creating uniformly sized droplets leaving the sample injection nozzle by way of an ultrasonic nozzle vibrator [16-

17].  While in the nozzle (flow cell), each individual cell passes through the laser beam and is detected as a positive 

or negative event based on its expression of an associated fluorescent probe.  If the cell is detected as a positive 

event, the droplet that is formed housing that cell is given a positive charge, whereas if no cell is present or a cell is 

deemed to be a negative event, a negative charge is given to the droplet.  Those droplets then pass through an 

electric field which deflects the droplets based on their charge, effectively sorting cells based on fluorescence levels.  

Although very effective in commercial systems, this method has inherent limitations as particle sizes increase.  Cell 

induced surface disturbances can alter the predictability of droplet formations and this effect is amplified as particle 

size increases [18].  In addition, the mass increase associated with large particles decreases the angle of deflection 

induced by the electric field and greatly increases the variability in droplet displacement [19].  Thus, charged-based 

droplet sorting is not a viable option for large particle sorting. 

    

2.3  Large Particle Flow Analyzers 

Large particle flow cytometers were first engineered in the late 1980’s for analyzing and sorting samples of 

aquatic phytoplankton [20-21] as well as pancreatic islets [22].  The first instrument was developed de novo and was 

capable of analyzing a broad range of phytoplankton particles (0.5 – 500 µm in diameter, and over 2,000 µm in 

length), while the second instrument made modifications to a PARTEC PAS II cell sorter to distinguish pancreatic 

islets from exocrine tissue.  Scaling up flow cytometry instruments to accommodate large particles requires major 

adjustments to the fluidic and optical components.  The fluidic components must be carefully designed to minimize 

clogging, fouling and shearing of sample particles.  Electrical and optical components must be adjusted to 

accommodate longer delay pulses for events, as well as detect fluorescence measurements that are representative of 

an entire particle.   

The Complex Object Parametric Analyzer and Sorter (COPAS), built by Union Biometrica, was the first 

commercial, custom built system for high throughput analysis of large particles.  COPAS incorporated the ability to 

analyze up to five parameters at once on particles up to 1500 µm in diameter.  This instrument is capable of probing 
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large cellular entities such as pancreatic islets [23], stem-cell clusters [24], three-dimensional (3D) tissue constructs 

[25],  D. melanogaster embryos and larvae [26-27], and C. elegans [28].  The primary limitation of the instrument is 

the inability to discern optical attributes of cells deep within an aggregate.  This can be problematic for analyzing 3-

D constructs since differences in viability, cell-type, and matrix composition can differ relative to position within a 

tissue or cell aggregate.  This instrument is also expensive and not openly accessible to laboratories working with 

tissue constructs or multicellular aggregates. 

 

2.4  Large Particle Sorting Systems 

COPAS, as previously mentioned, was the first commercial high throughput large particle flow cytometer 

which also patented a sorting mechanism capable of purifying particles up to 1500 µm in diameter [19].  The 

mechanism consists of a solenoid valve located outside of the flow cell that is air pressurized and actuated (opened) 

in response to defined optical parameters.  Unwanted particles are diverted into a waste container, while desired 

particles move freely through the system and are ultimately dispensed into microtiter plates.  The system is a 

tremendous advance for sorting large particles, but purification is still limited by single photon optics that may not 

discern optical attributes deep within a particle.  Additionally, the closed nature of the system limits the accessibility 

and flexibility desired for many basic research applications. 

Microfluidic platforms have been utilized for several years to improve efficiency, accessibility and 

flexibility of systems designed to purify small particles [29-33] and have been utilized more recently to purify large 

particles based on particle size [34-35].  In particular, a microfluidic 1 mm glass capillary sorting mechanism was 

developed using diode laser bars to optically trap or deflect particles up to 200 µm in diameter [34].  Theoretically, 

different size particles can be sorted by size into different compartments based on the supplied laser power.  

However, since the length of the laser bar must increase to accommodate increasingly large particles, practical 

application of this approach to particles larger than 400 µm is limited.  In addition, the impact of required laser 

power on the viability and function of biologic particles in this system is unknown.  Another approach utilizes a 

physical separation scheme to sort large particles based on size in a microfluidic device.  In this case, mouse EBs 

could be separated into three size groups without compromised viability [35]. 
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2.5  Multiphoton Laser Scanning Microscopy (MPLSM) 

MPLSM is a nonlinear optical sectioning technique that requires simultaneous absorption of two or more 

low-energy photons in the near infrared range for effective fluorophore excitation [36].  To ensure the simultaneous 

excitation of a fluorophore it is necessary to deliver an extremely high flux of photons to the sample.  This is 

typically accomplished using pulsed lasers, such as titantium sapphire systems, that provide 100 femtosecond pulses 

at a repetition rate of 80MHz.  Sufficient energy for two-photon excitation is only present at the plane of focus such 

that, unlike other fluorescence microscopy approaches, no out-of-plane signal interference or photobleaching occurs.  

Along with the fact that these longer wavelengths of light are more immune to scattering and are less phototoxic 

[37], the effective imaging depth can greatly exceed conventional confocal microscopy [38].  Imaging depth is 

especially important in the context of cellular aggregates (i.e. embryoid bodies (EBs)), where the typical size range 

is approximately 100 – 500 microns in diameter. Fluorescence signals beneath the surface of an aggregate are 

difficult to detect with current epifluorescence microscopes or flow cytometry systems, but can be resolved with 

MPLSM.  

In addition to the aforementioned benefits, MPLSM also has the ability to detect many features of a cell 

without the use of extrinsic probes (i.e. intrinsically fluorescent structures) [39].   Two-photon excitation makes the 

detection of cellular intrinsic fluorophores, such as nicotinimide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FAD), possible due to its improved signal-to-noise ratio and avoidance of ultraviolet exposure, which 

may be cytotoxic [40].  Both NADH and FAD play pivotal roles in energy metabolism, and thus provide 

information about the energetic state of the cellular microenvironment.   While these fluorophores are excited in a 

similar fashion to extrinsic tags, non-linear optical effects other than multiphoton fluorescence excitation can also 

occur at the very high photon densities attained at the focus of the scanning excitation beam on the MPLSM.  

Molecular assemblies with high-order structure, such as collagen matrices, can generate a second harmonic 

(SH) signal at half the wavelength of the excitation [41-42].  Unlike the case in MP imaging, the SH signal has a 

narrow spectral line-width (determined by the excitation source) and a zero lifetime.  These characteristics allow SH 

signals to be distinguished from MP signals in a laser-scanning microscope with high peak intensity, ultrafast pulse 

excitation, even if there are fluorescence signals which overlap the SH signal.  These features make SH imaging a 

very useful adjunct to MP imaging wheni observing cells that are imbedded in an extra-cellular matrix, providing 

additional information about a tissue microenvironment.  . 
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Another tool accessible on the MPLSM that is diagnostic of the microenvironment of a fluorophore is 

fluorescence lifetime imaging microscopy (FLIM) [43]. Factors such as ionic strength, hydrophobicity, oxygen 

concentration, binding to macromolecules and the proximity of molecules that can deplete the excited state by 

resonance energy transfer can all modify the lifetime of a fluorophore.  Measurements of lifetimes can therefore be 

used as indicators of these parameters.  Fluorescence lifetime measurements are generally absolute, being 

independent of the concentration of the fluorophore. Furthermore, lifetime properties may be particularly useful in 

identifying fluorophores with significantly overlapping spectral properties.  Fluorescence lifetime imaging has been 

characterized and the potential of this technique has been demonstrated [44-46], including its importance to stem 

cell biology [47-50].  
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CHAPTER 3 

Validation of a Multiphoton Flow Cytometer (MPFC) for Analysis of Cellular 
Aggregates 
 

3.1  Specific Objective 1: To develop a proof of concept Multiphoton Flow Cytometry (MPFC) system 

Hypothesis:  A novel optical arrangement including multiphoton excitation could be used to enhance the ability of 

flow cytometry systems to accurately and non-invasively probe cells in the interior of microtissues in an enhanced 

throughput fashion (thereby addressing design criteria A and B).   

 

Given the unique properties of MPLSM and corresponding potential for stem cell imaging, we 

hypothesized that a novel multiphoton fluorescence excitation flow cytometry instrument (MPFC) could be 

developed to accurately probe cells deep in the interior of multicellular aggregates or tissue constructs in an 

enhanced-throughput manner.  Furthermore, if this system is used to excite endogenous fluorophores of cells as 

potential intrinsic biomarker candidates, the application of exogenous fluorescent labels is thereby avoided and 

fixation is unnecessary.  Others have considered the possibility of a multiphoton flow instrument (or multiphoton 

flow cytometry) [51-53] for analysis of cells and cellular aggregates in turbid and nonuniform flow conditions, such 

as may be encountered in blood vessels in vivo.  In the future, our intent is to devise a fluid-controlled in vitro 

system such that cellular and multicellular entities might not only be analyzed but also sorted based on endogenous 

fluorescent properties.  Cells sorted with this system would, in principle, be viable and their cell-to-cell contacts 

unperturbed, unlike the output of current flow cytometry sorting systems, and so could be used directly for clinical 

application. 

The instrument we have developed is comprised of a flow cell through which large particles stream past a 

light interrogation point, an optics system with two-photon excitation capability and data acquisition software to 

quantify the data (Figure 3.1).  In the course of constructing this proof-of-concept MPFC instrument, we sought to 

incorporate an open frame hardware system structure and modular acquisition software package to yield an accurate, 

non-invasive and enhanced-throughput system to assess stem cell state (including metabolic, viability and functional 

status) at a three-dimensional level. Here we describe the instrument design as well as validate the proof of concept 

prototype, in terms of integrity of the width of the sample stream, particle recovery, speed of image capture, 

accuracy of image capture and accuracy of measured fluorescence intensity.  The latter analyses were conducted on 
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both synthetic fluorescent beads and stem cell aggregates, including analysis of both extrinsic and intrinsic 

fluorescence. 

  

3.2  Materials and Methods 

3.2.1  Construction of Flow Cell 

The flow cell was constructed using standard photolithographic and soft lithography techniques [54-58].  

Two 500 µm layers of SU-8 2150 negative photo resist were spun onto a silicon wafer substrate by manipulating 

spin speed and spin time.  Soft bakes and post exposure bakes of the photo resist layer were performed according to 

manufacturer’s specifications (Microchem, Newton, MA).  Liquid phase polydimethylsiloxane (PDMS) (Sylgard 

184, Dow Corning, Midland, MI) mixed at a 10:1 base to curing agent ratio was poured over the silicon master and 

heated for one hour at 95 degrees Celsius.  Three inlet ports (two for sheath channels, one for sample) and one outlet 

were cored out of the PDMS device using a 16 gauge blunt needle.  Polyvinyl choloride (PVC) Tygon tubing (0.1 

cm I.D., 0.2 cm O.D.) created a leak-free seal when inserted into the inlet and outlet ports of the elastomeric PDMS.  

A 0.15 mm thick glass cover slip was irreversibly bonded to the PDMS by oxygen plasma treatment [59].  The 

sheath syringe fed into a three way mechanical valve that split the stream to the left and right inputs of the flow cell 

(Figure 3.2A, B).  The three way valve was implemented to temporarily flush the flow cell of air bubbles and 

manually calibrate the focused stream with fluorescein dye before testing.  The sheath inlet channels were designed 

to be 2 mm in width, the sample channel 1 mm in width, and the outlet channel 5 mm in width and 76 mm in length 

(Figure 3.2 A, B).  The large width of the outlet channel was designed to decrease the average (and maximum) 

velocity of the large particles, to accommodate a particle scanning speed of 2-3 frames/second. 

 

3.2.2  Integration of Flow Cell on Multiphoton Laser Scanning Microscopy System 

Two separate programmable syringe pumps (Braintree Scientific Inc., Braintree, MA, model BS-

8000/9000), housed 20 cc syringes to drive sheath and sample liquids through the attached tubing and flow cell.  The 

flow cell was mounted on a length-wise adjustable stage insert compatible with most microscope stages, and 

therefore easily adjusted via the xy stage controller and z-focus.  The sheath to sample rate ratio, α, is reported as the 

summed volumetric flow rates of both sheath ports over the volumetric flow rate of the sample port.  The ratio 

utilized throughout this work was α = 2.0 and maximum volumetric flow rate of the outlet channel equal to 900 
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µl/min.  Samples were interrogated with either 890 nm or 780 nm wavelength light and images collected with Nikon 

lenses (Nikon, Melville, NY), either a 1.0 mm WD, 0.75 NA, 20X air lens or a 1.2 mm WD, 0.75 NA, 10X air lens 

with a typical scan speed of approximately 2.33 frames/second and resolution of 256 x 256.  

 

3.2.3  Validation of Flow Stream Widths 

 Five drops of fluorescein dye was added to 20 ml of deionized water and loaded into the sample syringe to 

verify the boundaries of the focused sample stream in the flow channel.  Focused stream widths were recorded on 

the MPFC set up and measured with ImageJ (http://rsbweb.nih.gov/ij/) [60].  Theoretical stream widths were 

calculated based on previous studies of hydrodynamic focusing in rectangular microchannels [61].  By conservation 

of mass, the width of the focused stream can be determined using: 

                                                                    
��
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�  ��
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where wf  is the width of the focused stream, w0 is the width of the outlet channel, Qi is the volumetric flow rate of 

the sample inlet and Qs is the volumetric flow rate of the two sheath inlets combined. γ represents the velocity ratio, 


�


�
, where 
� and 
� correspond to the average flow velocities in the focused stream and the outlet channel, 

respectively.  Nine different sheath to sample ratios within a pertinent range were analyzed while testing three 

different volumetric flow rates for each data point to ensure reproducibility at different Reynold’s numbers 0.9 - 9.0.   

 

3.2.4  Validation of Size and Fluorescence Intensity using Polystyrene Fluorescent Microspheres 

Fluorescent microspheres, approximately 100, 200, and 400 µm in diameter (Duke Scientific Corporation, Palo 

Alto, CA) were suspended in 1X phosphate buffered saline (PBS) containing 0.1% Triton X-100.  These 

microspheres were used to calibrate optical parameters and verify proper functioning of the fluidic component.   

 

3.2.5  Cell Culture and EB Formation  

 Mouse embryonic stem cell (ESC) lines used were D3 [62] and HM1 αMHC::GFP.  The αMHC::GFP cell 

line was generated by transfecting (Lipofectamine, Invitrogen, Carlsbad, CA) a plasmid containing the 5.5 kb 

promoter region of the αMyosin Heavy Chain gene driving  EGFP [63] into HM1 ES cells [64] to express GFP in 

cardiac myocytes.  ESCs were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS with the 

addition of Leukemia Inhibitory Factor (LIF, Millipore/Chemicon, Billerica, MA) at 2000 U/ml and Bone 
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Morphogenic Protein 4 (BMP-4, R&D Systems, Minneapolis, MN) at 10ng/ml [65] in 5% CO2 at 37oC.  Embryoid 

bodies (EBs) were made via the hanging drop method [66].  Briefly, ESCs were trypsinized and resuspended in 

DMEM with 10% FBS (no LIF or BMP-4) to 1.6 X 104 cell/ml.  This cell suspension was used to make 30 µl 

hanging drops in 100mm Petri dishes over PBS.  EBs were harvested on days 8 and 12 after formation of hanging 

drops, placed into a 50ml conical tube and allowed to settle.  Supernatant was removed and EBs were resuspended 

in 20 ml DMEM with 10% FBS and remained in suspension, at 37oC until used in the flow cell (<4 hrs). A small 

number of EBs used were plated onto 60mm gelatinized culture dishes to confirm the ability of those EBs to attach 

and form contracting cardiomyocytes. 

 

3.2.6  Static Imaging of NADH Fluorescence Intensity in EBs on MPLSM and confocal microscope   

 Measurements of NADH fluorescence intensity throughout the EB volume were made on both the MPLSM 

and a Nikon Eclipse Ti inverted confocal microscope (Prairie Technologies, Middleton, WI) by taking serial optical 

sections of EBs at 1µm intervals beginning at the coverslip (z=0) and moving toward the center of the cell 

aggregates (z=50µm).  NADH was measured with MPLSM by tuning the Ti:Sapphire laser to 780nm and collecting 

fluorescence emission through a 457/50 bandpass emission filter (Chroma Technology Corporation, Rockingham, 

VT), while NADH was measured with confocal microscopy at an excitation wavelength of 405 and a 460/50 nm 

bandpass filter (Chroma Technology Corporation, Rockingham, VT) with a 80 µm pinhole.  Images on both systems 

were taken at a resolution of 512x512, with the same 1.0 mm WD, 0.75 NA, 20X air lens (Nikon TE2000, Melville, 

NY).  The power measurements at the sample were 1 mW and 30mW, for the confocal microscope and MPLSM, 

respectively.  EBs were imaged in 9 x 2 ibidi microslides (ibidi, Martinsried, Germany), and cultured after imaging, 

to assess morphology and attachment on the following day. 

 

3.2.7  Analysis of EBs on MPFC 

 Deionized water was loaded into the sample and sheath syringes and run through the system for 5 minutes.  

Subsequently, 10 ml of 1X PBS containing 0.2% bovine serum albumin (BSA), was loaded into the sample syringe, 

and run through the sample tubing and the flow cell.  BSA was used to bind nonspecific protein binding sites in the 

tubing and flow cell and so prevents cell adhesion to the biomaterials present in the system.  EBs were counted by 

the observer before being suspended in 10 ml of DMEM complete medium, and loaded into the sample syringe.  The 
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MPLSM Ti:Sapphire laser (Spectra Physics Tsunami, Newport Corporation, Palo Alto, CA) was tuned at 780 nm 

excitation for NADH detection and 890 nm excitation (with a 520/35 bandpass emission filter, Chroma Technology 

Corporation, Rockingham, VT) for GFP detection (excitation 489 nm, emission 509 nm).  Power and gain settings 

of the laser were set such that less than 5% of pixels were saturated and background noise was kept to a minimum.  

Sheath to sample ratios were kept constant at 2, with a total volumetric flow rate (combined sheath and sample 

volumetric flow rates) of 600 µl/min.  A sample volumetric flow rate of 200 µl/min was used when analyzing EBs.  

Bright field and intensity images were collected using in-house developed software (WiscScan) for both acquisition 

and quantitative and morphological analysis.  A subpopulation of EBs were imaged statically in a glass bottom dish 

(MatTek Corporation, Ashland, MA) before and after MPFC analysis, under the same imaging conditions used for 

flow conditions.  Fluorescence and size measurements of EBs were made using ImageJ software [60].  For analysis, 

threshold values were set such that less than 0.1% of pixels on a background image were saturated for all conditions.   

 

3.2.8  Statistical Analyses 

 For comparison of size and fluorescence intensity levels of beads and cell aggregates under static and flow 

(MPFC system) conditions, a normal distribution was assumed and one-way analyses of variance (ANOVA) and 

Student t-test for unpaired samples were used.  Data were analyzed with JMP 5.0.1 for Windows (SAS Institute, 

Inc., Carey, NC).  A 95% confidence (P  < 0.05)  interval was applied as the criterion to determine statistically 

significant differences.  

 

3.3  Design of Instrument  

 The MPFC system integrates three components:  fluidics, optics and data acquisition.  These components 

are linked as illustrated in the comprehensive schematic (Figure 3.1). 

 

3.3.1  Fluidic Components 

 The fluidic components of a flow cytometer require careful design considerations, as they can adversely 

impact cell phenotype and viability.  This especially holds true when flowing large cellular aggregates that are more  
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Figure 3.1  Schematic diagram of the MPFC system. A microfabricated flow cell is placed on a multiphoton laser 

scanning microscope equipped with a Ti:Sapphire laser for excitation, photomultipliers, and scanning optics and 

electronics for signal collection. Sample fluid (i.e., biological specimens or beads) and sheath fluid are introduced 

into the microchannels using syringe pumps and associated tubing.  See the Materials and Methods and the Results 

sections for additional details. 
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prone to shearing and clogging than single cells.  The need for a gentle flow mechanism is also heightened when 

considering use of cell aggregates for therapeutic use following imaging, assessment and sorting.  For this reason, 

the MPFC employs a horizontal flow cell made from PDMS microchannels plasma-bonded to a glass coverslip 

(Figure 3.2A, B) [57, 67]. At the point of light interrogation, the chamber width of the flow cell is 5 mm, the 

chamber height is 0.7 mm.  Sample and sheath volumes were typically delivered using syringe pumps connected to 

the flow cell with Tygon tubing (0.1 cm I.D., 0.2 cm O.D.) at rates of 50-500 µl/min and 100-1000 µl/min, 

respectively. 

