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Abstract 

 Several analytical methods have been developed to study apoptosis 

(programmed cell death), many of which rely on fluorescence processes.  Apoptosis 

is a highly regulated biological event and is a vital process that helps regulate tissue 

growth, normal cell turnover, immune response, and tissue development.  However, 

diseases such as cancer and heart disease are associated with malfunctions in the 

apoptosis machinery.  There is therefore a need to elucidate the processes of apoptosis 

induction and inhibition.  Fluorescence assays continue to play a major role in 

apoptosis assays, and probe and method development are ongoing.  There are several 

standard techniques such as flow cytometry and confocal microscopy for apoptosis 

study in cells.  In addition, new techniques such as super-resolution microscopy, 

multi-photon excitation, and single cell-single molecule spectroscopy are quickly 

emerging.  In this work, detection of apoptosis was studied by single molecule 

fluorescence correlation spectroscopy (FCS) in living cells.   

 Caspase activity was assayed using a new red fluorogenic probe that avoids 

the spectral overlap of green fluorescent probes and cell autofluorescence. This new 

probe, 2SBPO-Casp, was synthesized by coupling a water-soluble Nile Blue 

derivative (2SBPO) to an aspartic acid residue. Upon apoptosis induction and caspase 

activation, free 2SBPO dye is shown to accumulate inside the cell after probe 

cleavage. In previous work in our lab, single molecule fluorescence in single 

apoptotic cells was detected 45 min after induction  using a rhodamine 110-based 

probe.  However, significant statistical analysis was needed to exclude false positives. 

The use of 2SBPO-Casp overcomes the autofluorescence problem and offers a steady 
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fluorescence signal. In our single molecule FCS measurements, Ramos cells were 

determined apoptotic on the basis of their correlation coefficient value (R2). Cells that 

contain an R2= 0.65 were identified as highly correlated and therefore determined to 

be apoptotic. Single apoptotic cells identified in this manner were found as early as 

30 min after induction and the number of apoptotic cells reached a peak value at the 

3rd hour, which is consistent with other techniques. Using single molecule techniques 

and a new apoptosis probe, the temporal dynamics were elucidated with better 

sensitivity and resolution than in previous studies. 

 Finally, to increase the throughput of cellular analyses, three different types of 

polymer based microdevices were fabricated and demonstrated.  Poly(dimethyl 

silxane), (PDMS), and poly(methyl methacrylate), (PMMA), were used to fabricate 

T-shaped chips.  The separation resolution, and efficiency was analyzed for native 

PDMS, PMMA, sol-gel modified PDMS, and native PDMS with a dynamic coating 

of sodium dodecyl sulfate (SDS). With an electric field of 512 V/cm, PDMS coated 

with SDS showed to give high electroosmotic flow (EOF) and was able to separate 

fluorescence dyes in Ramos cells.         
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Chapter 1: Introduction to Apoptosis 

1.1 Introduction  

 Apoptosis (programmed cell death) is a highly regulated process that is 

responsible for several biological processes such as cell turnover rate, tissue 

homeostasis, immune system function, and tissue and development. 1,2  Apoptosis is 

characterized by specific morphological changes and biochemical cascades.  Over 50 

years of research has identified proteins that are critical to the apoptosis machinery.  

However, due to the many diseases affected by malfunctions in this highly regulated 

system, apoptosis has continued to be the focus of continued research.   