 

3.3.2  Optical Components   

 The MPFC system was built on an existing MPLSM platform designed for static (i.e., non-flow) imaging 

located in the Laboratory for Optical and Computational Instrumentation (LOCI), University of Wisconsin at 

Madison [68-70].  While the MPLSM systems at LOCI have advanced instrumentation for spectral lifetime 

collection, adaptive optics, and second harmonic generation, the heart of the MPLSM system is a standard inverted 

microscope (Nikon TE2000, Melville, NY) with Cambridge galvos (Cambridge Technology, Billerica, MA) for 

scanning, Tsunami (Spectra Physics, Palo Alto, CA) Ti:Sapphire laser, a Hamamatsu H7422 GaAsP Photomultiplier 

detector (Hamamatsu Photonics, Bridgewater, NJ) for fluorescence intensity detection and a sensitive silicon 

photodiode detector (Bio-Rad, Hercules, CA) for simultaneous transmission image collection.  The purpose of 

detecting a transmitted image simultaneously has advantages inherent with collecting an image, namely, 

morphological analysis and detection of localized fluorescence within a multicellular entity.  With no penalty in 

regards to acquisition speed or signal sensitivity, there was no reason not to collect a bright field image in addition to 

the quantifiable fluorescence intensity image.  The MPFC has been intentionally designed as a microscope stage 

insert such that it can readily be deployed on other MPLSMs including commercial systems.  

 

3.3.3  Data Acquisition Components   

 The MPFC was designed to be a modular system that could interface with existing laser-scanning systems, 

either home built or commercially available. MPLSMs have extensive proprietary electronic and software scanning 

routines that would be expensive and unnecessary for the MPFC software to replicate. Instead, the MPFC software 

is built as a modular set of libraries that can be called by or interfaced with a commercial package. For the prototype 
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system we used a laser scanning software package, WiscScan, developed at LOCI and deployed in a wide range of 

biological studies [71-74].  While WiscScan does have some novel features that are particularly well suited for our 

application, the majority of the core acquisition functionality is representative of a commercial MPLSM package. 

Thus the WiscScan-MPFC integration is useful not only as a standalone entity but also as a case study for 

deployment with other MPLSM control systems.  

The majority of the MPFC features, such as simultaneous acquisition of transmitted images and 

multiphoton fluorescence data, image zoom and integration (averaging) functionality are standard components of 

any MP system (including the LOCI instruments).  The majority of the MPFC software development involved 

adding a real time quantitative readout of the flow stream on the MPFC for real-time morphology and intensity 

analysis.  The MPFC departs from traditional flow cytometers in that an image is displayed in real time of the flow 

stream rather than a plot of the intensity alone.  This is advantageous but a quantitative readout of the intensity and 

other particle properties is still needed. Rather than develop a proprietary solution for this, that is “hard coded” into 

WiscScan, we opted to develop an open source module for MPFC display and analysis that could interface with any 

MPLSM software package (using WiscScan as the test case).  This module provides a real-time software analysis 

display so that when the multiphoton images are collected of the flow stream, a quantitative readout is displayed 

simultaneously. The open source ImageJ software package (NIH) was chosen as the toolkit for this module 

development because this popular package already provided most of the functionality for this type of analysis and 

had the added advantage that any developed code could be run within WiscScan at runtime, or offline as a plug-in 

within ImageJ. Other analysis functionality including existing flow cytometer analysis approaches from the 

community at large, can easily be added by using the same conduit and existing plug-in and macro functionality of 

ImageJ.  

 

3.4 Instrument Validation 

In order to validate the functionality of the MPFC design, a variety of tests to examine the physical characteristics of 

the system as well as the applicability of the MPFC were performed to assess fluorescence of large particles.  

Fluorescent beads were used as uniformly sized, non-biological standards while mouse EBs were used as an 

example of cell aggregates, or microtissues. 
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3.4.1  Control of Sample Stream Width via Hydrodynamic Focusing 

Hydrodynamic focusing is the process by which two fluids under laminar flow and in common containment, remain 

as separate streams based on differences in density, viscosity, the dimensions of the containment vessel and/or 

velocity.   This process is commonly used in flow cytometry to alter sample stream dimensions within a flow cell 

without constructing multiple flow cells of different dimensions.  Here, a horizontal flow cell was microfabricated as 

described above (Figure 3.2A).  Sheath and sample fluids were delivered using syringe pumps connected to the flow 

cell with tygon tubing at rates of   100 – 1000 µl/min and 50 – 500 µl/min respectively.  To determine the range and 

variability of the sample streams possible in our flow cell, we modified the sheath to sample velocity ratio from 2 to 

15 and measured the width of the resulting sample stream.  The sample stream was distinguished from the flow 

stream by incorporating fluorescein into the sample fluid (Figure 3.2C).  Sample streams of 300 – 1600 µm could 

be reliably achieved and precisely corresponded to modeled predictions (Figure 3.2D, R2 = 0.98) [61].  

 

3.4.2  Validation of Optical Acquisition using Polystyrene Beads  

Intensity image data  acquired from a sample flowing through the MPFC system may vary from static measurements 

of the same sample if the data acquisition rate is slower than the sample speed per unit time or if the fluidic system 

mechanically disturbs the sample as it passes through the flow cell.  To test the former, we introduced polystyrene 

beads of known diameter (100, 200 and 400 µm) into the MPFC system at maximum volumetric flow rate (300 

µl/min, ratio of sheath to sample = 2) and measured the diameter of bright field images of flowing beads.  Increased 

bead dimensions would indicate an insufficient image capture speed.  Using acquired bright field images, we 

compared the average diameter of the flowing populations of beads to the average diameter of the same populations 

prior to introduction into the MPFC system.  For all bead populations, the MPFC mean diameter (114 + 9.2, 207 +  

8.9 and 408 + 17.1) did not vary significantly from the static mean diameter (115 + 6.4, 207 + 8.6 and 402 + 15.8: P 

= 0.69, P = 0.91, P = 0.08, respectively);  Figure 3.3A-C).  To further confirm that the electronics and data 

acquisition system provided appropriate acquisition speed to accommodate the maximum flow of the MPFC system 

(and to ensure events are not missed) we measured the mean intensity of individual polystyrene beads labeled with 
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Figure 3.2  A microfabricated flow cell to accommodate large particles. Sheath and sample volumes were 

introduced into a PDMS microfabricated flow cell and flow rates were controlled via syringe pumps.  A) Top-down 

view of the microfabricated flow cell. Features of the flow cell include waste output/reservoir drop, sample input 

and sheath input, and an interrogation point where optical analysis occurs. Scale bar, 5 mm.  B) Top-down 

photograph of the flow cell housed in the modular stage insert. Features of the stage insert include a series of tubing 

adaptors that allow the flow cell to be easily added to and removed from the MPLSM system.  C) Hydrodynamic 

control of the sample path.  Images captured using the WiscScan software illustrate how varying the sheath to 

sample flow velocity ratios, α, alter the width of the sample stream.  D) Comparison of the predicted focused width 

with experimental data at different ratios of sheath volumetric flow rate to sample volumetric flow rate (100–1,000 

and 50–500 µL/min, respectively).  Model predictions were based on those previously published [61]. 
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Figure 3.3  Size and intensity of fluorescent, polystyrene beads using the MPFC system.  A) Accuracy and 

precision, using bright-field optics, of bead size using MPFC compared to bead size discerned using the MPLSM 

system without flow (i.e., static).  Bead size measured under static conditions did not vary from bead size when 

measured on the MPFC system (P = 0.69, P = 0.91, P = 0.08).  B) Bright-field image of a 400 µm bead under static 

conditions.  C) Bright-field image of a 400 µm bead using MPFC. Lack of warping and elongation indicate data 

acquisition rates were similar to the fluidic sample speed per unit time and that the microspheres experienced 

minimal mechanical disturbance.  D) Relationship between bead diameter and normalized fluorescence intensity.  

Best fit regression analysis was applied to the datasets and both static and MPFC conditions yielded second-order 

exponential relationships; R2 values of 0.99 and 0.99, respectively.  E) Fluorescence intensity image of a 400 µm 

bead (same bead as B) under static conditions. Static images were captured at the location corresponding to the 

maximum total intensity.  F) Fluorescence intensity image of a 400 µm bead using MPFC (same bead as C). Mean 

fluorescence intensity did not vary between static and MPFC acquisition modes for each bead size (P = 0.58, P = 

0.72, P = 0.74). a.i.u, arbitrary intensity units.  Scale bar, 200 µm. 
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fluorescein.  As before, polystyrene beads of known diameter (100, 200 and 400 µm) were introduced into the 

MPFC system at maximum volumetric flow rate (300 µl/min, ratio of sheath to sample = 2) and the mean intensity 

of flowing beads was determined.  The mean intensity values of the flowing populations were compared to the mean 

intensity values of the center-most plane of the same populations prior to introduction into the MPFC system.  For 

all bead populations (100, 200 and 400 µm), the MPFC normalized fluorescence measurements (8.1 + 1.3, 19.4 + 

3.8 and 100 + 18.6) did not vary significantly from the static normalized fluorescence measurements (7.7 + 1.3, 19.4 

+ 4.5 and 100 + 16.7, P = 0.58, P = 0.72, P = 0.74); Figure 3.3D-F).  The fact that intensity values in the flow 

system did not differ from those in static images indicates sufficient image capture speed.  In addition, these results 

suggest there is limited sample movement within the Z focal plane during fluidic delivery.   

 

3.4.3  Validation of Detection Depth 

To determine whether the MPFC system was capable of generating information related to the interior 

portion of large entities by deep optical assessment, we mapped the mean fluorescence intensity as a function of 

bead size using the data obtained above.  If detection of fluorescence in the interior of the microsphere were 

possible, one would expect an exponential trend between the size of the fluorescent sphere and the emitted 

fluorescent signal, by capturing a true representative cross sectional area, and not simply surface fluorescence.  One 

of the unique aspects of multiphoton fluorescence excitation is its ability to probe deep into tissue sections, which 

can be attributed to the fact that light scatter varies as an inverse function of wavelength.  As a result, the infrared 

light used in MPFC obtains much higher depths of penetration than single photon excitation.  Other commercial 

flow systems with fluidics capable of handling large particles cannot detect fluorescence in the interior of large 

entities and so the relationship between size and fluorescence is linear (Union Biometrica, COPAS system [23]).  

These results indicated that the COPAS system is able to assess light emission corresponding to cross-sectional 

circumference and not cross sectional surface area.  When conducted with the MPFC, an exponential relationship 

was observed (Figure 3.3D), confirming the ability of the system to non-invasively probe the interior of large 

entities in an enhanced-throughput manner. 
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3.5  Assessment of Biological Applicability 

3.5.1  Capacity of the MPFC to Analyze Stem Cell Aggregates 

 Cells are dynamic entities that are susceptible to mechanical forces and so the analysis of cells in the MPFC 

may differ dramatically from that of polymer beads.  For example, cells are impacted by shear forces generated as a 

consequence of flow.  Multicellular aggregates are particularly susceptible as intercellular connections can be 

disrupted by forces of ~ 0.6 µdynes/connection or approximately 6 µdynes/cell [75-76].  If such connections are 

disrupted, biologic activity and ultimately therapeutic utility might be compromised.  Thus the MPFC system was 

designed to reduce shear forces to less than or equal to 0.6 µdynes/cell.  In addition, cells, especially stem cells, 

express many cellular and extracellular binding receptors (i.e., cadherins, integrins) which can make them “sticky” 

as they are transported through the flow system.  To determine whether stem cell aggregates would be mechanically 

disrupted using the MPFC system, we generated mouse EBs and measured the diameter of each EB before, during 

and after introduction into the MPFC system.  EBs used in these studies were 8 - 12 days old.  Because EBs can vary 

in size due to variation in seeding density, time in suspension and user technique, the measured diameter was 

normalized to the mean diameter of EB populations on each day of analysis (Figure 3.4).  The normalized size 

distribution did not vary significantly for EBs analyzed during (1.06 + 0.04, P = 0.05) or after flow (1.02 + 0.03  P = 

0.29) when compared to EBs prior to introduction into the MPFC system. Standard deviation for EB size was less 

than 13%  of the total size, indicating high precision of the MPFC system given the biologic nature of the samples.  

In addition, bright field images were examined for evidence of frayed (disrupted) cell aggregates.  The mean fraction 

of EBs exhibiting fraying or loss of a defined border affecting at least 25% of the perimeter was slightly higher in 

samples examined post-MPFC compare to samples examined pre-MPFC (13% + 12%, pre-MPFC, n = 177 and 25% 

+ 12%, post-MPFC, n = 171, in 5 trials) but this difference was not statistically significant (P = 0.18).  Thus, the 

composition of the fluidics system inflicts minimal mechanical disruption to these multicellular entities.  
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Figure 3.4  Size of EBs using the MPFC system.  A) Accuracy and precision of EB size using MPFC compared to 

EB size discerned using the MPLSM system without flow (i.e., static).  Measurements of EB size, using bright-field 

optics, were made prior, during, and following introduction of the EBs into the MPFC system.  Standard deviation 

for EB size was less than 13% of the total size. EB size discerned under static conditions after MPFC did not vary 

from EB size discerned using the MPFC system (P = 0.05 (pre versus MPFC), P = 0.29 (pre versus post), P = 0.13 

(flow versus post)).  EBs were introduced into the MPFC at a volumetric flow rate of 200 µL/min, which remained 

consistent between experiments. B)  Bright field images of pre-MPFC static, MPFC, and post-MPFC static EBs.  

Multicellular aggregates maintained original morphology and defined peripheral border during and after analysis 

with MPFC.  Scale bar, 200 µm. 
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3.5.2  Detection depth of MPLSM 

Three dimensional tissues are difficult to analyze without disaggregating or sacrificing the specimen, due to 

their relatively dense compositions and high scatter properties.  Using confocal microscopy as a well-defined 

technology for deep optical sectioning, we sought to compare the depth at which MPLSM is capable of exciting and 

detecting NADH endogenous fluorescence intensity within EBs.  Serial z-stack images were acquired from the 

surface (i.e. coverslip) to the center of the EBs using a Nikon Eclipse Ti inverted confocal microscope (Prairie 

Technologies, Middleton, WI) and our MPLSM. EBs were imaged individually in 9x2 microwell slides to assess 

their morphology and attachment overnight after laser exposure on both systems.  Normalized average intensity was 

measured in regions of interest where fluorescence intensity is diminished the most when imaging deeper into 

microtissues.  The maximum values of mean fluorescence intensity per unit area were found to be 12 µm and 16 

µm, on the confocal microscope and MPLSM, respectively (Figure 3.5).  Half of that maximum average intensity 

was lost at 22 µm on the confocal, while half of the maximum is lost on the MPLSM 38 microns into the EB.    In 

addition to deeper optical penetration, all EBs exposed to multiphoton excitation attached to microwell plates 

overnight, whereas those exposed to single photon excitation at 405nm did not attach to microwells, indicative of 

aggregates containing a significant amount of cell death.  Though signal attenuation due to scattering is a hurdle to 

analyzing cell aggregates due to their tight packing and density, MPLSM can probe deeper than a confocal 

microscope when measuring NADH in EBs, while also preserving EB viability, allowing for long-term culture and 

functional assessment of populations. 

 

3.5.3  Comparison of Mean Intensity per unit Area vs. Mean Intensity per unit Volume in EBs 

To determine the z-plane that would most accurately reflect the fluorescence intensity of an EB throughout 

its volume, we took serial z-stacks from the coverslip (z=0) to 35 µm deep (where signal loss at the center of an EB 

can be observed) probing for the intrinsic fluorophore, NADH.  The intensity of every pixel throughout the 35 z-

sections was averaged for the volume measurement and subsequently compared to the average intensity measured at 

single optical sections of 5, 20, and 30 µm deep.  We found the z-slice at a depth of 30 µm was the most accurate 

estimation of the volume measurement, with a linear slope of 1.03 and an R2 = 0.99, whereas measurements at the 

surface of the EB were an underestimation and measurements at 20µm were an overestimation (Figure 3.6). 
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Figure 3.5  Comparing depth of optical penetration using MPLSM versus confocal microscopy. NADH 

fluorescence intensity was detected in optical sections of EBs taken at 1 µm increments from the coverslip of 

imaging dishes to 50 deep into EBs.  The graph depicts that the maximum fluorescence intensity is acquired deeper 

into the specimen using MPLSM when compared to confocal microscopy. 
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To determine the total area measured at such a z-section we applied the following formula measuring the radius, r1, 

of a cross section of height h within a sphere of radius r: 

� �  
��� � ��

��
��

 

For example, at a height of 30 µm within a 200µm sphere, r1 = 0.71r, corresponding to an area 51% smaller than the 

center plane of this sphere.  As particles get bigger this area at 30 um becomes smaller, and less representative of the 

volume measurement, while measuring particles smaller than 200 µm in diameter will result in a greater area 

compared to the center plane and becomes more representative of the particle.  

 
3.5.4  Analysis of Extrinsic Fluorescence of Multicellular Aggregates via MPFC 

One of the primary challenges of stem cell research and clinical application is the generation of purified, 

mature cell types after differentiation.  To this end, many researchers have established reporter stem cell lines 

coupled to lineage-specific promoters.  While exceedingly valuable, lacking is the ability to detect these reporters in 

multicellular aggregates (including EBs) in an enhanced-throughput manner and to sort based on this detection.  The 

MPFC system has potential to address this need.  To determine whether extrinsic fluorescent reporters of stem cell 

differentiation could be detected in EBs, mean fluorescence intensity of alpha-Myosin Heavy Chain (α-MHC)::GFP 

transfected EBs and non-transfected EBs, was determined using the MPFC.    Alpha-MHC expression in this case 

indicates differentiation of a subset of embryonic stem cells to spontaneously contracting cardiomyocytes.  Using 

the culture protocol described in the methods section, an estimated 30-70% of EBs undergo cardiac differentiation 

and so will contain GFP+ regions (data not shown).  GFP fluorescence was detected with the laser set for 890nm 

excitation wavelength and a 525/30 band pass emission filter.  Mean fluorescence intensity of transfected EBs did 

not differ significantly before, during or after MPFC  (46.1 + 24.6, 42.5 + 24.7, 39.6 + 29.3 respectively, P = 0.47 

(pre vs. MPFC), P = 0.24 (pre vs. post), P = 0.60 (MPFC vs. post); Figure 3.7).  In addition, the data were analyzed 

to determine whether the GFP+ fraction detected with MPFC corresponded to that detected using static MPLSM.  To 

this end, a gate based on mean fluorescence intensity was established to exclude ~ 95% of non-transfected EBs; thus 

events exceeding the mean fluorescence intensity of the gate value (dotted vertical line on histogram plots, Figure 

3.7) were deemed GFP+.  The fraction of GFP+ events of the EBs from the α-MHC::GFP line, pre-MPFC, MPFC, 

and post-MPFC were 66%, 60%, and 46%, respectively (Figure 3.7).  The post-MPFC fraction is substantially less 

that the pre-MPFC and MPFC values and likely reflects the suboptimal conditions in which the EBs were  
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Figure 3.6  Comparison of mean intensity per unit area vs. mean intensity per unit volume in EBs.  Images 

measuring NADH fluorescence intensity were taken at 1µm increments from the coverslip of imaging dishes to a 

depth of 35µm into EBs.  The mean intensity of 2-D slices at A) 5 µm, B) 20 µm, and C) 30 µm deep were 

compared to the mean intensity of the volume spanning a depth of 35  µm and linear regression lines (black lines) 

were assigned to the corresponding scatter plots.  The red line corresponds to a linear regression of 1, which 

represents an ideal scenario of estimating the volumetric fluorescence intensity with a single optical section. 
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maintained after flow.  These conditions include diluted media as a consequence of merging sheath and sample 

streams in the collection vessel and uncontrolled temperature and gas exposure in the collection vessel.  The 

similarity in proportion of detected fluorescent aggregates between the pre-MPFC and during MPFC conditions 

indicates that extrinsic fluorescence of stem cell aggregates can be reliably detected by the MPFC system in an 

enhanced throughput manner.  Future adaptations to incorporate a sterile sorting mechanism with controlled 

nutrient, temperature and gas exposure will prove very useful for the generation of mature cell types for analytical 

study and clinical application. 

 

3.5.5  Analysis of Intrinsic Fluorescence of Stem Cell-Derived EBs via MPFC 

 Continued advances in stem cell research and clinical application depend on the discovery of non-invasive 

endogenous biomarkers (as opposed to extrinsic, invasive markers,  including the GFP reporter system described 

above) to discern stem cell status and differentiation state at both the single cell and three-dimensional (i.e., cell 

aggregate or tissue construct) level and to sort populations based on this assessment.  Multiphoton Fluorescence 

Excitation (MPFE) based approaches have been shown to be able to detect differences in the intensity of intrinsic 

fluorescence between cells in different functional states [73, 77-78], including between stem cells and mature cells 

[79-80].  So, in principle, the MPFC system should be capable of the same in enhanced-throughput.  To test this 

possibility, we introduced 8 – 12 day EBs into the MPFC system and probed for intrinsic fluorescence, most likely 

from NADH, using 780nm two-photon excitation. Mean fluorescence intensity was determined for EBs in this 

context before, during and after MPFC analysis.  Mean intrinsic fluorescence did not vary between conditions (91.8 

+ 35.0, 86.8 + 36.7 and 85.2 + 34.7 respectively: P = 0.55 (pre vs. MPFC), P = 0.46 (pre vs. post), P = 0.89 (MPFC 

vs. post); Figure 3.8A), however the standard deviation was substantially high.  Variation was not a consequence of 

manipulation or an artifact of the MPFC system as the intensity distribution was similar for all conditions (Figure 

3.8B, C).  Indeed, high variability was anticipated as EBs cultured in this manner begin maturation in an 

uncontrolled temporal and spatial fashion and therefore would be expected to elicit different metabolic demands 

depending on the phase of development.  It is precisely these differences that we hope to capitalize upon to employ 

intrinsic fluorescence as an indicator of stem cell viability and differentiation status.   
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Figure 3.7  Extrinsic fluorescence intensity of EBs using the MPFC system. The Ti-Sapphire laser was tuned to 890 

nm to excite GFP and a 520/35 band-pass emission filter was used to exclude autofluorescence.  A nontransfected 

mESC cell line (D3) and an α-MHC::GFP transfected mESC cell line were used to generate EBs. Histogram 

analysis of GFP expression of EBs A) pre-MPFC, B) MPFC, and C) post-MPFC. Two separate experiments were 

conducted and approximately 50 EBs were analyzed per condition (i.e., before, during, and after MPFC). The 

maximum background intensity was defined such that 95% of the nontransfected EBs expressed mean fluorescence 

intensity levels below this intensity level (line in histogram).  The percentage shown, indicating the fraction of EBs 

derived from transfected cells expressing GFP, was determined based on the background level. Representative 

images of D3 and α-MHC::GFP mESC-derived EBs, located directly adjacent to the corresponding plot, are 

provided for each condition.  Color bar represents quantified intensity levels from 0 (black) to 255 (green). a.i.u., 

arbitrary intensity units. Scale bar, 200 µm. 
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Figure 3.8  Intrinsic fluorescence intensity of EBs using the MPFC system.  The Ti:Sapphire laser was tuned to 780 

nm to excite the intrinsic fluorescent metabolite, NADH.  A) Mean fluorescence intensity of EBs before, during, and 

after analysis with the MPFC system. Mean fluorescence intensity of EBs did not vary between acquisition 

conditions (P = 0.55 (pre versus MPFC), P = 0.46 (pre versus post), P = 0.89 (flow versus post)).  B) NADH 

fluorescence intensity distributions before, during, and after analysis.  Standard deviations within each condition 

described in panel A were large, and so the distribution of intensity between samples was compared.  Though the 

distribution was large, the distribution profile did not vary substantially between conditions.  C) Representative 

images depict NADH intensity acquired pre-MPFC, MPFC, and post-MPFC.  Localized differences in intrinsic 

fluorescence were detected in all three conditions. The color bar represents quantified intensity levels from 0 (black) 

to 255 (white). a.i.u., arbitrary intensity units. Scale bar, 200 µm. 
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3.6 Discussion 

Motivated by the unique challenges of studying stem cells, we generated and validated a proof-of-concept 

multiphoton flow cytometry (MPFC) instrument, capable of accurate, non-invasive and enhanced-throughput optical 

analyses of living single cells and multicellular aggregates or bioengineered constructs.  The instrument is composed 

of a flow cell through which large particles stream past a light interrogation point, an optics system with 

simultaneous transmitted and multiphoton excitation capability and data acquisition software to provide a real-time 

qualitative and quantitative readout data.  In this first study with the MPFC, we focused on analysis of stem cells, 

however the system is equally capable of analyzing other cell types including pancreatic islets and lymphoblastoid 

cell lines (data not shown).  The components of the system were explicitly designed to garner easy access to the 

system by both research and clinical laboratories.  The integrity of a range of widths (300 - 1600 µm) of the sample 

stream, speed of image capture and accuracy of image capture were confirmed.  In addition, we show reliable 

determination of expression of GFP, a fluorophore extrinsically incorporated into the cell genome, as well as  

NADH, a key metabolic coenzyme endogenously expressed in cells.  Moreover, NADH fluorescence intensity was 

measured using both the MPLSM and confocal microscopy, and it was determined that the MPLSM could, in fact, 

probe significantly deeper into the stem cell aggregate. Additionally, MPLSM could maintain signal in the center of 

particles at a greater distance from the coverslip than the confocal microscope. Lastly, serial z-sections were 

compared to single optical z-sections, and it was determined that at a depth of 30 µm, mean intensity of the volume 

compared to the area measurement were strongly correlated (R2 > 0.99). 

The MPFC system can detect extrinsic and intrinsic fluorescence deep in the interior of beads and cell 

aggregates.  This ability is particularly useful for stem cell research because one of the primary challenges of the 

field is the generation of purified, mature cell types after differentiation in a three-dimensional organization, whether 

that be part of a multicellular embryoid body or culture in three-dimensional constructs, such as polymer and 

extracellular matrix-based substrates of a bioengineered tissue construct.  To this end, many have established 

reporter stem cell lines coupled to lineage-specific promoters.  While exceedingly valuable, lacking is the ability to 

detect these reporters in the culture modalities currently used to most efficiently generate differentiated cells because 

traditional sorting techniques rely on single cell methodologies.  Removal of cells from the culture modalities for 

traditional analyses is known to alter cell fate [81-82] thus a system, such as the MPFC system which can optically 

characterize the cells prior to removal, is a substantial advance.  Here we show that extrinsic fluorescent reporters of 
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cardiac differentiation of embryonic stem cells can be detected within EBs.  The noninvasive depth of penetration 

and excellent signal to noise ratio afforded by multiphoton excitation yields fluorescence images that are more 

representative of the entire EB than those obtained with standard epifluorescence microscopy or confocal 

microscopy.  The MPFC retains the 3D benefits of MPLSM and harnesses this in a flow context.  

We have characterized the functionality of the MPFC and its applicability to flow analysis of cellular 

aggregates.  The biomedical and clinical application of the MPFC system will be significantly enhanced by the 

added capacity to sort cells and multicellular entities based on optical properties discerned by the system.  For 

example, EBs expressing lineage-specific reporters (as described above) at high levels could be purified from their 

counterparts.  Molecular profiling could then be conducted on the purified population to discern altered gene and 

protein expression levels which could be further employed to better understand stem cell biology, and, more 

practically, to develop better means to efficiently induce and control stem cell differentiation.   
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CHAPTER 4 

Validation and Optimization of Microfluidic Sorting Mechanism 

4.1  Specific Objective 2: To sort multicellular entities based on characteristics detected using MPFC 

Hypothesis:  A novel, microfluidic-based sorting mechanism can be incorporated into the MPFC design to purify 

populations of large particles (thereby addressing criterion D).  

 

Analysis of cell populations within aggregates or 3D matrices have been mostly limited to low-throughput 

technologies, which typically require destruction of the sample (e.g., immunofluorescent staining and imaging, 

western blot, PCR).  Still needed are accessible platforms for purification or sorting of large particles based on 

analysis parameters.  Purification of cell aggregates or 3D engineered tissues would be beneficial for many basic 

biomedical research and clinical applications; examples include, enabling large-scale screens of 3D phenotypes and 

transplantation of more refined, therapeutically beneficial cell fractions.   

For several decades, single cells have been efficiently purified using fluidic sorting techniques, however 

purification of intact cellular aggregates or 3D microtissues (i.e., large particles, > 100 µm) has been difficult.  

Purification of large particles requires a coordinated interplay between controlled particle delivery, detection of 

particles or attributes of particles, and subsequent movement of particles based on those detection parameters.  

Common cell separation techniques such as magnetic activated cell sorting (MACS) and affinity chromatography 

columns rely on antibodies or capture molecules to sort cells.  Typically, size exclusion prohibits antibodies or other 

capture molecules from penetrating the center of large particles, which limits labeling to cells at or near the surface.  

Consequently, purification is based on characteristics of cells at or near the surface and does not necessarily 

accurately reflect the characteristics of the entire particle.  For these reasons, sorting of large particles has been 

restricted to characteristics derived from optical-based, cellular resolution detection of basic extrinsic cues (i.e. cell 

permeant dyes [23]), genetically modified cell lines expressing fluorescent reporters or intrinsic properties (i.e. size, 

shape, autofluorescence).  

Despite the limitations in measuring and sorting 3D microtissues, there are ongoing efforts to design 

efficient large particle sorting mechanisms, in both commercial instruments [19] and microfluidic devices [34-35] 

(as reviewed in Chapter 2).  Future improvements to purify large particles would include sorting based on optical 

detection of fluorescent labels or autofluorescent molecules of cells of large particles.  Microfluidic technology is a 
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promising approach for optical-based, large particle sorting because (1) the microfluidic flow cell is inexpensive and 

fabrication is accessible to many research laboratories and (2) the flow cell can easily be added to a wide range of 

microscopy systems.  We are particularly interested in developing a sorting system that can be coupled to our 

recently developed, enhanced-throughput multiphoton flow cytometry (MPFC) system which is capable of deep 

optical penetration of large aggregates in the context of flow [5].  In this study, we focus on a microfluidic-based, 

electromechanical device for sorting large particles (i.e., large particle sorting device, LaPSD) that has the 

modularity and versatility needed in order to be coupled with our MPFC system and other custom and commercial 

microscopy platforms.  This new device is capable of efficient large particle sorting while maintaining cell viability 

and long-term function. 

 

4.2  Materials and Methods 

4.2.1  Device Description 

The LaPSD consists of a single sample input port and two output ports (main and sorting) (Figure 4.1A-C).  

Prior to entering the device, particles are gently and continuously mixed by a floating, PDMS stir bar in a 50 mL 

conical tube to ensure homogeneous delivery of particles to the flow cell (Supplementary Figure 1, Appendix).   

Particles are drawn through the flow cell via a software controlled syringe pump in reverse mode coupled to the 

outlet ports (described below).  Once delivered to the flow cell, particles are subjected to asymmetric curving 

channels that use hydrodynamic forces to self-focus and separate particles [83].  This approach has been used 

successfully for analyzing small particles. The design reduces reagent consumption, reduces the complexity of the 

setup, and allows for higher throughput.  We have modified the design to accommodate large particles, based on 

practical design rules for inertial focusing previously described [84].  The height of the channel is 1 mm, the typical 

flow rates utilized range between 400 – 1000 µl/min (adjusted to obtain a particle speed between 1.5-2.0 mm/s), the 

length of the channel is 6.6 cm and maximum and minimum radius of curvature of the curving channels are 2 mm 

and 0.3 mm respectively.  Theoretically, these flow rates and dimension parameters will accommodate particles in 

the range of 140 µm to 500 µm [84].  The maximum particle size is limited only by the height of the channel and 

thus larger particles could be accommodated with altered channel dimensions.  The procession of particles passes 

the optical interrogation point and upon optical detection of a desired event, sorting is triggered.  Actuation of 

sorting is delayed to allow the particle to reach the outlet bifurcation.  At the time of actuation, the main outlet closes 
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Figure 4.1  Characterization of the LaPSD.  A)  Schematic depicting the particle flow path.  Black arrows denote 

particle path during main flow.  Dotted arrows denote particle path during a sorting event.  B)  Top view of the 

LaPSD design consisting of one inlet port, an interrogation region, a main outlet port, and a sorting outlet port.  C)  

Photograph depicting the fabricated LaPSD device, formed by bonding PDMS to glass cover slip.  D)  2D 

colorimetric vorticity plot of the LaPSD.  The maximum vorticity during main flow (analogous to sorting flow) is 

145 s-1.  E)  Tortuosity of the LaPSD as defined by the arc to chord ratio is 1.49.   
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and the sorting outlet opens (1-3 s, time delay; 0.1-1.0 s, actuation time).  Main and sorting outlets are opened and 

closed via software-controlled microvalves that are linked to the syringe pump by way of an in-line y-connector.  

After sorting, the sorting outlet closes and main outlet opens.  Sorted and unsorted particles are collected in 

reservoirs coupled to the fluidic lines prior to the microvalves to avoid clogging of the valves.  The collection 

reservoirs are 15ml conical tubes, which are filled with 1X phosphate buffered saline (PBS) to maintain driving 

pressure by avoiding air compression.  A software controlled three-way solenoid pinch valve (Cole Parmer, Vernon 

Hills, IL) is used to rinse the flow cell and fluidic lines between large particle samples.   

 

4.2.2  Sorting Efficiency 

Two separate polystyrene bead mixtures were employed to test the sorting efficiency of the LaPSD.  For 

Solution 1, the initial bead population consisted of ~16% fluorescent beads and ~84% nonfluorescent beads, for 

solution 2 the initial bead population consisted of ~31% fluorescent beads and ~67% nonfluorescent beads.  Both 

solutions were prepared by mixing fluorescent polystyrene beads with non-fluorescent polystyrene beads measuring 

160 µm in nominal diameter (Duke Scientific Corporation, Palo Alta, CA).  Aliquots of solution 1 were counted 

with an Axiovert 40 CFL inverted fluorescence microscope (Zeiss, Thornwood, NY) and the concentration of 

fluorescent beads was determined to be 16% + 11%.  The total concentration of beads of solution 1 was determined 

to be 18 + 5 beads/ml.  Aliquots of solution 2 were also counted and the concentration of fluorescent beads 

determined to be 31% + 3%.  The total concentration of beads of solution 2 was 16 + 5 beads/ml.  Solutions were 

loaded into the sample reservoir of the LaPSD and the LaPSD was positioned on the stage to correspond to the 

interrogation point of a multiphoton microscopy system as previously described.  Fluorescence levels of beads were 

determined using WiscScan acquisition software (http://loci.wisc.edu/software/wiscscan) of the MPFC system with 

the following software and hardware modifications to accommodate electromechanical switching mechanisms 

required for sorting.  In particular, particle size and intensity parameters were set to identify “positive” events.  

When positive events were detected, the software sent a 5V signal to the DAQ card (National Instruments, Austin, 

TX), which rapidly (0.3 ms) switched the microvalve state.  A user defined positive event cued both outputs to 

switch states for a specified amount of time (actuation time).  The time-delay functionality allowed a user to delay 

the switch of channel state up to 3 seconds (with millisecond discrimination) after optical interrogation.  After 

sorting, beads were collected from sorting or main flow outlets and counted on a fluorescence microscope.  Sorting 
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efficiency or purity was defined as the number of desired particles divided by the total number of particles in the 

sorting outlet reservoir.  To account for the initial concentrations of desired particles, we also report an enrichment 

ratio defined as the ratio of desired particles to undesired particles in the sorting outlet reservoir divided by the ratio 

of desired particles to undesired particles introduced into the sample inlet (determined by counting particles 

collected in both outlet ports, Table 4.1 [85]).  The average sorting efficiency and the average enrichment ratio were 

established by first determining the efficiency or enrichment per trial and then calculating the average. 

 

4.2.3  Preparation of Cell Aggregates   

HM1 mouse embryonic stem cells (Open Biosystems, Huntsville, AL) were used to generate embryoid 

bodies (EBs) as previously described [5].  Briefly, EBs were left in hanging drops for 3 days and then introduced 

into the microfluidic device.  Approximately one third of all harvested EBs were stained using CellTrackerTM green 

(Molecular Probes, Eugene, OR).  Briefly, EBs were rinsed in 1X PBS, and next incubated for 30 minutes at 37oC 

and 5% CO2 in cell culture medium without FBS, containing 5 µM CellTrackerTM green (Molecular Probes).  

Stained EBs were mixed with unstained EBs to yield an EB suspension with ~33% of EBs fluorescently labeled.  

This solution was loaded into the sample reservoir of the LaPSD.  “Positive particles” were defined as those with 

fluorescent label and the software was set to actuate with detection of a positive event.  Sorting efficiency and 

enrichment ratio were determined as defined above for sorting of fluorescent beads (Table 4.1). 

    

4.2.4  Cell Aggregate Viability and Functional Analysis 

EBs were generated as described above [5] and were left in hanging drops for 3 days.  EBs were then 

harvested and stained using CellTrackerTM green (Molecular Probes, Eugene, OR).  Briefly, EBs were rinsed in 1X 

PBS, and next incubated for 30 minutes at 37oC and 5% CO2 in cell culture medium without FBS, containing 5 µM 

CellTrackerTM green (Molecular Probes).  Stained EBs were introduced into the LaPSD, optically scanned using 

multiphoton excitation and retrieved in the main outlet port.  Collected EBs were counted, assessed for changes in 

morphology, and subsequently plated on culture surfaces to assess attachment and ability to form areas of 

spontaneous beating indicative of cardiomyocyte function. 
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Table 4.1  Sorting efficiency and enrichment ratio of large polystyrene beads and EBs 

 

 Large Beads EBs 

Trial 

Input 
Concentration 
(% Fluorescent 

Particle of 
Total) 

Sorting Efficiency 
(Output 

Concentration; % 
Fluorescent 

Particle of Total) 

Enrichment 
Ratio 

Input 
Concentration 
(% Fluorescent 

Particle of 
Total) 

Sorting Efficiency 
(Output 

Concentration; % 
Fluorescent 

Particle of Total) 

Enrichment 
Ratio 

1 21 100 44.5 31 68 4.7 

2 20 100 20.0 39 100 24.7 

3 11 85 42.5 39 94 25.3 

4 12 82 33.9 33 100 6.0 

5 32 79 8.3 29 68 5.1 

6 34 86 11.4 33 100 14.0 

7 29 85 13.6 41 86 8.5 

8 28 69 5.7 33 82 9.2 
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4.2.5  Statistical Analysis 

For comparison of EB attachment, cardiomyocyte function in EBs with and without introduction into the 

LaPSD and for comparison of sorting efficiency and enrichment between devices and between types of large 

particles (i.e., beads and EBs), a normal distribution was assumed and one-way analyses of variance (ANOVA) and 

Student t-test were used.  Data were reported as average + standard deviation and were analyzed with JMP 5.0.1 for 

Windows (SAS Institute, Inc., Carey, NC).  A 99% confidence (P  < 0.01) interval was applied for statistical 

significance. 

 

4.3  Fluid Dynamic Profiles of the LaPSD 

To begin to characterize the fluid microenvironment experienced by large particles in the LaPSD, wall 

shear stress incurred by the fluid in the LaPSD was determined.  Newtonian fluids moving along a solid wall of a 

microfluidic channel will sustain a shear stress near the wall surface that is proportional to the viscosity of the fluid 

and flow velocity and inversely proportional to the channel height.  Wall shear stress has long been correlated to 

viability of cells that adhere to the wall surface [86] and cells that are suspended in flow channels [87-88].  The level 

of wall shear stress found to cause death of adherent cell types (0.1 – 1 Pa) [86] is much lower than that found to 

cause death of suspended cell types (100 – 500 Pa) [87-88].  This is not surprising since cells in suspension rarely 

and transiently occupy the space near the wall (especially in this case in which suspended particles are 

hydrodynamically focused to the channel center-line) and so do not experience the maximum shear stress of a 

channel.  The maximum wall shear stress of the microfluidic sorting device is 0.08 Pa, which is two orders of 

magnitude lower that the wall shear stress previously found to induce death of cells in suspension [87-88].  

However, large particles are prone to rolling along the base of the channel if they are not hydrodynamically focused 

in the z plane.  In this case, wall-induced lift forces, created by squeezing of fluid between the sphere and the wall 

during contact, tend to increase drag in the direction of motion [89].  In addition, large particles tend to impact on 

each other at dense particle concentrations [89].  Although relatively dilute particle concentrations were used in 

these studies, particle-particle interactions are still visible.  A phenomenon known as drafting, kissing and tumbling 

(DKT) is the dominant interaction of particles in the LaPSD [89-90].  This interaction can directly impact on the 

viability and functional capacity of the cells of large particles and typically occurs in channel geometries that impose 

a high degree of vorticity and/or tortuosity.  Thus these parameters were assessed in greater detail.  (Additional 
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microfluidic device designs were considered and these were evaluated as well (Supplementary Figures 2, 3; 

Appendix). 

 Vorticity is a local measure of fluid rotation with respect to adjacent fluid.  SolidWorks software 

(Solidworks Corp, Concord, MA) models vorticity by meshing a 3D volume of fluid into small voxels and 

computing vorticity for each voxel.  Vorticity is a vector and has velocity component and rotational components.  

Vorticity calculations for the device were conducted using SolidWorks Flow Simulation Software (Dassault 

Systemes, SolidWorks Corp, Concord, MA).  The contour plot (Figure 4.1D) reports the vector as a positive 

number in rad/s (or s-1).  The contour plot shown in Figure 1D is a 2D section of the 3D fluid volume in the LaPSD.  