 There are a large number of diseases that have been associated with 

malfunctions in the apoptosis machinery.  Therefore, there is a great need to elucidate 

the mechanisms of apoptosis induction and inhibition.  Cancer is an example where 

apoptosis is inhibited, and many anti-cancer drugs have been designed to trigger 

apoptosis.  This malfunction of apoptosis induction is mostly attributed to mutations 

in the p53 protein, which renders many anticancer drug candidates ineffective.3  In 

addition, other inhibitors of apoptosis proteins (IAPs) are upregulated in cancer cells, 

and efforts have been made to block these IAPs in order to make chemotherapy drugs 

more effective.4  However, because IAPs have become a therapeutic target in other 

diseases, inhibitors are being developed that are based on the cells natural inhibitors 

such as Smac/DIABLO.5,6 

 Many analytical methods have been applied to the study of apoptosis, several 

of which were developed expressly for this purpose.7  Many information-rich 

techniques, such as mass spectrometry and electron microscopy, have been used to 
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study changes in protein expression and morphology, respectively.  Other methods 

such as electrochemistry have also been used.  While the different approaches to 

study apoptosis are complementary, fluorescence methods are ideally suited to the 

study of apoptosis.  Fluorescence methods of apoptosis utilize a large number of 

spectroscopic probes that assay apoptosis at different time points.  Many of these 

probes can be used in vitro, allowing for real-time analysis of apoptosis.  While 

methods such as mass spectrometry and electron microscopy require fixing of the 

cells and further sample preparation, many fluorescent probes can be added to living 

cells and imaged in situ throughout the apoptosis process.  Combining fluorescence 

methods with sensitive microscopy techniques opens new avenues of apoptosis study. 

Fluorescence techniques provide high degree of sensitivity over many 

competing methods.  In addition, the ability to specifically target cellular components 

and dynamic processes in both live and fixed cells and tissue samples makes 

fluorescence an attractive technique for apoptosis studies.  Microscopy based 

techniques also allow probing of intracellular dynamics and the interactions between 

various macromolecules.  Fluorescence microscopes provide a high degree of 

specificity and spatial resolution. 

As apoptosis continues to play a vital role in biological regulation and disease, 

the need to develop and apply sensitive analytical methods continues.  Fluorescence 

methods have the benefit of high sensitivity, excellent information content, and the 

ability to probe several apoptosis steps simultaneously.  Fluorescence methods of 

apoptosis detection can be applied to fields as diverse as development biology, drug 
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screening, cancer studies, muscle and heart degeneration, and a range of other 

biomedical problems. 

 

1.2 The Role of Apoptosis in Development and Disease 

 There is a strong correlation with changes in the regulation of apoptosis and 

diseases in the body. When the equilibrium between cell growth and cell death is no 

longer regulated properly, there is dysfunction in tissue and subsequently the 

respective organ. Apoptosis is not only a mechanism to control cell number and tissue 

size, but also to remove infected, damaged, or stressed cells from the organism.5 

However, there have been some viruses and bacteria that have developed the ability 

to inhibit apoptosis mechanisms. Certain cancers, such as high risk cervical cancer, is 

triggered by viral inhibition of apoptosis.6 Currently, an important target for cancer 

research is based on the understanding of the apoptosis machinery and resistance to 

apoptosis initiation. The targeted induction of apoptosis or blocking inhibitory 

mechanisms have been identified as therapeutic targets.7 Several types of cancer have 

been identified as the result of defects in the apoptosis machinery, such as B-cell 

chronic lymphocytic leukemia, follicular lymphoma, and tumors affected by T-cell 

leukemia/lymphoma virus-1.7  

 Most cancers are associated with resistance to apoptosis initiation, specifically 

in p53 mutations. In other diseases, an increased rate of apoptosis has been implicated 

as a mechanism for tissue atrophy. For example, elevated rates of apoptosis have been 

identified as one mechanism for the loss of nerve cells in both strokes and 

Alzheimer’s disease.8 Apoptosis has been shown to occur before necrosis in mouse 
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models of muscular dystrophy,9 with a peak in apoptotic cells detected in 4-week-old 

mice. Interestingly, apoptosis markers (condensed nuclei, chromatin fragmentation) 

in that study were detected before morphological changes in muscle. As mentioned 

previously, a major source of cardiomyocyte atrophy is apoptosis. Since both the 

first10 and second leading causes of death in the developed world intricately involve 

apoptosis, it is vital to understand the process and also exert external regulation over 

it.  An imbalance in either direction (increased or decreased apoptosis) can lead to 

different diseases; there is no single ‘‘catch all’’ therapeutic target.  Therefore, 

understanding the mechanisms of apoptosis is crucial to combating many diseases.   