These sections are located at the mid-height of the channel.  The fluid in the LaPSD exhibits a relatively high level 

of vorticity during main flow and with sorting (145 s-1), but not substantially different from alternative device 

designs known to maintain cell viability  (Supplementary Figures 2, 3; Appendix) 

 Tortuosity is a measure of the divergence of a path from a straight line and is defined here as the ratio of 

the length of the particle path to the length of the straight-line path from the particle inlet to the particle outlet (i.e., 

arc/chord ratio).  A depiction of the device showing the particle path and the straight line path is shown in Figure 

4.1E.  The arc/chord ratio of the LaPSD was 1.49 and so substantially higher than alternative device designs known 

to preserve viability.  Given the increased tortuosity of the microfluidic sorting device and the propensity for fluid 

dynamic forces to compromise cell viability by interrupting cell-cell and cell-matrix interactions and/or by 

damaging cell membranes, we sought to test the viability of cells of large particles after transit through the LaPSD. 

 

4.4  Viability and Function of Stem Cells of Large Aggregates after Flow through the LaPSD 

To test whether the additional forces imposed by the LaPSD, due to increased wall shear stress, vorticity and 

tortuosity, would compromise viability of cell aggregates, we introduced fluorescently labelled, stem cell aggregates 

(i.e., EBs; n = 21, 28, 32 in each of three separate experiments) into the sample inlet at a maximum volumetric flow 

rate of 800 µl/min.  EBs were optically detected at the interrogation point and then collected and counted at the main 

outlet.  It was determined that 92% + 8% of EBs were recovered and of those EBs recovered, 97% + 3% attached to  

2%, P = 0.60, Figure 4.2).  The stem cell line used to generate the EBs has a strong capacity for forming 

spontaneously beating areas (indicative of cardiomyocyte differentiation) when exposed to qualified serum.  Thus, 

we counted the number of EBs that gave rise to beating areas after flow through the device compared to controls (no 
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Figure 4.2  Viability and long-term function of stem cell aggregates following flow through the LaPSD.  

Fluorescently labelled EBs were introduced into the device through the sample inlet, optically interrogated and 

removed via the main outlet.  After removal, EBs were placed in culture plates and the number of EBs that attached 

were counted and reported as a percentage of the total number of EBs plated compared to control EBs that were 

generated at the same time, but placed immediately in static culture dishes.   In addition, EBs were tracked over time 

and the percentage of EBs with functional cardiomyocytes (i.e., beating areas) was determined.  Attachment and 

beating functionality were not significantly altered with flow through the LaPSD compared to controls (P = 0.60 and 

0.33 respectively).  Error bars correspond to standard deviation from the mean. 
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flow).  The capacity to form beating areas by day 8 of differentiation (5 days post plating) in EBs after flow through 

gelatin-coated culture plates.  This percentage was not statistically different from attachment of control EBs (98% + 

the LaPSD (16% + 3%) was not statistically different from control EBs (14 + 2%, P = 0.33).  Thus EB attachment 

and differentiation potential did not differ between these groups suggesting flow through the LaPSD did not alter the 

viability and ultimate function of stem cells of large aggregates. 

 

4.5  Sorting efficiency of the LaPSD 

4.5.1 Sorting fluorescent vs. non-fluorescent polystyrene beads 

To test the ability of the LaPSD to purify populations of large particles we introduced bead populations 

with a known fraction of fluorescent and non-fluorescent beads.  The size distribution of the polystyrene beads, 

based on specifications of the manufacturer, was 158 + 3 µm, with a coefficient of variation of 2.2%.  We measured 

the cross sectional area of the beads using the oval tool in ImageJ [60] , in a similar fashion to measurement of cell 

aggregate size, and determined the average diameter to be 157 + 3 µm, with a coefficient of variation of 1.9%.  The 

measured bead diameters were displayed in a histogram to demonstrate the relative uniformity of the samples 

(Figure 4.3A, B).  As a result, tight focusing is accomplished in the LaPSD, with spheres of relatively uniform size 

and shape (Figure 4.3C) .  The valve corresponding to the sorting inlet was actuated upon detection of a fluorescent 

bead and the final fraction of fluorescent particles in the sorting outlet was reported as the sorting efficiency 

(“positive” selection) and was the concentration used to determine the enrichment ratio.  Sorting efficiencies of 92 + 

10% (solution 1, n = 4 trials), and 80 + 8% (solution 2, n = 4 trials) were attained using the LaPSD.  Moreover, 

enrichment ratios of 35.2 + 11.1 (for solution 1), and 9.7 + 3.5 (for solution 2) were achieved (Figure 4.3D).  

 

4.5.2 Sorting Fluorescent vs. Non-Fluorescent EBs 

To test the ability of the LaPSD to purify populations of large cellular aggregates, we generated a mixed suspension 

of fluorescently labelled and unlabelled EBs (33% fluorescent:67% nonfluorescent, similar to bead solution 2 

above).  Two separate EB suspensions (or groups) were generated in this way and prior to each trial (n = 4 trials for 

each group, n = ~ 75 EBs per trial) the relative size distribution of EBs was determined (group 1, mean diameter = 

247 + 20 µm; group 2, mean diameter = 295 + 12µm) (Figure 4.4A, B).  Size and shape of cell aggregates are the 

primary determinants in the ultimate particle velocity.  For an estimation of particle velocity, standard curves were 
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made varying both volumetric flow rates and known polystyrene bead sizes(Appendix).   Two separate EB groups 

were used to test the ability of the instrument to efficiently sort various size ranges of particles with inherent 

differences in particle velocities (Figure 4.4C).  Sorting efficiency obtained for group 1 was 91 + 15% and group 2 

was 84 + 13%.  Group 1 EBs had an enrichment ratio of 15.2 + 11.4 and group 2 EBs had an enrichment ratio of 9.2 

+ 2.6 (Figure 4.4D).  Sorting efficiencies and enrichment ratios of both groups of EBs were statistically similar to 

that of bead sorting results with similar starting concentrations of fluorescent particles (i.e., bead solution 2 

compared to the 33% EB solution). 

 

4.6 Discussion 

Motivated by the growing need to purify populations of large cellular aggregates or microtissues, a new 

microfluidic, electromechanical, enhanced-throughput sorting device, termed LaPSD, was designed and evaluated 

based on its ability to preserve cell health and yield high sorting efficiencies.  Device optimization was driven by the 

primary objective of our laboratory, to assess all cells within a stem cell aggregate in an enhanced-throughput way 

and to purify aggregate populations based on this assessment.  Several other applications can be envisioned which 

would benefit from the ability to rapidly purify large particles in the fields of basic cell biology and clinical therapy.   

The LaPSD was designed with several important features to promote ease of use and elevated sorting efficiency.  

First, the asymmetric curving channel allowed for sheath-less particle focusing.  Elimination of sheath fluid was 

important because it decreased the lateral distance required to divert a particle upon selection.  When attempting to 

divert particles across the sheath stream (see alternative designs, Appendix), trailing particles were often diverted 

and so increased the percentage of contaminating or unwanted particles in the sorting outlet/reservoir.  In addition, 

disrupted sheath flow could alter the flow path of the sample stream and thereby push subsequent particles outside 

of the interrogation region.  In this case, wanted particles were often missed.  Second, a time delay was incorporated 

between the time of optical detection and the time of actuation of the sorting valve to improve sorting efficiency.  

The time delay was necessary because channel dimensions at the point of optical interrogation (distal to the 

asymmetric curving channel) were increased three fold to effectively decelerate particle velocity to accommodate  
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Figure 4.3  Sorting efficiency and enrichment ratio of polystyrene beads.  A) Histogram depicting the distribution of 

bead diameters in a representative fraction of fluorescent and non-fluorescent polystyrene beads.  Measured bead 

diameter (157 + 3 µm) did not differ statistically from manufacturer’s specifications (158 + 3 µm).  B) Bright field 

image of polystyrene beads.  Scale bar = 200 µm.  C) Summation of temporal image series of beads flowing through 

the LaPSD.  Fluorescence intensity images of beads were taken every 0.2 s and ~3000 images were merged to create 

the image shown.  The minimal deviation of fluorescence intensity from the center sample stream line conveys the 

ability of the LaPSD to effectively focus particles with uniform size. Scale bar = 200 µm.  D) Sorting efficiency and 

enrichment ratio of bead populations consisting of fluorescent and nonfluorescent beads.  Solution 1 attained 

significantly higher enrichment ratios due to a low starting concentration of fluorescent beads; this result 

demonstrates the ability of the LaPSD to effectively purify particles from relatively dilute starting concentrations 

akin to rare cell populations.  Error bars correspond to standard deviation from the mean.  
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Figure 4.4  Sorting efficiency and enrichment ratio of embryoid bodies.  A) Histograms depicting measured EB 

diameters for two separate groups of EBs.  Measured mean EB diameter were 247 + 20 µm for group 1, and 295 + 

12 µm for group 2.  B) Bright field images of EBs.  Scale bar = 200 µm.  C) Summation of temporal image series of 

EBs flowing through the LaPSD.  Fluorescence intensity images of EBs were taken every 0.2 s and ~2000 images 

were merged to create the image shown.  The deviation of fluorescence intensity from the center sample stream line 

is more diffuse than that observed for beads reflecting the higher variability of size of EBs and therefore greater 

perturbation of flow. Scale bar = 200µm.  D) Sorting efficiency and enrichment ratio of EB groups compared to that 

of bead solution 2.  There was no significant difference between sorting efficiency or enrichment ratios when 

comparing beads to either group of EBs.  Error bars correspond to standard deviation from the mean. 
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the relatively slow scan speeds (~5 frames/sec) of the MPFC system.  Channel dimensions were subsequently 

decreased to accelerate particle velocity and decrease the volume of fluid that would change direction during a 

sorting pulse.  In addition, a 5 mm separation distance from the interrogation region to the sorting bifurcation 

ensured that a sorting pulse would not alter the flow path of particles at the optical interrogation point.  Third, the 

LaPSD functions without an additional pressure source to divert the particles, thereby reducing unnecessary stress 

that may be harmful to the structure of cellular aggregates.  Instead, particles are diverted by simply switching the 

direction of the particle path while maintaining a uniform internal pressure within the microfluidic device and 

consistent particle positioning along natural streamlines.  The exclusion of a pressure source to divert particles also 

reduces manufacturing complexity, reduces volumes of reagents needed and improves accessibility or the ability to 

be replicated in other laboratories. 

One potential drawback of the LaPSD is the requirement of precise particle velocity to define the time 

delay from interrogation to sorting.  If precise geometrical measurements can be made on the devices and inlet 

pressures can be tightly controlled, theoretical calculations may suffice, as was the case in these studies.  

Alternatively, a flow probe or video capture of particles in flow may be necessary to more accurately determine 

particle velocities and associated variability before sorting.  In addition, as populations of cells (or large particles) 

become more diverse in size, their respective position along the horizontal and vertical velocity profile will vary.  At 

our current flow rates, particles tend to flow along the bottom of the flow cell.  Lateral displacement will be altered 

with changes to the volumetric flow rate of the inlets and the size of the particles.  This might be especially 

problematic in the case of time-delayed sorting (as described here) if particle velocities vary outside of the predicted 

range.  To further improve sorting efficiencies of this design, 3D focusing could be implemented to more precisely 

control particle position in the channel and thereby particle velocities [91]. 

An additional consideration for implementation of the devices reported here is the design of software that is 

capable of defining a positive event based on an optical input.  One or more signals must be relayed to a DAQ card 

to execute a given sorting event.  To begin to study microtissues expressing non-contiguous fluorescence intensity, 

improvements to real-time data acquisition will include gating based on bright field images (size) to allow for spatial 

discrimination of fluorescence within the aggregate or microtissue.  This type of detection and real-time image 

processing will allow for biologically relevant sorting studies including, for example, isolating aggregates with high 
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ratios of living cells to dead cells based on live/dead fluorescence indicators or isolating microtissues containing 

differentiated cell types based fluorescent reporters coupled to lineage specific genes.     
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CHAPTER 5 

Sorting of Microtissues based on Non-Contiguous Fluorescence Intensity 

5.1  Specific Objective 3:  To use the MPFC system to non-invasively purify populations of stem cell 

aggregates and to assess the functional capacity of sorted populations.  Hypothesis:  Purified populations of 

EBs, detected and sorted on the MPFC based on fluorescent indicators of cell phenotype and viability, will have 

increased functional capacity when compared to unpurified populations of EBs. 

 

 Pluripotent stem cells, isolated from mammalian embryos or induced from mature cell types, are highly 

proliferative and can differentiate into most cell types of the body [92-94].  These attributes render them attractive 

for studying tissue development or the pathogenesis of disease progression as well as for drug testing and cellular 

therapies.  Effective control of stem cell state largely dictates the utility of pluripotent stem cells for research and 

clinical application.  Thus, significant research effort has been dedicated to delineating mechanisms that either 

maintain pluripotency [95] or drive differentiation [96]. The embryoid body (EB), an aggregate of pluripotent stem 

cells that roughly recapitulates the complex assembly of cell-cell and cell-matrix adhesions and corresponding 

intercellular signaling of embryogenesis, is commonly utilized to drive differentiation in vitro. Although more 

defined methods have been developed to direct differentiation of individual cell types, such as two-dimensional 

formats (i.e., monolayer culture) with defined soluble (e.g., growth factors, recombinant DNA encoding essential 

transcription factors) and/or defined insoluble substrates (e.g., extracellular matrix proteins), the EB remains an 

invaluable in vitro model to study the complex signaling interplay that impacts the state of a stem cell or stem cell 

progeny with: 1) development, 2) extended ex vivo culture or 3) following transplantation to a native tissue. 

 The primary challenge of studying cells of the EB is their propensity to change state after common research 

manipulations such as the addition of exogenous labels (e.g., antibody staining) [97]  and disaggregation [1-2].  

Therefore, to probe interior cells of the EB, investigators were previously limited to terminal, low throughput cell 

and molecular biology techniques including staining of histological sections and PCR analysis of extracted RNA.  

More recently, the development of fluorescent reporter constructs coupled to differentiation-specific gene expression 

and combined with advanced imaging modalities capable of non-invasively imaging deep within a biological 

specimen (e.g., confocal and multiphoton fluorescence microscopy), enables investigators to probe cells in the 

interior of living EBs.  To enhance the throughput of this type of analysis, we recently coupled multiphoton laser 
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scanning microscopy [36] with a microfluidic-based flow cell, creating an imaging flow cytometry system 

(Multiphoton Flow Cytometer, MPFC) [5] capable of non-invasively detecting size and fluorescence properties deep 

in the interior of large intact multicellular aggregates, such as EBs.  This was an important advance as large numbers 

of EBs can be quickly assessed, improving study power as well as the ability to distinguish important biological 

events from noise without relying on expensive arrays or time-consuming serial imaging.   

 Analysis of EBs for both research and clinical application would be further improved if the EBs could be 

purified based on characteristics that precede and/or predict a differentiation state of interest without disrupting EB 

organization.  One relevant application pertains to the differentiation of cardiac cell types for the recovery of lost 

myocardial function.  This application dictates a need for identifying and examining cellular aggregates with 

enhanced cardiac potential to understand the environment, signals and corresponding mechanisms that contribute to 

cardiac differentiation.  For example, it has been shown that EB size can influence the proportion of cells that enter 

the cardiac lineage [98-99], thus identifying and segregating EBs on size soon after EB formation could provide a 

population of EBs with increased cardiac potential.  Similarly, the presence of cardiac progenitor pools has been 

linked to the generation of mature cardiac cell types and not unwanted cell types in vivo [100]. Unknown, however, 

are the conditions that contribute to behaviors of these cardiac precursors, including proliferation, migration and 

differentiation into individual cardiac cell types. Thus, the ability to purify EBs based on characteristics early in 

development (i.e., size or presence of cardiac precursors) associated with generation of a particular cell type while 

maintaining aggregate viability and structure would provide an important tool for subsequent studies of 

differentiation.    

 Here we demonstrate the ability to purify intact EBs based on size or intensity of a fluorescent reporter 

corresponding to expression of NKX2-5, an early cardiac transcription factor [100]. Purified EBs were monitored 

over several days to determine whether developmental outcome, namely the generation of mature cardiomyocytes, 

corresponded to size or reporter expression.  To enable this study, we enhanced the detection software of our 

previously described MPFC system [6] to permit sorting of EBs based on real-time measurements of size and 

spatially segregated fluorescence.  As a result, we show that purified populations of EBs with high NKX2-5 

expression at early time points in differentiation are more prone to form beating areas at later time points.  

Furthermore, the largest EBs within a broad size distribution have the highest potential for forming beating areas 

and producing the highest percentage of cardiomyocytes per EB.  
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5.2  Materials and Methods 

5.2.1 Cell Culture 

 Induced pluripotent stem (iPS) cells carrying a NKX2-5 Emerald Green Fluorescent Protein (EmGFP) 

Bacterial Artificial Chromosome (BAC reporter), referred to as NKX2-5 GFP iPS cells [100] were cultured in 

Dulbecco’s Modified Eagle's Medium (DMEM + Glutamax, Invitrogen) with 10% Fetal Bovine Serum (FBS; 

Invitrogen), 11% Non-essential amino acids, (Invitrogen) and 0.0007% (1% of a 35 ml/50 ml solution) β-

mercaptoethanol (MP Biomedicals LLC, Solon, Ohio).  To maintain pluripotency, media was supplemented with 

Leukemia Inhibitory Factor (LIF, Millipore, Billerica, MA) at 2000 U/ml.  Embryoid bodies (EBs) were made via 

the hanging drop method (day 0) [66].  iPSCs were harvested and resuspended in DMEM + 10% FBS (no LIF or 

BMP-4) at 1.6 x 104 cells/ml.  This cell suspension was used to make 30 µl hanging drops over 1x PBS in 100 mm 

Petri dishes, resulting in initial concentration of 500 cells per drop.  For the size separation experiment, additional 

plates of 200 and 400 cells per drop were prepared to broaden the size distribution of the total population of EBs.  

EBs were harvested 3 and 4 days after formation (day 3, 4), for sorting experiments based on the fluorescent 

reporter, NKX2-5, and sorting based on size, respectively. 

    

5.2.2 MPFC Operation 

 EBs were imaged on the MPFC with optical configuration similar to that previously reported [5-6].  

Briefly, simultaneous bright field and intensity images were taken with a Plan Apo VC 10X air objective 

(Nikon, Mehlville, NY) at a resolution of 128 x 128 and pixel integration of 4, resulting in a scan rate of 

approximately 5.5 frames per second.  The Ti:Sapphire laser (Spectra Physics, Santa Clara, CA) was tuned to 890 

nm, resulting in an average power at the sample of approximately 20 mW.  A 520/35 nm bandpass filter (Chroma 

Technology Corporation, Rockingham, VT) was used to collect GFP emission from the EBs.  Power and gain 

settings were set such that less than 5% of pixels were saturated and background noise was kept to a minimum.  

Bright field and intensity images were collected using in-house developed software (WiscScan).  Fluorescence and 

size measurements of EBs were made using ImageJ software.  For analysis, background levels were identified such 

that less than 10% of pixels on a background image (i.e., containing no EBs) were saturated for all conditions.  
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5.2.3 Assessment for Cardiomyocyte Function and Immunofluorescence Staining 

 Imaged EBs were placed in an incubator overnight and analyzed for attachment on the following day.  Each 

subsequent day, medium was replenished in the 6 well plate and the percentage of EBs displaying beating areas was 

recorded on day 7 of differentiation.  Immediately following observation, EBs were fixed with 4% 

paraformaldehyde and stained for cardiac troponin (cTnT).  The National Stem Cell Bank protocol (www.wicell.org, 

SOP-CH-210C) for immunolabeling of cardiac markers in EBs was utilized for this assessment.  Mouse anti-

troponin T (cardiac isoform Ab-1, cTnT, clone 13-11, Fisher Scientific, Pittsburg, PA) primary antibody and goat 

anti-mouse Alexa Fluor 568 (Molecular Probes/Invitrogen, Carlsbad, CA) secondary antibody were used.  

Fluorescence images were acquired using a Zeiss Axiovert 40CFL inverted microscope (Zeiss, Germany) with a 4X 

objective, using a 560/55 nm bandpass excitation filter and 645/75 bandpass emission filter. 

 

5.2.4 Flow Cytometry Applications of WiscScan Software 

 All real-time particle analysis was carried out by the WiscScan acquisition software. WiscScan integrates 

ImageJ [101], an open source, Java-based image processing program, for all image calculations. Two primary 

image-processing functions were implemented on particles in flow, namely size and fluorescence intensity per unit 

area.  A results table is displayed during an acquisition trial recording the optical imaging plane in which a particle is 

detected, the corresponding particle area (size), number of intensity pixels above background, the mean intensity of 

pixels above background (intensity), and the total intensity divided by particle area (intensity per unit area).  The 

user can then define parameters on which to sort, by checking the corresponding box in WiscScan.      