 

1.3 Mechanisms of Apoptosis 

 There are two main apoptotic pathways for nucleated cells; the extrinsic 

pathway (caspase 8 or death receptor pathway, Fig. 1A) and the intrinsic or 

mitochondrial pathway (caspase 9 pathway, Fig. 1B).  Both pathways differ in how 

they are initiated; however, both converge to activation of the zymogen procaspase 3 

into its active form, which leads to activation of additional, downstream caspases.  

Once activated, caspases cleave neighboring procaspases and initiate the caspase 

cascade.  Ten major caspases are categorized into three major groups: initiators 

(caspase 2, 8, 9, 10), executioners (caspase 3, 6, 7), and inflammatory caspases 

(caspase 1, 4, 5).  The initiator and executioner caspases are important in regulatory 

mechanisms and are hallmark indicators of apoptosis.  Apoptosis events include DNA 

fragmentation, degradation of cytoskeletal and nuclear proteins, cross-linking of 

proteins, formation of apoptotic bodies, expression of ligands for phagocytic cell 
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receptors, and finally uptake by phagocytic cells.11 The same apoptosis events are 

present in anucleated cells, except for nuclear condensation.12 For example, 

erythrocytes undergo eryptosis, a special form of apoptosis-like death that is primarily 

characterized by phoshatidylserine exposure and cell shrinkage. When these cells 

undergo oxidative stress, osmotic shock, or energy depletion, cyclooxygenase is 

activated and leads to the synthesis of prostaglandin E2, which in turn activates Ca2+. 

Calcium ion increase disrupts the balance of the Ca2+ and K+ channel which causes 

hyperpolarization and cell shrinkage. In platelets apoptotic-like events are activated 

by thrombin. Thrombin activates pro-apoptotic proteins that are translocated to the 

mitochondria. Once in the mitochondria, cytochrome c is released and caspase-9 is 

activated with the subsequent release of caspase-3. The process ends with 

phosphatidylserine exposure and cell shrinkage.12  

 Since apoptosis is present in certain tissues of developing and adult 

organisms, changes in apoptosis signaling must be discerned over a varying 

background. Elucidating the apoptosis process with high temporal resolution will 

enable new therapeutic targets aimed at either initiating or inhibiting apoptosis.   

1.4  Fluorescence Methods of Apoptosis Detection 

 The key advantage of using fluorescence microscopy to detect apoptosis 

probes is the combination of excellent signal-to-noise ratios, temporal resolution, and 

spatial resolution.  The tradeoff of using fluorescence microscopy techniques is that 

spatial resolution is gained at the expense of cell counts and throughput.  In addition, 

there is a greater level of user selectivity than other techniques such as mass 

spectrometry.  However, the ability to image apoptotic cells in a population, and 
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provide high spatial resolution if needed, makes this microscopy an attractive suite of 

techniques.  There are many modes of fluorescence microscopy, including 

epifluorescence, confocal, single-photon excitation (both epifluorescence and 

confocal), and multi-photon excitation.  In addition to varying methods of coupling 

light into the sample, the fluorescence analysis itself can span multiple approaches.  

Intensity measurements of a single fluorophore are the most straightforward, but are 

limited in their information content.  Methods utilizing the interaction of fluorophores 

can yield additional information, while single-molecule techniques can enhance 

temporal resolution, spatial resolution, and identify rare cells in a population. 

Since several processes in apoptosis overlap with other modes of death, often 

more than one probe is needed to provide detailed information on the cell death 

process.  Vashishtha and co workers performed apoptos assays on Jurkat T cells using 

fluorescence microscopy.16  They used DNA binding fluorescent dyes acridine orange 

and ethidium bromide to study the morphology of Jurkat cells undergoing apoptosis.  