 To begin acquisition, the background intensity applied to unmodified images, as well as the minimum 

particle size to be detected must be defined.  This ensures that debris will not be detected or be sorted as a false 

positive event.   Before performing a sorting trial, a pre-sort analysis trial is executed with a representative sample 

population, to acquire distributions of sample size, and intensity per unit area.  From the acquired results table, the 

user can decide which of the parameters to sort based on, as well as the lower and upper bounds of that parameter to 

isolate a population of interest.    
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5.2.5 Timing 

 Sorting trials are performed in real-time, and so program timing becomes a critical factor to obtain high 

sorting efficiency. At current acquisition resolutions, WiscScan acquires image frames between 0.1720 and 0.1880 

seconds per frame (5.31 to 5.81 frames per second), requiring all ImageJ calculations to be complete at least 30 ms 

before the next image frame is loaded, allowing for adequate time to signal the data acquisition card and sorting 

valves. The major tasks that must be completed within the 150 ms allowance are to display any required images 

from WiscScan in ImageJ, carry out appropriate image calculations, compare results with user-defined values, and 

signal capture.  Over the course of 5000 frames (~15 minutes), measurement calculations in ImageJ were completed 

in an average time of 8.7 ms and 63.2 ms, for the size and intensity per unit area measurements, respectively.  Thus, 

image processing algorithms are easily completed in the allotted 150 ms, and do not restrict the throughput of the 

MPFC. 

     

5.2.6 Statistical Analysis 

 For comparison of size, NKX2-5 expression, beating areas and cardiac Troponin T expression between 

sorted and unsorted EB populations on day 7 of differentiation, a normal distribution was assumed and one-way 

analyses of variance (ANOVA) and Student t-test for unpaired samples were used.  Data were reported as average + 

standard deviation and were analyzed with JMP 5.0.1 for Windows (SAS Institute, Inc., Carey, NC).  A 95% 

confidence (P < 0.05) interval was applied for statistical significance.   

 

5.3  Utilization of a Segmentation Algorithm for Real-Time Measurement of Non-Contiguous Fluorescence 

Intensity 

 Previously, we used the MPFC to sort EBs based on contiguous fluorescence intensity within an EB [6] so 

that EBs could be effectively distinguished from fluorescent noise.  This was accomplished by coupling our in house 

developed laser scanning acquisition software, WiscScan, with ImageJ [101] based analysis tools for real time large 

particle analysis in flow. ImageJ was chosen due to its wide array of existing analysis routines, ease of adaptability 

and customization and ability to run both within WiscScan at acquisition or as a standalone application for further 

analysis after acquisition.    The ImageJ analysis routine, “Analyze Particles” was utilized to measure connected 

clusters of pixels above background intensity.  In this way, the size and intensity of large particles with continuous 
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fluorescence throughout the particle could be determined.  However, this implementation could not define the border 

of a large particle in real-time in the absence of fluorescence intensity. This was disadvantageous as it limited the 

utility of MPFC as different collection speeds, variable fluorescence expression levels or changes in focus can all 

affect detectable fluorescence at the periphery. To overcome this we wanted to exploit a beneficial optical feature of 

the MPFC, it not only can acquire fluorescence data through multiphoton excitation but also can simultaneously 

collect a bright field image through the use of a transmitted light photodetector.  We decided we could use the bright 

field data to distinguish EB borders and thereby EB size without having to rely on the presence of fluorescence 

signal. To do this we modified our MPFC data collection software to take advantage of a series of pre-existing 

ImageJ functions to reliably define the size and spatial location of an EB within the bright field image (Figure 

5.1A).  To begin, the "Find Edges" function was used to highlight the border of the EB in the bright field image, 

creating an outline of the particle.  To ensure that small edge scan effects don’t significantly affect the robust 

measurement of the EB or particle border we used the “Gaussian Blur” function to smooth the highlighted borders in 

the image.  The sigma radius input for the Gaussian blur defines the degree of smoothing.  For EBs, we found that a 

sigma radius of 2.2 was effective for accurate estimation of particle size.  A higher sigma radius resulted in a more 

drastic overestimation of particle size, while a lower sigma radius led to more frequent instances of discontinuities in 

the border, resulting in inaccurate measurements.  From the resulting outline of the particle, the minimum 

autothreshold feature was employed, creating a mask of all pixels within the particle. This mask was approximately 

10% larger than the actual area of the particle (data not shown). To correct for this overestimation an erode function 

was applied that strips the border pixels of the mask and minimizes error to 4.0% + 4.6% of the total area, as 

determined by manual tracing.  This measurement was displayed in a results table generated in real-time as area in 

pixels, which can be displayed as area in microns based on MPFC system calibration for the chosen optical 

parameters (i.e. lens magnification, zoom, etc.).    

 The above described analysis of the bright field data not only allows for effective robust sorting of 

particles, but can directly assist in the analysis of fluorescence based trends in the corresponding fluorescence 

intensity image. The MPFC software not only can simultaneously collect the bright field and fluorescence intensity 

images but can also do co-registered analysis on both so that the bright field based morphology detection can be 

used to directly help in fluorescence data interpretation.  Masking the border of an EB in flow in the bright field 

image not only allows for a measurement of particle size in real time but also creates a region of interest (ROI) that  
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Figure 5.1  Overview of new WiscScan functionalities for the MPFC.  A)  Images demonstrating the sequence for 

real-time image segmentation including (from left to right) raw bright field image, "Find Edges", "Gaussian Blur" 

filter with variable sigma radius (controlled by user),  applied autothreshold feature (minimum method) with 

"Erode" feature, and final region of interest (ROI). B) Images demonstrating the sequence for overlaying the particle 

ROI onto the intensity image including (from left to right) raw intensity image, background-corrected image, the 

final ROI acquired from the bright field image, the final intensity image per bright field area, with all pixels 

excluded that are not contained within the ROI, scale bar = 200 µm.  
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can be applied to the fluorescence image to confine and sum intensity pixels that are not contiguous, thereby 

permitting measurement of the fluorescence intensity per unit area.  To calculate this fluorescence intensity per unit 

area (Figure 5.1B), the fluorescence intensity image acquired through WiscScan was regressed with a background 

threshold so that only pixels above background intensity appear on a processed intensity image.  Due to additional 

noise produced by flowing media and cell debris, there may be fluorescent pixels outside of the particle that exceed 

the background threshold. To exclude these confounding pixels, the ROI created from segmentation of the bright 

field image was applied to the processed intensity image, resulting in an image displaying only the pixels above 

background intensity that were inside the particle.  Each pixel within the ROI was assigned an intensity value 

between the background threshold and maximum detectable intensity value (255).  The sum of all the pixel intensity 

values provided a measurement of total intensity, which was then divided by the ROI for a final measure of 

fluorescence intensity per unit area.  Similar to the size measurement, fluorescence intensity can be displayed as 

both area in pixels or microns. 

 

5.4  Purification of EBs Based on Size 

 To determine whether the bright field segmentation algorithm coupled to the MPFC could effectively 

detect and sort EBs based on calculated size, we sorted EBs into three different size ranges (Figure 5.2A).  To this 

end, hanging drops were seeded at 200, 400, and 500 cells per drop, to obtain a relatively wide size distribution of 

EBs.  EBs of different cell number were combined into a single population and the size distribution determined in a 

pre-sort analysis trial (Figure 5.2B).  Consecutive sorting of a given population of EBs was performed to obtain 

small, medium and large EB fractions (Figure 5.2C).  First, a threshold of 330 µm was set, separating EBs greater 

than 330 µm into the sorting outlet port and allowing EBs less than 330 µm to flow into the main outlet port.  EBs 

collected in the main outlet port were further sorted such that EBs greater than 250 µm (and necessarily less than 

330 µm) were diverted to the sorting outlet port.  Sorting efficiency was defined as the number of EBs physically 

collected from the sorting port relative to the number of positive events detected in flow by the software.  The 

enrichment ratio was defined as the ratio of the number of desired EBs to undesired EBs in the sorting output port 

divided by the same ratio at the sample input port [85].  Sorting efficiency of EBs greater than 330 µm in diameter 

(large) and of EBs between 250 and 330 µm (medium) was 94.1 + 5.6% and 87.9 + 19%, respectively while 

enrichment ratios were 18.0 + 15.7 and 25.0 + 22.5, respectively (Figure 5.2D).  Therefore, real-time segmentation  
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Figure 5.2  Sorting EBs based on area measurement.  A) Schematic of experimental protocol.  EBs were made in 

hanging drops with starting concentrations of 200, 400 or 500 cells per 30 µl drop.  EBs of all sizes were harvested 

and mixed together at day 4.  EBs greater than 330 µm in diameter were isolated (Large Fraction) first while those 

less than 330 µm were bypassed and collected in the main outlet port.  The population collected in the main outlet 

port was then sorted by setting a sorting threshold of 250 µm in diameter.  Next, the positively sorted fraction 

consisted of those EBs above 250 µm in diameter (Medium Fraction), while those less than 250 µm were bypassed 

and collected in the main outlet port (Small Fraction).  EBs were maintained separately and plated onto 6-well 

plates.  They were then assessed for beating areas and stained for cTnT on day 7 of differentiation.  B) Histogram 

depicting the size distribution of the EBs to be sorted on the MPFC.  Thresholds for positively selecting the large 

population (solid line) and medium population (dotted line) are displayed.  C) Bright field images taken in flow of 

representative EBs from small, medium and large fractions separated during the consecutive sorting trials, scale bar 

= 200 µm.  D) Sorting efficiencies and enrichment ratios for purifying the large population (n=3 trials, 184 EBs) and 

the medium population (n=3 trials, 81 EBs).  Error bars are standard deviation of trials. 
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of the bright field image of an EB yields an accurate measure of size as well as subsequent sorting capabilities based 

on that size determination. 

 

5.5  Sorting EBs Based on NKX-2.5 GFP Reporter Expression Indicative of Cardiac Precursor Cells 

 To test the ability of the MPFC to purify EBs based on varying levels of non-contiguous fluorescence 

intensity, we generated EBs from mouse induced pluripotent stem cells (iPSCs) carrying a NKX2-5 Emerald Green 

Fluorescent Protein (EmGFP) Bacterial Artificial Chromosome (BAC) reporter [100, 102].  EBs matured for 3 days 

in hanging drops and then were sorted based on EmGFP fluorescence intensity with the MPFC (Figure 5.3A).  To 

establish a threshold such that EBs with the greatest EmGFP intensity per unit EB area (i.e., the top 25%) would be 

positively sorted, a histogram depicting fluorescence intensity per unit area of a test sample population of EBs was 

generated under analysis flow conditions (Figure 5.3B).  During sorting flow conditions, EBs below the determined 

threshold were directed to the main outlet port while those above the threshold were directed to the sorting port 

(Figure 5.3C).  After sorting, EBs from both the main and sorting outlet ports were collected and counted before 

transferring to 6-well plates for long-term culture.  Sorting efficiency was defined as the ratio of the number of EBs 

physically collected from the sorting port, to the number of positive events detected in flow.  A sorting efficiency of 

89.0 + 11.1% and an enrichment ratio of 25.4 + 19.3 was achieved (Figure 5.3D), which are comparable to 

previously reported values corresponding to the purification of large fluorescent beads or EBs uniformly stained 

with CellTrackerTM (Molecular Probes/Invitrogen, Carlsbad CA) dye [6].   

 

5.6  EBs Sorted at Early Time points According to Size or NKX2-5 expression Show a Higher Propensity to 

Develop Mature Cardiomyocytes 

 EB size can dictate yield of differentiated cardiomyocytes [103-105] demonstrated by studies attempting to 

control initial EB size with cell culture constraints.  Another approach to control size of microtissue populations is to  

sort them after formation using mechanical barriers to microfluidic channels of prescribed dimension [106].   The 

primary limitation of these methodologies is the need to adjust physical dimensions of the culture vessels or sorting 

device to obtain a final population of EBs within specific size ranges tailored to a user-specific application.  Here we 

have shown that the modified MPFC is capable of sorting EBs in the range of 100 - 400 µm with high efficiency.   
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Figure 5.3  Sorting EBs based on NKX2-5 expression with the MPFC.  A) Schematic depicting the experimental 

protocol for sorting trials.  EBs were harvested on day 3 of differentiation and subsequently analyzed on the MPFC 

without sorting to determine the distribution of NKX2-5 expression of the population.  Thresholds were set such that 

EBs exhibiting the top 25% fluorescence intensity per unit area were positively selected and sorted.  B)  Distribution 

of normalized NKX2-5 expression for the sample input population of EBs as determined in a pre-sort analysis trial.  

C)  Bright field and intensity images of an EB determined to exceed the user-defined sorting threshold (top row) and 

an EB less than the sorting threshold value (bottom row).  The processed intensity image illustrates the ROI overlaid 

onto the intensity pixels above background in real-time.  The total intensity of all the pixels above background 

within the ROI was divided by the pixel area of the ROI for a final measurement of fluorescence intensity per unit 

area, scale bar = 200 µm.  D)  Sorting efficiency and enrichment ratios determined from sorting trials (n=3 trials, 

226 EBs). Error bars are standard deviation of trials. 
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Figure 5.4  Capacity of sorted fractions of EBs to develop cardiomyocytes A) Average size of resulting 

EBpopulations (small, medium and large) collected after sorting with the MPFC. B) Beating areas and 

corresponding cTnT expression of populations sorted based on size.  C) Average normalized NKX2-5 expression of 

EBs collected from sorting and main outlet ports, determined by static imaging after sorting.  D) Beating areas and 

corresponding cTnT expression of EB populations sorted based on NKX2-5 expression.  Brackets indicating 

significant differences (P < 0.05). 
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To determine whether the size of EBs sorted in our system impact their ability to produce cardiomyocytes, we 

isolated three distinct size ranges (small, 250 µm in diameter or less; medium, 250-330 µm; large, 330 µm or more) 

using the MPFC system (Figure 5.2).  The mean diameters of the resulting sorted populations were 209 + 50 µm, 

298 + 34 µm, and 347 + 29 µm, which all significantly differed from one another (P < 0.05) (Figure 5.4A).  The 

large size group of EBs produced the most beating areas on day 7 of differentiation (43.5 + 9.5%) (Figure 5.4B), 

and significantly exceeded the number of beating areas produced by the medium (13.8 + 9.5%; P < 0.05) or small 

fractions (0%, P < 0.05).  Similar trends were found when quantifying cTnT, a protein marker expressed only in 

mature cardiomyocytes, with the large EB group (0.60 + 0.15) having significantly greater cTnT expression per EB 

compared to the medium (0.14 + .13; P < 0.05) and small fractions (0; P < 0.05) (Figure 5.4B).   Thus, larger EBs 

separated on the MPFC at an early time point in differentiation exhibit enhanced potential for cardiomyocyte 

differentiation.  

 We also hypothesized that EBs expressing relatively high levels of the early cardiac transcription factor 

NKX2-5 at early time points in differentiation would produce significantly higher yields of mature cardiomyocytes 

at later time points in differentiation.  As before, day 3 EBs were introduced into the MPFC and those with the top 

quartile of GFP fluorescence intensity were sorted. The relative amount of NKX2-5 expression in the sorted 

population compared to the unsorted populations was 1.25 + 0.01 a.i.u. and 0.75 + .17 a.i.u., respectively (Figure 

5.4C) (P < 0.05).  EBs were plated after sorting and at day 7 after EB generation (4 days after sorting) were assessed 

for beating areas and cTnT expression.  Sorted EBs produced significantly more beating areas compared to the 

unsorted population of EBs (52.5 + 4.9% and 34.4 + 8.1% (P < 0.05), respectively, Figure 5.4D).  Sorted EBs had 

higher expression levels of cTnT compared to the unsorted population (0.59 + .19 and .50 + .12 a.i.u., respectively), 

though these values were not significantly different.  Thus, sorting EBs with our enhanced MPFC system at an early 

time point in EB development based on cardiac precursor gene expression can be used to predictively enrich for EBs 

with a higher propensity to form beating areas indicative of cardiac differentiation. 

 

 

 

 

 



65 

 
 

 

 

 

 

 

 

Figure 5.5  Optical sections of day 3 EBs expressing NKX2-5 at random particle rotations.  Three different optical 

sections were imaged 35 µm deep into several different EBs (displayed as single data points).  Different optical 

sections were attained by turning or disrupting the EBs between each image acquisition.  The standard deviation of 

each measurement signifies the variability in measurements of optical sections taken at different positions in the 3D 

volume.   
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5.7  Discussion 

 Here, we take advantage of real-time image processing tools incorporated into the MPFC to sort EBs based 

on size as well as non-contiguous fluorescence intensity, corresponding to expression of cardiac-related transcription 

factor, NKX2-5, and preserve sorted populations for long term analysis of differentiated cell function.  This is the 

first reported application of real-time image segmentation to trigger sorting in a microfluidic device for large (>100 

µm) cellular particles.  Although the images in this study were acquired using a mulitphoton laser scanning 

microscopy system, the size-sorting approach could be utilized with any imaging modality capable of producing a 

bright field image of large particles. It can also be utilized with other fluorescence imaging approaches such as 

confocal microscopy [107] that can simultaneously collect bright field and fluorescence images.   Our motivation for 

developing such an MPFC system was driven by a desire to understand the factors that stimulate cardiomyocyte 

differentiation.  However, the approach could be tailored to study many cell types and associated behaviors in 

aggregates or microtissues.  Thus, we describe an accessible and versatile system that can help transform the way 

that adherent cell types are studied in the context of three-dimensional microenvironments.  

 EB size is known to influence the type and amount of differentiated cells present in the EB over time.  For 

example, Mohr et al [98], show that smaller EBs are less likely to form beating cardiomyocytes, but those EBs with 

contracting areas are more highly enriched in cardiomyocytes than larger counterparts.  Similarly, others found that 

cardiogenesis and neurogenesis were regulated by the size of the concave microwell used to generate EBs [99, 104].  

These studies were accomplished by regulating size at the time of EB formation; less well studied are phenotypes 

emerging when EBs are sorted at points following EB formation.  A microfluidic device was recently described 

[106] which utilized a series of appropriately spaced pillars in a microchannel to alter the fluid flow path to divert 

and thereby purify EBs with diameter differences of approximately 100 µm, with a maximum size of approximately 

300 µm.  This device is inexpensive and accessible to many labs but is limited by the physical dimensions of the 

device such that multiple devices would be needed depending on the cell aggregate size and range of interest.  Our 

MPFC system can handle a large range of EB sizes, the upper limit of which is dictated by the size of the channel.  

For the device described here, the height is 1000 µm and represents the smallest dimension of the flow cell cross-

section.  Thus, this device can accommodate EBs of approximately 50 µm up to 500 µm in diameter (approximately 

half the height of the flow cells [6]).  In addition, the MPFC can discriminate differences as low as the error 

corresponding to real-time size measurement (4.0% + 4.6% of the manually measured diameter; e.g. 26 µm for a 
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300µm particle).  We show that differences in EB size at three days after EB formation significantly alter the 

percentage of beating areas in a given EB population and the corresponding expression of cardiac troponin T.  

Studies of this type could be used to determine how factors related to size, such as diffusion of soluble molecules 

(e.g., growth factors or metabolites) and insoluble structural elements, such as extracellular matrix proteins, impact 

cardiomyocyte differentiation. 

 Reporter elements coupled to proteins indicative of stem cell differentiation enable identification of soluble 

and insoluble factors that direct differentiation.  The utility of these reporter cell lines is augmented when stem cells 

and their progeny can be maintained in a 3D or tissue-like arrangement, as that found in an EB or similar 

microtissue.  One could argue, however, that much progress has already been made in understanding factors that 

direct stem cell differentiation.  Indeed, recent progress indicates gene delivery of transcription factors can directly 

program murine stem cells to a cardiomyocyte fate with high efficiency [100].  By comparison, the MPFC 

technology described here may not provide a effective means to optimize the yield of cardiomyocytes.  It can, 

however, provide key insights into stem cell microenvironments (i.e. compositions of EBs) that are conducive to 

differentiation and that maintain a differentiated and functional phenotype.  In this way, we can continue to improve 

extended in vitro culture conditions and perhaps better predict and promote outcomes of cell delivery in vivo. 

 The MPFC technology described here has advantages for sorting EBs based on size or reporter elements 

over previously described systems [19, 106], including our first generation MPFC device [5-6].  Our first generation 

device was accessible to laboratories with access to microfabrication capabilities and imaging systems with real time 

data acquisition capabilities.  It was unique in that it allowed for sheathless particle focusing with minimal damage 

to the large particle as a consequence of flow. It could also do sorting of intact EBs based on intrinsic or extrinsic 

fluorescence signals. The current generation MPFC described here maintains these advantages and adds the ability 

to analyze non-contiguous fluorescence of an EB in real time and sort based on those fluorescence parameters.  The 

sorting efficiency is comparable to the first generation sorting device, with average efficiency of 85-95%.  Future 

iterations of the MPFC will seek to take advantage of the images acquired of each EB in flow.  Because an image is 

obtained, it will be possible to utilize ImageJ functionality to utilize image processing approaches to sort based on 

distribution of fluorescence, and so associated protein or molecule, within an EB (or other large particle).   