Acridine orange is taken up by live and dead cells, resulting in green fluorescence 

after interacting with DNA.  Ethidium bromide stains DNA of dead cells, resulting in 

orange fluorescence.  Unlike flow cytometry and plate reader measurements, they 

were able to also detect not only green-orange fluorescence ratios, but also were able 

to image condensed and fragmented chromatin.  Using these parameters they were 

able to distinguish between apoptotic, dead, and healthy cells in the sample.  Reif and 

coworkers simultaneously captured and induced apoptosis in cells using a 

microfluidic device that triggered apoptosis upon cell capture.17  They used and anti-

CD95 antibody that binds to the Fas (CD95) receptors and induces apoptosis via the 
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external pathway.  Using fluorescence microscopy, they were able to detect apoptotic 

cells using Annexin-V staining.  Fluorescence intensities of Annexin-V-

Phycoerythrin and 7-Aminoactinomycin D 7-AAD) were measured after 3 hours of 

induction and intensity thresholds were used to distinguish apoptotic, non-apoptotic 

and dead cells.  They reported about 43% of the cells to be apoptotic at the end of the 

study, showing that surface-bound anti-CD95 was capable of simultaneous cell 

capture and apoptosis induction.  

The availability of wide range of fluorophores and the ability of fluorescence 

microscopy to spectrally differentiate emission wavelengths make this technique 

amenable to multiparametr assays.  Lövborg et al. performed a multi parametric 

apoptotic assay while evaluating different anti-cancer drugs.18  They used FAM-

VAD-FMK to stain cells with activated caspase.  Mitochondrial membrane potential 

was evaluated using Mitotracker Red and Hoechst 33342 was used to monitor the 

nuclear morphology.  They reported the dose-dependence of apoptosis indicated by 

an increase in caspase activity.  Nuclear fragmentation complemented the caspase and 

membrane potential measurements.  Dose-dependent intensity decrease of 

Mitotracker Red stained cells suggested the loss of mitochondrial membrane.  The 

ability to identify nuclear fragmentation and chromatin condensation is one of the key 

advantages to using fluorescence microscopy for fluorescence assays.  Using variety 

of probes available to target different processes, multi-parametric assays can be 

performed easily in the labs equipped with fluorescence microscopes. 

 Some concerns when conducting any fluorescence microscopy experiment are 

the tradeoff between cell counts and spatial resolution, and the potential for 
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fluorescence overlap between channels.  Using traditional dichroic mirrors and 

interference filters, there is a limit to how many fluorescence probes can be used in a 

single analysis.  Also, as spatial resolution increases for a given field of view, the 

number of cells imaged decreases.  Therefore, one must carefully optimize spatial 

resolution via the microscope magnification.  The number of probes used at once 

depends on the study at hand, and the excitation and emission spectra of each probe.  

Some fluorescent probes can be selected with different fluorophores attached, such as 

Annexin-V.  Others, such as certain fluorogenic probes, are only available with 

certain fluorophores.  The ability to multiplex is less limited in flow cytometry, where 

multiple excitation lasers can be used to increase the number of fluorophores studied 

simultaneously. 
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Figure 1A. The extrinsic or death receptor (DR) pathway. The intracellular portion of 
the DR is known as the death domain (DD). The complex that forms from the 
grouping of receptor–ligand complexes forms a death-inducing signaling complex 
(DISC), which recruits and assembles initiator caspase-8 and releases active caspase 
enzyme molecules into the cytosol. These molecules activate the effector caspases-3 
and -7, resulting in nuclear protein cleavage and the initiation of apoptosis. 
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Figure 1B.  The mitochondrial or intrinsic pathway. Activation in this pathway can 
occur through the initiator proteins upon induction of p53 by DNA damage, or 
through activation of Bax and Bak upon the conversion of Bid to tBid by caspase -8, -
10. Activation at the mitochondrial membrane causes the release of several 
mitochondrial factors, such as cytochrome c which combines with Apaf-1 and 
procaspase-9 forming an apoptosome. Procaspase- 9 is then converted into its active 
form, caspase-9, and then is able to activate caspase-3 or -7 allowing apoptosis to 
proceed. In addition, EndoG and AIF that stimulate apoptosis independent of 
caspases are also released.  
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Chapter 2. Fluorescence Correlation Spectroscopy 