 Sorting efficiency of the first generation MPFC as well as the current generation is limited by false positive 

sorting events, which most often reflect coincidence events when two or more particles are detected in the same 
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image frame.  In our device, coincidence occurs in approximately 7% of events detected by the software (data not 

shown).  Coincidence  increases with particle-particle interactions.  We attempt to limit particle-particle interactions 

by separating them with inertial lift forces imposed by the asymmetric curving channels [83] present in the 

microfluidic device.  However, coincidence does still occur and changes as a consequence of differences in particle 

velocity.  Additional factors that may increase the false positive rate may include the unpredictability of the velocity 

of smaller EBs in microfluidic devices.  Velocity variability can also result in false negative events if EBs are 

diverted outside the interrogation region and therefore never trigger a sorting pulse.  We have empirically verified 

that as particle size decreases the corresponding velocity range broadens.  Most of the sorting errors evident in our 

system could be reduced or alleviated if particle velocity was increased because the increase in velocity would 

improve particle focusing and separation within the microfluidic device [84].  Currently, we are limited by a 

relatively low maximum image acquisition speed (~5.5 frames/sec) and corresponding low resolution (128x128) of 

our optical arrangement and so flow velocities cannot exceed approximately 2 mm/s.  To this end, we are 

investigating line scanning and other high-speed software and hardware scanning approaches to improve imaging 

acquisition rates and thereby improve both throughput and sorting efficiency. 

 Another consideration when analyzing spatially segregated fluorescence intensity within a microtissue on 

the MPFC, is the variability corresponding to each detected optical section.  As a microtissue traverses the 

interrogation region, multiple planes will be measured based on the rotational position of the EB at the instant of an 

image scan.  To determine the approximate variability of NKX2-5 GFP expression in our EBs, we obtained images 

of optical sections at random 3D orientations of single EBs in static mode, in an attempt to simulate the various 

possible optical planes detected in flow.  We found that the coefficient of variation for a measurement of NKX2-5 

fluorescence of a single EB is approximately 25 + 13% (n=13).  As expression levels of NKX2-5 increase, there is 

more variability in the measurement (Figure 5.5), which is not surprising considering "pockets" of differentiating 

cells are typically present in EBs, and not uniformly distributed throughout the volume.  Here, the impact of sorting 

based on one z-plane measurement did not drastically affect the outcome of this specific population of EBs and 

associated reporter element, but could have a greater affect on other cell types and associated reporter elements if 

expression of the reporter is localized to one side of the EB, or expressed as a gradient from one side to another.  

Future MPFC software improvement will include the ability to average measurements from multiple z-planes of an 

EB or other large particle.  At current flow rates EBs are most commonly detected in three consecutive frames as 
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they traverse the interrogation region.  Averaging intensity measurements from these three frames would provide a 

more representative quantification of the total fluorescence intensity throughout the volume of the large particle. 

 Our results demonstrate that MPFC technology can be used to effectively sort EBs based on fluorescence 

of cells within the EB, even if fluorescent cells are separated from one another.  The technology can help advance 

our understanding of the factors that impact on behavior of cells within the EB which should translate to a better 

understanding of what happens to differentiated or differentiating stem cells after transplantation to a tissue bed or 

with extended culture ex vivo.  In addition, the MPFC could be used to augment the study of stem cell behavior in 

other engineered 3D constructs or the behavior of other cell types in aggregate or microtissue formats by increasing 

throughput and utilizing unique features of multiphoton excitation microscopy to probe endogenous fluorescent 

structures including collagen and autofluorescent metabolites.  

 

 

 

 

 

 

 

 

 

 

 

 



70 

 
 

CHAPTER 6 

Noninvasive detection of cell death with Multiphoton Laser Scanning 
Microscopy (MPLSM) 
 
6.1  Specific Objective 3:  To use the MPFC system to non-invasively purify populations of stem cell 

aggregates and to assess the functional capacity of sorted populations.  Hypothesis:  Purified populations of 

EBs, detected and sorted on the MPFC based on fluorescent indicators of size, cell phenotype and viability, will 

have higher percentages of cells adopting a cardiac phenotype (Chapters 5 & 6) than unsorted populations of EBs 

(thereby addressing criterion C).   

 

Continued advances in stem cell biology and stem cell transplantation rely on noninvasive biomarkers to 

characterize cells and stem cell aggregates. The noninvasive quality of such biomarkers is essential, since exogenous 

labels, probes or reporters can unintentionally and dramatically alter stem cell state as can disruption of cell-cell and 

cell-matrix interactions. Here the autofluorescent metabolite, nicotinamide adenine dinucleotide (NADH) is 

investigated as a noninvasive, intrinsic biomarker of cell death when detected with multiphoton optical-based 

approaches. 

NADH plays a key role as a carrier of electrons and is involved in many important metabolic pathways, 

such as glycolysis [108].  NADH has two forms in cells: free and protein bound. Most bound NADH is found in the 

mitochondria while free NADH exists in both the cytoplasm and the mitochondria [109-111].  NADH fluorescence 

intensity changes have been used to study cell metabolic activity in vivo for many years [112-117].  As well, recent 

studies have used MPLSM to characterize NADH and the intrinsic metabolite flavin adenine dinucleotide (FAD) in 

cancer cells and characterize the metastatic potential [71, 74, 118].  These studies and others [73, 77-78] have helped 

define the experimental conditions for our MPFC trials to examine NADH.  For example, the metabolic state of 

carcinoma cells, as detected by endogenous fluorescent metabolic intermediates, has been correlated with the 

identification and metastatic potential of cancers, in both animal and human models [118].   

 Cell death is essential for the development, homeostasis and repair of tissues (reviewed in [119-120]).  

Recent studies suggest cell death is equally important for pluripotent stem cells and “quasi-developmental” events 

that occur with differentiation [121-126].  For example, inhibition of prostate apoptosis response-4 (PAR-4) in 

pluripotent stem cells limits differentiation of cells of endoderm, mesoderm and ectoderm lineages [127].  However, 

greatly limiting the study of the significance of stem cell death has been the inability to distinguish dead from viable 
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cells without application of exogenous labels that might alter stem cell state.  Thus methods for noninvasive 

detection of cell death are necessary.  Furthermore, stem cells are maintained and differentiate most efficiently in 

stem cell aggregates and so it is crucial to assess cell death without disrupting the aggregate [128].   

The intensities of autofluorescent metabolites have been used as biomarkers of cell viability in yeast [129], 

primary epithelial cells [130] and kidney tissue [131].  Moreover, fluorescence lifetime of intrinsic fluorophores has 

been utilized as an indicator of cell death [132-133] and as a means for distinguishing between modes of cell death 

[134-135] (Reviewed in [136]).  Of particular interest is the metabolite nicotinamide adenine dinucleotide (NADH), 

a critical coenzyme in cell energy metabolism.  NADH is a primary electron transporter, especially in oxidative 

phosphorylation through which significant ATP is produced [137].  Given this role, the concentration of NADH in 

the cell cytoplasm (including mitochondria) would likely decrease with oxidative injury.  Flow cytometry, 

spectroscopy and fluorescence imaging-based studies indicate that NADH levels do decrease with reversible 

hypoxic injury (i.e., when oxygen is restored, the cells recover native function) [129-131].  However, with 

irreversible injury, there is actually a sharp, transient increase, followed by a variable decrease in NADH levels 

[129].  Compelling fluorescence image data suggests increases in NADH correspond to a subpopulation of 

mitochondria which occupy the perinuclear space [130].  These mitochondria are thought to mobilize in response to 

apoptotic stimuli and may provide the energy or other as yet undefined functions needed to complete apoptosis.  

This direct correlation between cell death and changes in NADH levels, which can be assessed though changes in 

endogenous fluorescence of living cells, suggest that this endogenous fluorescence could be utilized as a non-

invasive tool for monitoring viability of individual cells and aggregates, including the viability of stem cells.   

Just as therapeutic application of stem cell aggregates would benefit from a non-invasive means to analyze 

viability, so might other cell aggregates or microtissues such as pancreatic islets.  Type I Diabetes Mellitus (TIDM) 

is an autoimmune disease resulting in the destruction of insulin producing beta cells within the pancreatic islets of 

Langerhans.  Currently, islet transplantation is an emerging clinical therapy with the potential to completely restore 

beta cell function in TIDM patients [138-139]. The efficacy of therapeutic procedures involving re-implantation of 

islets into diabetic patients depends primarily on the ability of islets to engraft and survive in the body and 

secondarily to produce insulin in response to elevated blood glucose levels [140].  A current limitation of the 

procedure is the need to pick healthy islets of a specific size (150 µm in diameter) from the explanted population.  

This procedure is time consuming and subject to inter- and intra- reader variability [23].   The number of healthy 
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explanted islets is variable due the removal of the microtissues from their native vasculature, thereby depriving those 

cells in the aggregate that are past the diffusion barrier of oxygen and essential nutrients [141].  Survival and 

function of transplanted islets require that the initial population are relatively healthy and void of copious amount of 

dead cells.  Isolation of this healthy population is currently performed manually, and would greatly benefit from a 

technology that could perform the same task, non-invasively, in an enhanced throughput fashion.   

 Therefore, the goal of this study was first to determine whether changes in intensity of NADH fluorescence 

correlate with cell death in stem cell aggregates and second to determine the physiological impact of early-stage 

death of stem cells on long-term function of stem cell progeny.  Next, we sought to validate the ability of our 

prototype MPFC system to non-invasively purify populations of EBs based on viability via detection of NADH at 

early time points in differentiation.  Finally, as a more immediately clinically relevant application for the MPFC, we 

performed static experiments in an attempt to correlate NADH fluorescence intensity to functional islet secretion, 

and conducted initial sorting experiments on pancreatic islets based on NADH fluorescence. 

 

6.2  Materials and Methods 

6.2.1  Stem Cell Culture 

HM1 mouse embryonic stem cells were cultured as previously described [5].  ESCs were harvested and 

resuspended in DMEM + 10% FBS (no LIF or BMP-4) at 1.6 x 104 cells/ml.  This cell suspension was used to make 

30 µl hanging drops over 1X PBS in 100 mm Petri dishes.  EBs were harvested 3 days after formation (day 3); this 

stage served as the time point for initiation of all studies described here.   

 

6.2.2  Drug Treatment and Exogenous Viability Staining of EBs 

For induction of cell death, staurosporine (Sigma Aldrich, St. Louis, MO) was applied to EB populations at 

concentrations ranging from 100 – 500 nM for 2 hours.  EBs were stained with LIVE/DEAD® Fixable Dead Cell 

Stain Kit (L23101, excitation, 495; emission, 520; Invitrogen) at a 1:1000 dilution in 1X PBS for 10 minutes at 

room temperature on a rocking platform.  EBs were rinsed once with 1X PBS and resuspended in DMEM + 10% 

FBS.  This probe penetrates dead or dying cells and binds to intracellular amines throughout the cell volume.  The 

probe also binds extracellular amines of live cells, but is restricted to the cell border and so generates a signal 

approximately 100-fold lower than that of dead cells (Manufacturer’s specifications, Invitrogen).  After staining, 
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individual EBs were plated on 0.1% gelatin-coated 9 x 2 microslides (ibidi, Martinsried, Germany) for imaging and 

for subsequent tracking for beating cardiomyocytes. 

 

6.2.3  Isolation of Mouse Pancreatic Islets and Islet Cell Culture 

Intact pancreatic islets were isolated from mice using a collagenase digestion procedure as previously 

described [142-143]. Briefly, the pancreas was perfused with a  0.5 mg/ml collagenase type XI (Sigma Aldrich, St. 

Louis, MO) solution in Hanks Balanced Salt Solution (HBSS, Life Technologies, Carlsbad, CA) with 0.02% 

radioimmunoassay grade BSA.  The disaggregated tissue suspension was first subjected to a 1000 µm polyethylene 

mesh (Spectrum Laboratories, Rancho Dominguez, CA) to remove large debris and secondly to a Ficoll gradient 

(Sigma Aldrich), to separate islets from surrounding acinar tissue.  Islets were handpicked under stereomicroscopic 

observation and subsequently cultured overnight (16-18 Hours) in RPMI 1640 containing 11.1mM glucose and 

supplemented with 10% heat inactivated FBS and 1% Pen/Strep. The islets were placed into a 60mm Petri dish (non 

Tissue Culture treated) containing 5mL of fresh RPMI 1640 supplemented media.  From 60mm Petri dishes, single 

mouse pancreatic islets were placed into individual 9x2 ibidi microwells for imaging of NADH fluorescence 

intensity on the MPLSM.  Following image collection, islets were labeled and carefully placed into a 96 well plate, 

grouping islets with similar NADH fluorescence intensity for subsequent insulin assay analysis.   

     

6.2.4  MPLSM Imaging 

EBs and pancreatic islets were imaged using MPLSM with optical configuration similar to that previously 

reported [5].  To view the live/dead probe, the Ti:Sapphire laser was tuned to 890 nm with a 520/35 nm emission 

filter.  To view NADH intensity, the Ti:Sapphire laser was tuned to 780 nm excitation with a 457/50 nm bandpass 

emission filter.  Average power measurements were taken at the sample, and determined to be 21 mW and 37 mW, 

for 890 nm and 780 nm excitation conditions, respectively, which is within a reported range supportive of cell 

viability [144].  Images were taken with a Plan Apo VC 20X air, 0.75 NA, 1.0 mm WD objective (Nikon, Melville, 

NY) at a resolution of 512 x 512 with a one second exposure time for EBs, and a 10X air, 0.75 NA 1.2 mm WD 

objective (Nikon) for pancreatic islets.   Power and gain settings were set such that less than 5% of pixels were 

saturated and background noise was kept to a minimum.  Bright field and intensity images were collected using in-

house developed software (WiscScan).   Fluorescence and size measurements of EBs and pancreatic islets were 
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made using ImageJ software [101].  For analysis, background levels were identified such that less than 10% of 

pixels on a background image (i.e., containing no islets or EBs) were saturated for all conditions.  Background 

fluorescence intensity levels were subtracted from each pixel of the EB or islet image (BC, background-corrected).  

For live/dead extrinsic staining of EBs, a region of interest (ROI) was created to match the border of EB cross-

section of the background-corrected intensity image.  The percentage of viable cells of an EB was determined by 

first identifying the fluorescence intensity level of a living cell.  The fluorescence intensity level of living cells was 

then subtracted (LCC, live cell-corrected) from each pixel of the ROI defined above. The percentage of viable cells 

of the EB was defined as the fraction of pixels without intensity after LCC divided by the total number of pixels per 

ROI.  The percentage of dead cells of the EB was defined as the fraction of pixels with intensity after LCC divided 

by the total number of pixels per ROI.  The mean intensity per pixel was defined as the total intensity of the ROI 

divided by the total number of pixels in the ROI.   

   

6.2.5  Spectrofluorometry 

A Fluorolog-3 Spectrofluorometer (Horiba Scientific, Kyoto, Japan) was utilized to determine the 

fluorescence emission spectrum of unmanipulated mESCs.  The excitation wavelength was set at 350 nm, 

corresponding to the excitation peak of NADH, while intensity measurements were recorded within a range of 400-

600 nm, corresponding to the emission spectrum of NADH.  HM1 mESCs were harvested and resuspended in 1X 

PBS before measurement.  β-NADH (Sigma-Aldrich, St. Louis, Missouri) was reconstituted in 1X PBS at a 

concentration of 7 mM.  

 

6.2.6 Sorting of EBs Based on NADH fluorescence Intensity on the MPFC 

EBs harvested at day 3 of differentiation were either treated (500nM) or not treated with staurosporine as 

previously described [7]. Similar to static experiments, the Ti:Sapphire laser was tuned to 780 nm, and a 457/50 nm 

emission filter was used to exclude confounding autofluorescence.  Treated and untreated populations were analyzed 

separately on the MPFC before the sorting trials to determine their respective distribution of NADH fluorescence 

intensities.  The real-time fluorescence intensity calculation described in chapter 5 was used to make the 

measurement in this experiment, as NADH expression is non-contiguous and must be assigned to an ROI.  Next, a, 

sorting threshold was set such that 95% or more of the treated population would be positively selected in the sorting 
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trials.   In this way, EBs with high NADH intensity were positively selected and diverted into the sorting outlet port 

while those with relatively low NADH intensity flowed directly to the main outlet port.   After sorting, EBs from 

each outlet port were collected and counted to determine sorting efficiency and enrichment ratio.  Finally, EBs were 

plated onto gelatin coated polystyrene dishes for long-term culture and assessment of beating areas. 

 

6.2.7 Assessment for Cardiomyocyte Function and Immunofluorescence Staining 

EBs from static or sorting experiments were placed in an incubator overnight and analyzed for attachment 

on the following day (day 4).  Each subsequent day, medium was replenished in the microwell slides or 6-well plates 

and each EB was scored for formation of beating areas.  On day 12 of differentiation, EBs were fixed with 4% 

paraformaldehyde and stained for cardiac troponin (cTnT).  The National Stem Cell Bank protocol (www.wicell.org, 

SOP-CH-210C) for immunolabeling of cardiac markers in EBs was utilized for this assessment.  Mouse anti- 

troponin T (cardiac isoform Ab-1, cTnT, clone 13-11, Fisher Scientific, Pittsburg, PA) primary antibody and goat 

anti-mouse Alexa Fluor 568 (Molecular Probes/Invitrogen) secondary antibody were used.  Fluorescence images 

were acquired using a Zeiss Axiovert 40CFL inverted microscope with a 4X objective, excitation filter 560/55 nm 

and emission filter 645/75. 

 

6.2.8 Sorting of Pancreatic Islets Based on NADH fluorescence Intensity on the MPFC 

Islets were harvested from mice and cultured as described above.  Similar to static experiments, the 

Ti:Sapphire laser was tuned to an excitation wavelength of 780nm, and a 457/50 nm emission filter was used to 

exclude confounding autofluroescence.  One population of islets was analyzed, without sorting, to determine the size 

and fluorescence intensity distribution for a representative fraction.  For each sorting trial, approximately 100 islets 

were loaded into the sample reservoir in 7 ml of culture media.  From the histogram depicting NADH fluorescence 

intensity, a threshold was set such that the islets with the highest NADH expression (i.e. top 25%) would be 

positively sorted.  In this way, islets with high NADH intensity were positively selected and diverted into the sorting 

outlet port, while those with relatively low NADH intensity flow directly to the main outlet port.  After sorting, 

islets from each outlet port were collected and counted to determine sorting efficiency and enrichment ratio.   
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6.2.9 Assessment of Insulin Secretion from Pancreatic Islets 

 Islets were placed in groups of 4 based on similarity of NADH fluorescence intensity and placed into mesh 

baskets made from 12 x 75 mm borosilicate tubes (mesh tubes). The mesh tubes were then transferred to a 16 x 100 

mm tube containing 1.0ml Kreb's ringer bicarbonate buffer containing 1.7mM glucose, and 0.5% radioimmunoassay 

grade BSA at 37C for 45 minutes (pre-incubation period).  Islets were then incubated for an additional 45 minutes in 

new Kreb's ringer bicarbonate buffer containing 1.7mM (low) glucose (incubation period).  Mesh tubes were then 

transferred to a fresh 16X100mm tube containing 1.0ml of the Kreb's ringer bicarbonate buffer containing 16.7mM 

(high) glucose at 37C for 45 minutes. The basal insulin response was determined by the insulin release of islets 

exposed to 1.7mM glucose during the 45 minute incubation period, while the stimulated insulin response was 

determined by the insulin release of islets exposed to 16.7mM glucose.  Insulin release was expressed as a "fold 

stimulation" determined by the ratio of insulin secreted at high glucose versus low glucose levels.   

 Insulin secretion ELISA assays were performed as previously described [142-143].  Briefly, the ELISA 

plate was coated with monoclonal capture antibody (Fitzgerald, Acton, MA) and washed with 4% BSA solution to 

prevent non-specific binding of the insulin antibody.  Next, standards and aliquots of culture media from islet 

incubations were added to the 96 well plates for 1 hour, to bind to the monoclonal capture antibody.  Next, the 

biotinylated anti-insulin detecting antibody (Fitzgerald, Acton, MA) was added to the plates, followed by 

streptavidin conjugated to horseradish peroxidase.  Absorbance measurements were taken on a plate reader (Tecan, 

Männedorf, Switzerland), and analyzed with Magellan software to generate the standard curve and calculate sample 

concentrations. 