2.1 Introduction 

  Fluorescence correlation spectroscopy (FCS) was first introduced as an 

analytical technique applied for chemical dynamics of DNA–drug intercalation by 

Magde, Elson, and Webb in the early 1970s.1–3  However, due to poor signal-to-noise 

ratios this technique did not become extensively used until FCS was combined with 

confocal detection, which could overcome low detection efficiency, the need for a 

large number of molecules, and insufficient suppression of background fluorescence 

and scattered light.4  To date, in view of the advantages of high spatial and temporal 

resolution, short analysis time, and low sample consumption, 5,6  FCS has gradually 

developed as a technique for the study of chemical kinetics, conformation dynamics, 

and molecular diffusion in solution and on membranes.2,7,8  In most fluorescence 

techniques, the intensity of the fluorescence signal is the measured parameter. For 

example, in fluorescence lifetime, the decay of fluorescence is measured, whereas in 

fluorescence anisotropy the polarized components of the emission are detected. In 

FCS, the parameter of interest is the fluctuation of the fluorescence intensity. This 

fluctuation originates from random effects (noise) as well as chemical, biological, and 

physical effects on the fluorophore of interest. These slight fluctuations serve as a 

carrier wave of information and are, in essence, decoded during the correlation 

measurement to yield meaningful data about the environment in which a fluorophore 

resides. Chemical changes include equilibria, reactions, complexation, quenching, etc. 

Physical changes include molecular motion, photophysical interactions, and changes 

in conformation, which can also affect fluorescence emission. From a biological 
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standpoint, anomalous diffusion, association of molecules into complex 

superstructures, and other aggregation phenomena also affect the fluorescence 

fluctuations. FCS can therefore be used to investigate these and other chemical, 

physical, and biological phenomena, provided an accurate fluorescence model can be 

derived. FCS also possesses a large temporal linear dynamic range, from nanoseconds 

to minutes, in a single measurement.  

 One of the key breakthroughs in FCS has been the improvement in 

microscope design and detector efficiency, allowing single-molecule sensitivity.  

Advances in instrument design and optical approaches have allowed FCS to be 

applied to increasingly complex problems that cannot be solved by other methods. 

One of the key advantages of FCS is that it is an in situ, nondestructive, and largely 

non-perturbing technique. As a result, FCS has gained significant acceptance in the 

fields of biology and microfluidics. In both cases, complex systems need to be 

assayed with minimal perturbation. At the same time, fluorescence techniques have 

been associated with biochemical and microfluidic analyses.   

 Fluorescence correlation spectroscopy has become an established tool for 

concentration and aggregation measurements, diffusion analysis, and molecular 

interaction determination.9–15  Recently, FCS has also been employed to investigate 

molecular motion and receptor density on live cells and tissues.16  For example, sub-

diffusive motion was studied in nanochannels by FCS, and the influence of 

confinements on different molecule motions was investigated.17 Besides the study of 

diffusion-based transport without flow, FCS can be applied to profile flow-through 

confocal detection. Gosch first reported using FCS to determine two-dimensional 
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laminar flow profiles in a Y-shaped microchannel.5  Liu and co-workers examined the 

fluidic vortex generated at a T-shaped junction across a microfluidic channel using 

FCS.18  The Visser group investigated flowing fluorescent particles in a 

microcapillary to determine the flow velocity and study optical forces produced by a 

laser beam.6  Researchers at Cornell University characterized the hydrodynamic 

properties of a five-inlet port microfluidic mixer that was designed for investigations 

of kinetic reactions of macromolecules and monitored diffusive mixing using FCS.19  

In these example papers, FCS has proven to be a powerful technique for the study of 

fluidic characterization either in microchannels or capillaries.  

 Although FCS has been applied to monitor many chemical and biochemical 

processes, this technique still has some limitations with respect to misleading 

calculations under different environments and the lack of interpretive models.20–23  To 

overcome these artifacts, novel techniques have been developed as extensions of FCS 

and are more widely used in flow measurement and investigation of molecular 

diffusion in membranes. Fluorescence cross-correlation spectroscopy (FCCS) has 

been applied to study the dynamics and interactions of molecules. Recently, Lee and 

co-workers developed an instrument for cross-talk-free FCCS that has been employed 

to study enzymatic activity in their work.24  In the Burden group, numerical 

fluorescence correlation spectroscopy (NFCS), which circumvented many limitations 

of traditional FCS, was used to measure diffusion even when there were special 

aberrations in the probe volume.25 Arbour reported that due to dual-focus 

modifications, dual-focus (2f) FCS was more reliable and useful when it was used for 

measuring flow profiles in microfluidic channels.26  Diffusion measurement in lipid 
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bilayers could suffer from slow motion, which can lead to photobleaching and 

instabilities in the sample. The development of scanning FCS has solved this problem 

by reducing the exposure time of moving fluorophores to the excitation laser beam.27–

29   

 In addition to correlation and crosscorrelation measurements, fluorescence 

lifetime correlation spectroscopy (FLCS) combined FCS with time-correlated single-

photon counting (TCSPC), which makes it possible to recognize the contribution of 

fluorophores in a mixture system.30  Wennmalm reported using inverse-fluorescence 

correlation spectroscopy (iFCS) to analyze particle size and concentrations of 

unlabeled molecules based on the principle that signals come from the medium 

surrounding interested particles but not from the particles themselves.31   

 These examples are but a small group of applications of FCS and related 

techniques. FCS has proven to be a powerful probe into dynamic systems and will 

continue to gain in popularity due to its sensitivity to the probed environment. New 

approaches to measuring fluorescence correlation and cross-correlation have resulted 

in better interpretive models, more accurate data, and simplified operation. These 

extensions of FCS have largely improved the accuracy and enlarged the application 

fields of the traditional FCS technique. In this review, we will focus on both 

traditional and novel applications of FCS as a tool to investigate flow profiles and 

cellular biochemistry. 

 

2.2 Theory of Fluorescence Correlation Spectroscopy 

 Contrary to conventional single molecule setups, FCS does not rely on the 
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intensity of emission, but instead on spontaneous fluctuations of fluorescence 

intensity caused by deviations from a mean. Autocorrelation is a measure of self-

similarity of a time signal. In this case (Eq. 1), a fluorescence signal at a certain time, 

F(t) is measured against the time-averaged signal over time .  The time-

dependent fluctuation is calculated as 

                Equation (1) 

In many cases, autocorrelation is calculated from the time trajectories of a 

fluorescence signal. The intensity information is therefore preserved and, alongside 

FCS data, can improve the information content of the measurement. When using a 

confocal setup, the fluctuations from the temporal average give rise to an 

autocorrelation curve, which is defined as: 

      Equation (2) 

The resultant autocorrelation signal, G(τ), is calculated with respect to the self-

similarity of the fluorophore diffusing in and out of the probe volume after lag time 

(τ) under laser irradiation. The autocorrelation curve can then be fitted with a 

mathematical model that gives quantitative information such as diffusion time (τD), 

number of molecules in the probe volume , diffusion coefficient (D), or 

molecular brightness (η).  One of the advantages of using FCS is that different 

models can be used to extract parameters that are specific to different applications. 