 

6.2.10  Statistical Analysis 

For comparison of intrinsic (NADH) and extrinsic (Live/Dead Probe) fluorescence intensity levels of cell 

aggregates at early and late time points, a normal distribution was assumed and one-way analyses of variance 

(ANOVA) and Student t-test for paired samples were used.    For comparison of the percentage of beating areas 

between sorted and unsorted populations, time of beating area formation, and relative cTnT expression in sorted 

populations, Student t-Test for unpaired samples were used.  Data were reported as average + standard deviation and 

were analyzed with JMP 5.0.1 for Windows (SAS Institute, Inc., Carey, NC).  Pearson correlation coefficient (r) and 

confidence interval (P) were used to determine whether linear correlations existed between paired values  
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Figure 6.1  Induction of cell death via staurosporine.   A) Schematic depicting the experimental approach used to 

determine whether cell death could be reliably induced with staurosporine.  EBs were generated from HM1 

embryonic stem cells and treated with staurosporine 3 days after EB formation.  Following treatment, EBs were 

imaged at a single time point to detect extrinsic fluorescence of the live/dead probe from a single optical section 

using MPLSM.  B) A strong positive correlation existed between the percentage of dead cells of the EB and the 

mean intensity per pixel (r = 0.87; P <0.0001).  Each dot represents a single EB.  The percentage of dead cells of the 

EB and the mean intensity per pixel were determined as described in the materials and methods section.  C) 

Representative images of live/dead staining of EBs with and without staurosporine treatments.  BC, background 

correction, indicates background fluorescence levels have been subtracted from the image.  White lines indicate the 

outline of an EB.  LCC, live cell correction, indicates fluorescence associated with living cells has been subtracted 

from the image.  Scale bar = 200 µm.  D) Mean intensity of the live/dead probe increased with increasing 

concentrations of staurosporine.  *P < 0.05 when compared to the intensity of EBs without staurosporine treatment.   
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corresponding to 1) the percentage of viable cells in an EB and mean extrinsic fluorescence intensity (live/dead 

probe) per pixel and 2) mean intrinsic (NADH) fluorescence intensity and mean extrinsic (live/dead probe) 

fluorescence intensity.  A 95% confidence (P < 0.05) interval was applied for statistical significance.   

 

6.3  Induction of Cell Death in EBs via ATP-competitive Kinase Inhibition 

To assess the relationship between cell death and increased live/dead probe intensity we controllably 

increased the degree of cell death of murine ESC-derived EBs by treating with graded concentrations of 

staurosporine, ranging from 0 nM to 500 nM.  Staurosporine is an alkaloid compound produced by Streptomyces 

staurosporeus that acts as an ATP-competitive kinase inhibitor, thus promoting caspase 3 expression and inducing 

apoptosis in a variety of cell types [145].  It should be noted that although staurosporine is a potent inducer of 

apoptosis, it is very likely that other types of cell death, such as necrosis and autophagy, which also occur within the 

cell aggregates with and without staurosporine treatment.  Here, EBs were treated with staurosporine 3 days after EB 

formation.  Following treatment, EBs were imaged at a single time point to detect extrinsic fluorescence of the 

live/dead probe from a single optical section using MPLSM (Figure 6.1A).  A strong correlation existed between 

the percentage of dead and dying cells of the EB and the mean intensity per pixel (r = 0.87; P < 0.0001), that is, the 

intensity of the probe (mean intensity per pixel) increased as the percentage of dead cells increased (Figure 6.1B, 

C).  Therefore subsequent comparisons between groups were based on mean intensity per pixel for each EB as a 

measure of cell death.   Next, to determine whether cell death within an EB could be predictably altered with 

staurosporine treatment, the dose response was determined by measuring the mean intensity per pixel of the 

live/dead probe in EBs either without treatment or with 100 nM, 200 nM and 500 nM staurosporine exposure.  Mean 

intensity per pixel increased with increasing staurosporine exposure, indicating that staurosporine can be used to 

reproducibly induce cell death in EBs (Figure 6.1D).      

 

6.4  NADH Fluorescence Intensity Increases with Increased Cell Death in EBs  

Using staurosporine treatment to induce cell death, we tested whether levels of intracellular NADH 

endogenous intensity were indicative of cell death in EBs, using a well-established, extrinsic, live/dead probe as the 

gold standard to assess cell death.  Others have shown that NADH autofluorescence increases dramatically in the 

first few hours after induced cell death and subsequently drops below baseline levels [129]. We found the same to be 
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true for cells of EBs and, specifically, that NADH intensity peaked approximately three hours following 

staurosporine treatment (Figure 6.2).  Thus, in order to monitor changes at or near the peak levels of NADH 

intensity, EBs were imaged at three hours following staurosporine (0 nM, 100 nM and 500 nM) treatment to induce 

cell death.  Just prior to imaging, the extrinsic live/dead probe was applied and then EBs were placed into individual 

wells of gelatin-coated, multiwell microscopy slides.  Each EB was imaged on the MPLSM at 890 nm with a 520/35 

bandpass filter for the live/dead probe and next imaged at 780 nm with a 457/50 bandpass filter for NADH 

expression at the same optical plane (Figure 6.3).  Independent spectrofluorometric analysis indicated NADH is the 

principal contributor to fluorescence emission under these conditions (Figure 6.4) [71, 146].  Although flavin 

adenine dinucleotide and lipoamide dehydrogenase could be excited at 780 nm [147] and contribute to the intrinsic 

intensity of the EBs, the 457/50 emission filter used in these studies helps ensure the contribution is overwhelmingly 

from NADH and again matches known spectral profiles for NADH.  In addition, extensive testing of control cultures 

revealed no overlap of fluorescence intensity between fluorophores (Figure 6.5).  Mean intensity per pixel was 

determined for both NADH (intrinsic intensity) and live/dead probe (extrinsic intensity) and plotted relative to each 

other (Figure 6.3B).  To determine statistical dependence of NADH expression on the presence of dead cells (as 

defined by the live/dead extrinsic probe), a Pearson’s correlation coefficient was calculated and found to be 

statistically significant (r = 0.69; P < 0.0001).   This trend was maintained when individual treatment groups were 

considered separately. Thus NADH intensity reflected cell death similar to the live/dead probe and therefore could 

be used as a noninvasive biomarker of cell death in EBs. 
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Figure 6.2  Kinetic profile of intrinsic fluorescence intensity of NADH following exposure to 500 nM 

staurosporine.  A)  Schematic depicting the experimental approach for determining the kinetics of NADH 

fluorescence intensity after staurosporine treatment. EBs were treated with staurosporine 3 days after EB formation.  

Following treatment, EBs were imaged for NADH once per hour for 6 hours.  B)  Maximum levels of NADH 

intensity were observed ~3 hours after treatment.  When compared to the initial measurement at 1h following 

staurosporine treatment, the control condition showed a maximum increase in NADH expression of 27%, while the 

staurosporine treated condition exhibited a maximum increase of 54%.  The increase in NADH intensity in the 

control population likely reflects repeated exposure to the laser, and/or repeated changes in environmental 

conditions with imaging (e.g. CO2, temperature). 
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Figure 6.3  Relationship between extrinsic fluorescence intensity of a live/dead probe and intrinsic fluorescence 

intensity of NADH.  A) Schematic depicting the experimental approach designed to determine whether NADH 

intensity correlates with cell death.  EBs were generated and treated with staurosporine 3 days after EB formation.  

Just prior to imaging, the extrinsic live/dead probe was applied and then EBs were placed into individual wells of 

gelatin-coated, multiwell microscopy slides.  Each EB was imaged on the MPLSM at 890 nm with a 520/35 

bandpass filter for the live/dead probe and next imaged at 780 nm with a 457/50 bandpass filter for NADH 

expression at the same optical plane.  B) Correlation between mean intrinsic fluorescence intensity per pixel of EBs 

and mean extrinsic fluorescence intensity per pixel.  A strong correlation (r = 0.69; P < 0.0001) exists between the 

known indicator of cell death (live/dead probe) and NADH fluorescence intensity.  Each dot represents a single EB 

imaged at the same plane for both intrinsic and extrinsic fluorescence using MPLSM.  C) Representative images of 

NADH intensity of EBs and live/dead staining with (500 nM) and without (0 nM) staurosporine treatment.  Bright 

field image is wide field and fluorescent images are optical sections.  Scale bar = 200 µm.  
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Figure 6.4  Spectrofluorometric analysis of emitted fluorescence of mouse embryonic stem cells following 

excitation at 350 nm.  Fluorescence emission corresponding to the stem cells showed significant overlap with the 

emission profile of free NADH.  The slight shift to the left of the emission profile corresponding to the stem cells 

reflects the contribution of bound NADH (emission maxima of 430 nm; free NADH emission maxima is 460 nm) 

[148].  
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Figure 6.5  Assessment of intrinsic fluorescence intensity of NADH and extrinsic fluorescence intensity of the 

live/dead probe.  To ensure fluorescence intensity did not overlap between imaging conditions defined for measures 

of intrinsic fluorescence intensity (excitation 780 nm, emission 457/50 nm) and extrinsic fluorescence intensity 

(excitation 890 nm, emission 520/35 nm), control EBs (top row) and those stained with the live/dead probe (bottom 

row) were imaged under both conditions.  Almost no overlap was detected between conditions.  Scale bar = 200 µm.  
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6.5  Low Levels of NADH Fluorescence Intensity of EBs Soon After Formation are Predictive of Functional 

Differentiation of Cardiomyocytes   

Cell death is crucial for development and homeostasis in vivo, including in the heart [149-151].  The 

physiological relevance of cell death with the “quasi” development that occurs with stem cell differentiation in vitro 

has not been investigated.  This is an especially challenging task since, unlike development, not all embryoid bodies 

give rise to the same cell types and the arrangement varies substantially.  Thus a noninvasive biomarker of cell death 

in intact EBs, as we have shown above, is particularly useful for discerning the impact of cell death (especially at 

early phases) on the subsequent development of particular cell types and tissues.   Here we investigate the impact of 

early cell death on cardiomyocyte differentiation and function.  To this end, EBs were treated with staurosporine 3 

days after EB formation.  Following treatment, EBs were imaged at a single time point to detect extrinsic 

fluorescence of the live/dead probe and intrinsic fluorescence of NADH from a single optical section of individual 

EBs using MPLSM (Figure 6.6A).  Each EB was then monitored daily for 9 days (12 days after EB formation) for 

the presence of beating areas indicative of cardiomyocyte differentiation.  At day 12 after EB formation, EBs were 

probed for cardiac troponin T (cTnT) expression via immunofluorescence, to confirm the cardiomyocyte phenotype 

(Figure 6.6B, C).  All beating areas detected exhibited corresponding positive staining for cTnT.  EBs that formed 

beating areas comprised 44% of the total population. The mean intrinsic and extrinsic fluorescence intensity of each 

EB were plotted and those EBs that formed beating areas were distinguished from those that did not (Figure 6.6D).  

The EBs that gave rise to beating areas appeared to have low levels of both intrinsic and extrinsic fluorescence 

intensity.  Indeed, both the intrinsic and extrinsic fluorescence intensity levels of EBs that formed beating areas 

versus those that did not form beating areas were statistically different (P < 0.01).  Interestingly, if an arbitrary 

intensity level of 1.0 (normalized a.i.u.) was selected, 88% of EBs that formed beating areas had a mean NADH 

intensity per pixel, at day 3, below that level and similarly, 84% of EBs that formed beating areas had a mean 

live/dead probe intensity per pixel, at day 3, below that level.  Thus, the population of EBs that formed beating areas 

could be enriched two fold by selecting EBs with low endogenous fluorescence intensity.  Of note, EBs from all 

three treatment groups (0 nM, 100 nM and 500 nM) contributed to the total number of beating areas (75%, 22% and 

3% of beating EBs respectively; n > 20 EBs for each concentration).  Furthermore, within the group of EBs that 

developed beating areas, those with lower levels of either intrinsic or extrinsic fluorescence (i.e., less cell death) 

were likely to form beating areas sooner.  EBs imaged on day 3 that formed beating areas by day 6 exhibited 
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statistically lower levels of NADH and live/dead fluorescence intensity than EBs that formed EBs on day 12 or did 

not form beating areas. Similarly, EBs imaged on day 3 that formed beating areas by day 9 exhibited statistically 

different levels of NADH and live/dead fluorescence intensity than EBs that did not form beating areas (Figure 

6.6E). This trend was maintained even without treatment with staurosporine when comparing EBs that formed 

beating areas by day 6 (mean intrinsic intensity/pixel 0.78 + 0.11) to those that did not form beating areas by day 6 

(mean intrinsic intensity/pixel, 0.81 + 0.07).  Thus, NADH levels determined at early time points may be predictive 

of the temporal onset of functionally differentiated cells of EBs and so might be used as a biomarker for noninvasive 

analysis and purification of stem cell aggregates for both research and clinical application. 

 

6.6  Sorting EBs based on NADH Fluorescence Intensity 

 To demonstrate the use of NADH as a non-invasive biomarker to detect a distinct cell fate within a three 

dimensional tissue, STS treated (500nM) and non-treated day 3 EBs were introduced into the MPFC in equal parts 

with the intent of positively sorting EBs undergoing trauma (Figure 6.7A).  Previously, we have shown that the 

global fluorescence intensity of NADH peaks approximately 3h after STS treatment, therefore sorting on the MPFC 

was performed at this time.  Before sorting, control populations were analyzed without sorting, both treated and non-

treated EBs were analyzed on the MPFC (Figure 6.7B).  The fluorescence intensity threshold was set such that  95% 

of treated EBs would be positively selected.  The fluorescence intensity was normalized to the mean of the total 

sample input population for a given experiment, due to biological and instrumental variability between experiments.  

Post flow static imaging was performed for one of six trials to determine the relative NADH fluorescence intensity 

of the resulting populations. This ensured that those EBs selected in flow display the same degree of fluorescence 

intensity when measured statically.  Normalized mean fluorescence intensity detected in flow of sorted compared to 

main outlet populations were not statistically different from static measurements of the isolated EB populations after 

flow (1.6 + 0.2 and 0.7 + 0.2, 1.5 + 0.3 and 0.8 + 0.2, respectively, Figure 6.7C).  Moreover, sorting efficiency was 

determined by dividing the number of positively sorted EBs that were collected by the number of EBs detected in 

flow, and was determined to be 80% + 18% (n=3).  The experiments yielded a total enrichment ratio of 13 + 16.6 

(Figure 6.7D).  
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Figure 6.6  Intrinsic fluorescence intensity of NADH as a predictive index of cardiomyocyte differentiation.  A) 

Schematic depicting the experimental approach designed to determine whether NADH intensity levels at an early 

time point after EB formation are indicative of later function of differentiated cardiomyocytes.  EBs were treated 

with staurosporine 3 days after EB formation.  Following treatment, EBs were imaged at a single time point to detect 

extrinsic fluorescence of the live/dead probe and intrinsic fluorescence of NADH from a single optical section of 

individual EBs using MPLSM.  Each EB was then monitored daily for 9 days (up to 12 days after EB formation) for 

the presence of beating areas indicative of cardiomyocyte differentiation.  B) Microscopic observation of a beating 

area.  Shown is a bright field image with the beating region outlined in black.  C) Cardiac troponin T (cTnT) staining 

corresponds to microscopic observation of beating behavior.  EBs were formed and plated in 9 x 2 microslides.  

Upon observation of beating areas, immunofluorescence staining for cTnT was performed.  In all cases where 

beating cells were observed, cTnT staining was also observed.  Shown is the outline of the beating area and 

corresponding cTnT staining (red) superimposed on the bright field image.  Scale bar = 200 µm.  D) Distribution of 

EBs which give rise to beating areas at 6 – 12 days after EB formation and corresponding levels of intrinsic 

fluorescence intensity of NADH and extrinsic fluorescence of the live/dead probe detected 3 days after EB 

formation.  E) Comparison of mean intrinsic fluorescence intensity of NADH of EBs and the time after EB 

formation that beating areas appear.  EBs with low mean intensity per pixel of intrinsic fluorescence intensity of 

NADH soon after EB formation are more likely to give rise to beating cardiomyocytes at later time points than those 

with high levels early on (*P < 0.05).  
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Figure 6.7  Sorting HMI EBs based on NADH fluorescence intensity.  (A)  EBs were harvested on day 3 of 

differentiation and either treated with staurosporine (500nM) or not treated (0 nM) for 2 hours.  EBs were then 

sorted based on NADH fluorescence intensity 3 hours post treatment, and subsequently plated onto polystyrene 

dishes and cultured.  On day 12 of differentiation, EBs were assessed for beating areas and fixed to stain for cTnT.  

(B)  Those EBs with NADH intensity greater than 1.1 a.i.u. (i.e. the sorting threshold) were positively selected and 

directed to the sorting outlet port, while those with less than 1.1 a.i.u. naturally flowed to the main outlet port.  (C) 

Fluorescence distributions of resulting sorted populations.  (D)  Sorting efficiency and enrichment ratio of 3 separate 

experiments.  (E)   The percentage of beating areas and cTnT expression per EB of resulting sorted populations (*P 

< 0.05).  
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 Finally, to demonstrate the utility of this method for purifying functional differentiated phenotypes, we 

quantified the percentage of EBs that formed beating cardiomyocytes by plating the sorted populations of EBs and 

observing the development of beating areas up until day 13 of differentiation when they were fixed and stained for 

cardiac troponin (cTnT).  The default population had a significantly higher percentage of beating areas (30.7 + 

5.6%) compared to the sorted population (7.0 + 7.1%).  This qualitative assessment was confirmed with significantly 

higher cTnT expression per EB (18.9 + 4.1 a.i.u. and 9.6 + 3.0 a.i.u.) for the main and sorting populations, 

respectively (Figure 6.7E).   

 

6.7  Sorting Pancreatic Islets based on NADH fluorescence Intensity 

 To test the ability of the MPFC to non-invasively purify a healthy population of pancreatic islets we 

analyzed and sorted the microtissues based on NADH expression a short time after explanted from mice 

(approximately 3h).  NADH expression per islet was calculated on the MPFC by employing our real-time 

fluorescence intensity per unit area measurement such that the intensity for each islet was normalized based on size.  

A pre-sort analysis trial was conducted to determine the size and fluorescence intensity distribution of a 

representative islet fraction (Figure 6.8A, B).  We were interested in the size distribution because large microtissues 

of varying size and shape have very unique flow characteristics within our microfluidic device.  As a consequence, 

the sorting pulse (i.e. duration of time the sorting outlet port is open for a single detected event) must be increased to 

accommodate a wider range of particle velocities.  From the histogram depicting NADH fluorescence intensity, a 

threshold was set such that the islets with the highest NADH expression (i.e. top 25%) would be positively sorted 

(Figure 6.8B).  In this way, we sought to remove a population with a high degree of cell death.  After sorting, islets 

from both the main and sorting outlet ports were collected and counted (Figure 6.8C).  Sorting efficiency was 

determined by comparing the number of islets physically collected from the sorting port, to the number of positive 

events detected in flow.  A sorting efficiency of 77.1 + 12.0% and enrichment ratio of 20.7 + 12.0 were achieved 

(Figure 6.8D).  Thus, sorting parameters (i.e. pulse and time delay) and imaging settings were properly set to 

accommodate a very broad size range of islets.   
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Figure 6.8  Sorting of pancreatic islets based on NADH fluorescence intensity.  (A)  Size distribution of pancreatic 

islets measured during pre-sort analysis trial (n=84).  (B)  NADH fluorescence intensity distribution  measured in 

pre-sort analysis trial (n=84).  (C)  Islets with NADH intensity greater than 1.1 a.i.u. (i.e. the sorting threshold) were 

positively selected and directed to the sorting outlet port, while those with less than 1.1 a.i.u. flowed to the main 

outlet port.  (D)  Sorting efficiency and enrichment ratio of 5 separate sorting trials.   
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Figure 6.9  Insulin secretion response of islets grouped according to increasing (1 – 20) NADH fluorescence 

intensity.  (A)  Fold stimulation (ratio of stimulated to basal secretion of insulin) of islets grouped based on their 

relative expression of NADH fluorescence intensity as measured in microwells on the MPLSM.  Group 1 is made up 

of 4 islets with the lowest NADH intensity of the 80 islets imaged, while group 20 contains 4 islets with highest 

NADH intensity relative to the entire group.  (B)  Fold stimulation normalized to the area of islets as measured on 

the MPLSM.     
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Table 6.1  Insulin secretion response of islets grouped according to increasing NADH fluorescence intensity  

 

Group NADH Intensity Insulin Secretion 
Normalized 

Insulin Secretion 

1 0.64 15 5 

2 0.73 9 4 

3 0.77 4 2 

4 0.80 2 1 

5 0.84 8 5 

6 0.87 26 12 

7 0.90 42 17 

8 0.92 11 8 

9 0.95 8 4 

10 0.97 41 30 

11 0.99 67 19 

12 1.02 36 22 

13 1.03 4 3 

14 1.06 8 6 

15 1.09 4 5 

16 1.15 4 4 

17 1.18 7 7 

18 1.24 9 9 

19 1.32 3 6 

20 1.56 19 9 
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6.8 Detection of NADH Fluorescence Intensity in Pancreatic Islets soon after Explantation can be Predictive 

of Insulin Secreting Capacity 

 To determine whether metabolic activity of islets, as measured by the NADH fluorescence intensity is 

indicative of the ability to secrete insulin in response to glucose stimulation, we imaged and subsequently grouped 

islets based on the NADH expression on the MPLSM soon after isolation from mice.  Islets were placed into 9x2 

ibidi microwells and excited at 780 nm to measure NADH fluorescence intensity.  Next, images were analyzed by 

measuring fluorescence intensity per unit area using ImageJ software.  Based on these measurements, islets were 

ordered according to their relative NADH intensity from lowest to highest and assigned to groups of 4.  Group 1 

contains the four islets with the lowest NADH intensity, and each subsequent group has a higher mean NADH 

intensity than the preceding group (Table 6.1).  Basal insulin secretion was defined as response of islets to low 

glucose concentration (1.7mM), while stimulated insulin secretion was defined as response of islets to high glucose 

concentration (16.7mM).  Fold stimulation was determined by taking the ratio of stimulated to basal insulin 

secretion.  Fold stimulation was plotted according to groups of islets (increasing from 1-20) defined by increasing 

NADH fluorescence intensity (Figure 6.9A, B).  Interestingly, islets with the greatest fold-stimulation and thus 

those most able to respond to glucose stimulation were groups 7, 10, 11, 12 (gray rows, Table 6.1), corresponding to 

normalized NADH intensities of 0.9, 0.97, 0.99, and 1.01, respectively.  Groups 1-6 and Groups 13-20, 

corresponding to NADH intensities of 0.64-0.87 and 1.03-1.56, respectively, registered minimal fold-stimulations 

(<20).  Therefore, islets with medium levels of NADH fluorescence intensity, relative to the whole population, have 

a higher potential for secreting insulin in response to glucose stimulation.  These data can now be used to inform 

studies aimed to purify functional islets for transplantation. 