For example, in membrane measurements, the two dimensional (2D) Gaussian 

detection is defined by the intersection of the laser with the membrane, giving rise to 

the 2D model: 
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       Equation (3) 

where  is the average number of particles in the detection area and tD is the 

diffusion dwell time. For measurements in solution, the probe volume is defined by a 

three dimensional (3D) Gaussian profile, in which a 3D Brownian diffusion model 

can be used: 

     Equation (4) 

The 3D diffusion model not only incorporates terms from the 2D model (Eq. 3) but 

also includes an S term, which defines the shape of the probe volume (the ratio of the 

z and xy radii, wz/wxy).  In order to confirm that the shape of the confocal volume 

does not change, alignment of the system should be verified daily with a dye with a 

known diffusion coefficient.  Lastly, FCS serves as a sensitive method for 

measurement of flow-based effects.  In this model, because the autocorrelation is not 

only a result of diffusion but also of superimposed flow, an active transport model is 

used: 

    Equation (5)
 

In this case, τF is the flow dwell time, and both flow and diffusion play a role in mass 

transport of the fluorophores.  As mentioned earlier, FCS measures the fluctuations of 

a signal over time (Fig. 1A).  In a typical autocorrelation curve (Fig. 1B), the 

amplitude of the curve is equal to 1/N, and the point of inflection gives rise to the 

diffusion time (τD) of the fluorescent molecule migrating in and out of the probe 

! 

G(") =
1
N

1+
"
"D

# 

$ 
% 

& 

' 
( 

)1

! 

N

! 

G(") =
1
N

1+
"
"D

# 

$ 
% 

& 

' 
( 

)1

1+
"

S2"D

# 

$ 
% 

& 

' 
( 

)1/ 2

! 

G(") =
1
N

1+
"
"D

# 

$ 
% 

& 

' 
( 

)1

1+
"
"D

# 

$ 
% 

& 

' 
( 

)1/ 2

e
)

"
"F
# 

$ 
% 

& 

' 
( 
2

1+
"
"D

# 

$ 
% 

& 

' 
( 



Texas Tech University, Michelle M. Quiroz, May 2013 

19 

volume. 

 

2.3 Typical FCS Setup 

 In a typical FCS setup, excitation occurs with a laser. In our lab, a 488 nm 

continuous wave Ar+ laser is used, although diode lasers and frequency doubled 

Nd:YAG lasers are also common.  The attenuated laser beam is directed to the back 

of a high numerical aperture objective by a long-pass dichroic mirror, and the same 

objective collects the fluorescence from the sample.  A tube lens is used to focus the 

collected fluorescence emission to a pinhole at the conjugate image plane.  The 

pinhole is essential to the confocal system in that it provides a small detection volume 

(usually ~ 1 fL) due to the rejection of out-of-focus light. In two-photon excitation 

FCS, the pinhole can usually be omitted. Upon exiting the confocal pinhole, the 

fluorescence is directed to a detector. Typically, single- photon-counting avalanche 

photodiodes (APDs) are used. The pulses from the APDs are relayed onto a counting 

board and then to a hardware or software correlator. It is important to note that many 

hardware correlators do not allow the raw (time trajectory) data to be saved.  

Software correlators, using photon-counting boards, offer more flexibility but may 

suffer at higher acquisition speeds relative to a dedicated hardware correlator.  Figure 

2 shows a typical confocal FCS system, although there are many variations on this 

theme, depending on the investigator and the application at hand. 