 

6.9  Discussion 

In this study we show that the intensity of NADH fluorescence changes in response to staurosporine-

induced cell death in murine EBs and so might be used to reliably and noninvasively assess viability of EBs and 

other microtissues.  Increased NADH expression after induction of cell death has been observed in other cell types 

[129-131], though this is the first study to show such a response in intact cell aggregates.  Furthermore, we utilized 

real-time imaging processing tools to sort a mixed population of treated and non-treated EBs based on NADH 
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fluorescence intensity and isolated a population that yields a significantly higher percentage of beating areas than the 

unsorted population. 

We have focused here on analysis of EBs, since there is still much to learn from these aggregates in terms 

of the spatial and temporal cues that give rise to particular differentiated cell types [152-155].  We were particularly 

interested in the impact of severe cellular stress on later, long-term function of mature cells types.  Future studies 

could more effectively tap the ability to track intrinsic fluorescence of the same EB over time, by assessing the 

progressive contribution of cell death to the developing EB.  It is possible that cell death at localized and low levels 

may be beneficial and not detrimental in the developing EB.  Similar approaches could be applied to any cell 

aggregate, including tumor spheroids, pancreatic islets, neurospheres, cardiospheres, lymphoblastoid cells and 

perhaps most interestingly to in vitro, three-dimensional (3D) engineered tissue models.  One primary goal of 

engineered tissue models is to present cues in a more defined manner than that of the heterogeneous EB (reviewed in 

[156-157]) and noninvasive assessment of cell death could advance these efforts tremendously.  We emphasize here 

the utility of NADH as a biomarker of stem cell death in cell aggregates, however the approach is certainly 

applicable to analysis of single stem cells as well.  In this case single photon fluorescence microscopy and traditional 

flow cytometry techniques might be effectively employed since sample thickness is relatively small.  In all cases, the 

spectral profiles in both excitation and emission should be carefully considered and experimental method 

accordingly adjusted so as to avoid signal from alternative sources of intrinsic fluorescence that could include 

cellular elements, extracellular elements or even certain small molecules used to induce cell death (i.e., 

camptothecin) that fluoresce in the same region of the emission spectrum as NADH.   

Changes in NADH intensity with cell death are time dependent and so would most effectively align with 

changes in cell death soon after induction of trauma or exposure to signaling molecules that promote cell death.  

Time-dependence of NADH expression is beneficial in conditions of induced cell stress, since analyses can be 

orchestrated to correspond with peak expression.  However, in the course of typical culture, stem cell aggregates 

exhibit constant, low level, cell death that should be detectable at any given time point.  In other words, the large 

number of cells analyzed (as opposed to a single cell), ensures a high probability of accurately capturing the global 

health of the EB.  Indeed, EBs without staurosporine treatment that ultimately give rise to beating areas exhibit the 

same trend of lower mean intrinsic fluorescence intensity than EBs that do not generate beating areas.   
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It should be noted that the distribution pattern of fluorescence intensity of the intrinsic fluorophores and 

extrinsic markers are not alike.  The extrinsic dye yields a punctate pattern while the intrinsic fluorescence is diffuse.  

This difference likely reflects the difference not only in binding target but also in the temporal window of cell death 

associated with each “probe”.  The extrinsic marker identifies cells with permeable membranes, likely at the later 

stages of cell death.  In contrast, the autofluorescent intensity corresponds to fluctuations of NADH that can occur at 

both early and late stages of cell death and does not necessarily imply a compromised cell membrane.  Additionally, 

the heterogeneity of cell types comprising the aggregates may be more or less resistant to cell death and associated 

membrane permeability (extrinsic probe), while even those cell types more resistant to cell death will exhibit 

fluctuations in NADH in response to stressful stimuli (i.e., staurosporine treatment).    

Another important consideration is that NADH amount and state in healthy stem cells and their progeny 

can be altered as a consequence of other cell functions [158], especially differentiation [79-80, 159-163].  A variety 

of studies suggest that pluripotent stem cells are metabolically distinct from differentiated cells [164-167].  As one 

example, pluripotent stem cells can proliferate, and may preferentially maintain pluripotency, in a hypoxic 

environment [168].  These studies suggest that stem cells are preferentially using, or at least are capable of using, 

non-oxidative pathways as opposed to oxidative phosphorylation predominantly employed by most mature cell 

types.  Thus, we and others have begun to investigate the concept that intrinsic fluorescence signatures, including 

fluorescence intensity and fluorescence lifetime [44] of bound and free NADH [117] in particular, could be used to 

identify changes with stem cell differentiation [49].  Specifically, human mesenchymal stem cells (MSCs) show an 

increase in NADH fluorescence intensity and the fluorescence lifetime of bound NADH as they differentiate toward 

bone and fat lineages [161].  In addition, discernible differences in fluorescence intensity and lifetime can be 

identified with differentiation of salivary gland stem cells [160].  Thus it is clear that intrinsic fluorescence of 

metabolites can serve to distinguish viable cells from dead cells and mature cells from progenitors.  Lacking are 

comprehensive studies and robustly defined parameters to distinguish each stem cell state (e.g., viable, proliferative, 

migratory and differentiating) and sub-state (e.g., cell death due to apoptosis, necrosis and autophagy).  However, 

the work presented here takes one clear step toward defining parameters for viability of stem cells at time points 

when the majority of cells of EBs are still in a pluripotent or at least multipotent state.      

Here, consistent increases in NADH fluorescence intensity are evident with induced cell death in EBs and it 

was demonstrated that the percentage of EBs that give rise to functional cardiomyocytes is higher in EBs that had 
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lower fluorescence intensity, either endogenous (corresponding to NADH) or exogenous (corresponding to a 

commercially available live/dead fluorescent probe), soon after EB formation. To further demonstrate the utility of 

NADH as an indicator of cell death, we sorted EBs on the MPFC based on their endogenous fluorescence.  

Consistent with static experiments,  those EBs with low NADH fluorescence intensity were more likely to adopt 

functional cardiomyoctes during differentiation.   This technology, and others like it (reviewed in [169]), coupled 

with the knowledge gained in this study, have tremendous potential for both basic research and clinical cellular 

transplantation in that the structure of the aggregate can be maintained, exogenous labels avoided and purification 

achieved in an enhanced-throughput fashion. 

Pancreatic islets have been identified as a microtissue population that endure stressful explantation 

procedures that result in variable amounts of cell death.  Re-implantation of these pancreatic islets have clinical 

potential for treating type I diabetes through restoration of beta cell function within islets if the islets can be 

effectively managed ex vivo [170].  Such a clinical procedure would greatly benefit from a means to non-invasively 

purifying microtissues exhibiting higher percentages of viable cells.  We have taken initial steps in determining the 

potential of using NADH as an indicator of cell death in pancreatic islets, and studied how that will impact on 

functional capacity and potential for re-implantation into mice.  Grouping islets based on relative expression levels 

of NADH fluorescence, we sought to investigate a possible correlation with functional potential (i.e. insulin 

secretion).  We found, those islets with a mid-level expression of NADH fluorescence had the highest ratio of 

stimulated to basal insulin secretion (fold stimulation) in response to glucose stimulation, whether or not islet size 

was used to normalize measured secretion values (Figure 6.9A, B).  We have also shown the ability to sort 

pancreatic islets with high NADH expression, in an attempt to remove islets with a high percentage of dead cells.  

Certainly, cell death contributes to the metabolic signature of the pancreatic islets as a whole, and it is very likely 

that NADH fluorescence will increase with increasing cell death, however more studies will be necessary to clarify 

this relationship.  To further investigate this relationship, the relative contributions of cell death to the overall 

NADH fluorescence intensity could be determined with static experiments performed where NADH expression is 

compared to an extrinsic live/dead probe (similar to those performed on EBs).  Additionally, we will investigate 

NADH fluorescence intensity at incremental time points soon after explantation to determine when analysis and/or 

sorting should be performed and whether islets exhibit a similar profile to stem cell aggregates after staurosporine 

treatment.  
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 Further complicating the relationship between insulin secretion and NADH intensity of intact islets is their 

heterogeneous cell composition.  Mouse pancreatic islets are composed of roughly 75% insulin secreting beta cells, 

15% glucagon secreting alpha cells, as well as smaller percentages of delta, epsilon and pancreatic polypeptide cells 

[171].  Alpha cells have a higher basal metabolic rate than beta cells, secreting glucagon at low blood glucose levels, 

and are inhibited when blood glucose levels rise [172].  Recently, co-localization studies elucidated the relationship 

between alpha cells (detected by a EYFP reporter controlled by a glucagon promoter) and NADH intensity within 

intact islets with two photon excitation [172-173].  Similar studies detecting the presence of beta cells and other cell 

types making up the pancreatic islet will contribute to the understanding of the overall islet metabolic signature.  

Indeed, NADH fluorescence intensity drastically increases in response to glucose stimulation [115, 174], primarily 

as a result of the increase in metabolic demand from pancreatic beta cells to secrete insulin.  However, measurement 

of NADH intensity in future sorting trials will be performed at low (basal) glucose levels, where we hypothesize that 

a high degree of cell death within islets will induce a discernible increase in NADH intensity compared to those 

islets with minimal cell death.  Future studies will shed light on the many contributors of the metabolic profile of 

pancreatic islets, and potentially enable the MPFC to non-invasively purify healthy fractions of islets for 

transplantation. 
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CHAPTER 7 

Discussions, Future Directions and Recommendations 

The ultimate goal of this project was to develop a microfluidic device that could be coupled to a standing 

multiphoton laser scanning microscope, and would provide a platform to analyze and sort microtissues based on a 

variety of characteristics, most notably endogenous properties.  To this end, the MPFC has been validated to 

measure and subsequently sort EBs based on size and fluorescence intensity originated from exogenous (e.g. genetic 

reporter constructs) and endogenous (e.g. NADH) fluorophores.  Although experimental goals have been met, there 

are still many improvements to be made that would further increase the utility of the system.  Future modifications 

to all three primary components of the MPFC (i.e. fluidics, optics and data acquisition) would contribute to 

improving the quality of results and user experience.  Such modifications would be made with the focus on 1) 

increasing the speed of acquisition while improving 2) the accuracy of the measurement on microtissues, and 3) 

further automating the system with an enhanced user-interface. 

 

7.1  Fluidics 

 Modifications to the fluidic component of the MPFC would improve the accuracy of the measurement and 

sorting efficiency of microtissues.  The purpose of the fluidic component is to precisely and reproducibly deliver 

microtissues to a defined spatial position to be analyzed, and additionally, to sort all particles that are selected by the 

software.  In a perfect world, particles of varying size and shape would flow in a single file line past the 

interrogation region at a constant velocity, such that no particles align on the edge of the image display (i.e. 

interrogation region), or miss it completely. Many confounding factors such as size, shape, adhesion, and 

agglomeration can impact microtissue position and velocity within the flow cell.  One way to address these 

problems and improve the performance of the fluidic component is simply to increase flow rate. In preliminary 

studies, we have shown that increasing the flow rate of the system will more tightly focus particles of varying sizes 

toward the center line of the channel while also decreasing the range of velocities at which the particles travel.  

Moreover, the particle separation along the long axis of the channel is improved, reducing the number of particle-

particle interactions and coincidence events [84].  As particles are more precisely delivered to the interrogation 

region, imaging constraints like using low optical zoom and low resolution may be reduced, thus improving the 

quality of the image and measurement. Currently flow rates are limited by the speed of image acquisition.  As 
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scanning technology improves, increasing flow rates of the system is a simple adjustment that will allow for more 

accurate measurements, increased throughput and higher sorting efficiencies. Another attractive solution for more 

efficient focusing of microtissues in flow, is to not only focus them laterally, but also vertically, such that particles 

are focused in two dimensions.  

 This so called 2-D focusing has been accomplished for small particles and single cells, but could be 

designed to accommodate larger 3-D microtissues as well.   Howell Jr. et. Al[91] proposed an easily fabricated 

design requiring only two inputs that requires carving chevron features into the top and bottom of a flow channel.  

The chevrons effectively transport fluid flowing on the sides to the middle along the top and bottom of the channel, 

compressing the sample stream vertically.  Each additional chevron that is added to the design will produce a greater 

vertical focusing affect as well as a slight expansion in the horizontal direction.  Sheath to sample flow rates ratios, 

as well as number of chevron pairs will ultimately determine the area and shape of the cross sectional area of the 

sample stream.  We have performed preliminary experiments with focusing fluorescein dye both laterally and 

horizontally, with the use of chevrons in a scaled up microfluidic channel that could accommodate large particles 

(Supplementary Figure 4, Appendix).  As throughput of the system is able to improve, implementing a 2-D 

focusing mechanism would both improve the accuracy of particle detection and improve sorting efficiency by 

providing more predictable particle velocities.  

Modeling of microtissue interactions in microfluidic devices would provide a platform for optimizing 

conditions in microtissue analysis and sorting experiments. One extensive study modeled particle-particle 

interactions in flow with various force coupling methods (one-way, two-way and four-way), that was dependent on 

the volume ratio of particles in flow [89].  These studies and others [175-176] have shed light on key concepts such 

as drafting, kissing, tumbling effects (DKT), wall-induced lift forces, and rotational effects of spherical particles in 

two-phase particulate flows.  In light of the many forces imposed on large particles in the context of flow, it is 

important to understand the implications of input parameters (i.e. particle concentration, size) on the performance of 

the device or instrument.  Currently, two-phase particulate flow modeling can be computationally intensive, and 

simulations have been limited to spherical particles.  As simulations are typically performed on spheres, it would be 

beneficial to extend simulations to other types of 3-D tissues of different shapes like cubes, disks, or tubes that are 

often engineered in the lab.  Currently, flow rates on the MPFC create highly diverse fluidic interactions when 

introducing non-spherical shapes of microtissues that make analysis and sorting difficult.  Future modeling efforts 



103 

 
 

investigating alternative flow cell designs that would complement various types of tissue constructs would further 

enhance the capabilities of the MPFC, and increase the number of applications available to users. 

 

7.2  Optics   

Improvements to the optical scanning electronics component of the MPFC would greatly increase speed of 

image acquisition. The MPFC uses a laser scanning control system that is mostly limited in acquisition speed by the 

galvanometer mirrors which are driven with a linear sawtooth control waveform at the rate of several microseconds 

per pixel. This results in a effective scan rate ranging from 500 ms to 2 s depending on image dimensions. This 

scanning system is ideal for high resolution conventional multiphoton but not for the MPFC where speed is critical. 

For future MPFC development there are several strategies we are investigating for faster image acquisition. These 

fall into two general categories: 1) alternative scanning approaches with the current galvanometer mirrors such as 

line scanning and faster waveform patterns 2) alternative scanning mirror approaches such as resonant scanning 

mirrors that can collect 30 frames/second or higher by allowing the beam to be raster-scanned across the specimen at 

higher speeds. Increased scanning speeds would allow the volumetric flow rates to be increased by an order of 

magnitude, greatly reducing the variability of particle position and velocity within the flow cell. Consequently, this 

would allow for the user to increase zoom and/or use objective lenses with a higher numerical aperture, further 

improving the resolving power of the system. Finally, image scanning speeds would allow for higher throughput and 

sorting rates of the system, allowing the MPFC to take one step closer to becoming a clinically relevant instrument.  

 Another important improvement to the optical setup of the MPFC will be to add one or more PMTs for the 

ability to simultaneously detect and sort based on two or more fluorescent markers present in an EB.  By increasing 

the number of detection parameters, users will be able to target specific cells that necessitate the detection of more 

than one surface marker (e.g. CD profile for Mesenchymal Stem Cells) within 3D microtissues.  Similarly, one 

could envision sorting based on the presence of transcriptional reporter lines as well as metabolic intermediates such 

as NADH to at once separate viable cells (NADH) with a propensity to become a particular cell type (transcriptional 

reporter) in microtissues in an enhanced throughput fashion. 
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7.3  Software 

 Future modifications to the software component of the MPFC will strive to develop a fully automated 

system.   In the current version of the Flow Cytometry software in WiscScan, many functionalities and options are 

now available that have partially automated experiments and improved results.  For instance, Wiscscan completely 

controls the fluidic component by allowing the user to start and stop flow, toggle outlet pins, and rinse all lines.  

Additionally, the MPFC software allows the user to define a number of parameters to sort based on, including size, 

mean intensity and total intensity, and displays measurements of all of these parameters in real-time.   Despite the 

improvements that have been made, the software will require more improvements to fully maximize the 

applicability of this technology.  Future efforts should seek to design a real-time graph display, a common feature in 

single cell flow cytometers for a more user-friendly visualization of the data.  Commonly, such features allow for 

adjusting sorting thresholds in real-time while displaying percentages of cells present in regions of interest.  This 

feature helps the user make decisions on the fly, and easily remove unwanted outliers from their data.  Additionally, 

implementing automated sample handling programs will provide much more user-friendly setup and collection 

procedures for operation of the MPFC.  In its current state, the MPFC requires the user to manually remove samples 

from collection tubes.  In the future, sample and collection reservoirs should be equipped with precise fittings to 

connect to the fluidic network to enable more system checkpoints, and remove the necessity of a "skilled" user to 

run the MPFC.   The software improvements along with slight modifications to the fluidic assembly will provide a 

more sound experimental experience for the user, and allow more investigators to use the instrument. 

 

7.4  Investigations of intrinsic fluorophores and utility for study of 3D microtissues 

Advanced optical techniques accessible on the MPFC can yield information related to the physiological 

state and molecular environment of cells or microtissues [39].  We have already utilized the MPFC for detection of 

intrinsic fluorophores, such as NADH and FAD.  As previously described, NADH and FAD are important metabolic 

intermediates that can provide information about cell and tissue viability and even differentiation potential.  If image 

scanning speeds were increased such that single cell resolution was feasible, EBs could theoretically be sorted based 

on the number of pluripotent cells [49] or differentiation potential.  Another very interesting application unique to 

two-photon excitation is second harmonic generation [177].  This non linear optical phenomenon has the capability 

of detecting biological structures such as collagen I, myosin, and microtubules [178-179].  Static experiments  
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attempting to correlate the presence of these structures and their biological impact may provide more applications 

for sorting 3D tissues on the MPFC in a non-invasive manner.  For instance, detection of SHG on the MPFC could 

provide a platform for  new 3D model systems such as mesenspheres [180] that are known to produce collagen and 

other ECM proteins during differentiation.  In this way, expression levels of various ECMs could be predictive of 

differentiated progeny of mesenchymal stem cells.  Similarly, the ECM could be probed on the MPFC in explanted 

tissues such as pancreatic islets, where the presence of such proteins are critical to survival, functional insulin 

secretion and overall architecture of islets [181].   
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