 

2.4 Fluorescence Correlation Spectroscopy in Biological Analyses 

 There has been a surge in applications of FCS to biological systems in the last 
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ten years. As mentioned previously, this is mostly due to the development of confocal 

single molecule microscopy utilizing sensitive detectors.  Improvements in detectors 

and optics have allowed lower excitation irradiances to be used, reducing 

phototoxicity and photobleaching. One of the reasons that FCS has been brought to 

the biological forefront is the work done by Schwille and co-workers.  In their work 

in Nature Methods,32 Schwille et al. provide a step-by-step protocol for labeling, 

detecting, and analyzing FCS in cells. In addition, the authors also provide protocol 

methods for dual-color fluorescence cross-correlation spectroscopy33 and two-photon 

methods for both FCS and FCCS.34–35 Due to these advances, work has been done to 

elucidate membrane structure,36 protease activity,37 enzyme kinetics,38 molecular 

transport,39 and much more.  

 When using FCS to determine enzyme kinetics, the change in mass between 

enzyme and enzyme–substrate complexes is small.  Because FCS is based on the 

molecular dynamics of diffusion on a logarithmic time scale, the changes of bound 

and unbound complexes can be unrecognizable.  However, FCCS was developed to 

solve this drawback.  In FCCS excitation is performed with two different lasers and 

the fluorescence collected is divided into two different channels.  The two signals 

(e.g., red and green) are measured simultaneously and are cross-correlated.  The result 

is that both species are labeled and only the species that are bound are cross-

correlated.  Cross-talk can be a problem when using dual-color systems.  Emission 

filters should be far apart, spectrally, in order to avoid transmission overlap.  In 

addition, FCCS requires high spatial overlap, meaning that the two laser beams 

should have exact spatial superposition so that the focal volumes also overlap.  Cross-
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talk can be avoided by choosing fluorophores that have very different emission peaks.  

In work by Lee and co-workers, the authors developed a dual color FCCS system that 

is capable of crosstalk-free analysis in near real time.  The authors used two 

fluorophores, Cy3 and IRD800, which are spectrally distinct (difference in emission 

peaks ~ 250 nm) and were excited simultaneously using two lasers, in order to 

prevent cross excitation, cross-emission, and fluorescence energy transfer (FRET).  

Using their instrument, the authors demonstrate the ability to detect the enzyme 

activity of APE1, an enzyme that is responsible for cleaving the phosphodiester 

backbone in DNA.  The authors observed no signal leakage from crosstalk or FRET 

and confirmed the results through autocorrelation analysis of the fluorescence signals 

on each detection channel and autocorrelation analysis between the two color 

channels.24   

 Fluorescence cross-correlation spectroscopy has been developed to solve the 

drawbacks of FCS, especially in distinguishing two species with similar molecular 

weights.  Although FCCS requires a high degree of spectral separation between 

fluorescently labeled molecules and spectral overlap in order to prevent signal bleed-

through,33 it is a very sensitive technique.  In addition, there are also different forms 

of FCS that have addressed drawbacks of FCCS.  In work by Chen et al., the authors 

overcome these major drawbacks in their demonstration of the ability of fluorescence 

lifetime correlation spectroscopy (FLCS) to study protein–receptor interactions in live 

cells.40  FLCS combines FCS with time-correlated single-photon counting (TCSPC).  

This allows the separation of autocorrelation based on different lifetimes and allows 

species with similar diffusion times to be distinguished.41  FLCS has the advantages 
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of requiring only one excitation source and immunity to spectral crosstalk and signal 

bleed through. Fluorescence correlation spectroscopy can also be used to measure 

surface receptor density in living cells (Fig. 6).16  While flow cytometry has been a 

standard method for measuring surface receptor density,42 it cannot be used to 

measure receptor density for aptamers or for cases in which primary antibody 

calibration beads are not available.  The number of receptor ligands is determined by 

the amplitude of the autocorrelation function.  The ratio of bound and unbound 

receptor ligands is determined to calculate the number of membrane receptor 

molecules in the probe beam focus.  If the beam radius is known, the surface density 

can be calculated.  This method works with any cell surface marker that has a 

fluorescent probe, including markers such as lipids, which typically do not have 

antibodies readily available.   

 Fluorescence correlation spectroscopy has also been utilized in membrane 

structure elucidation.  Understanding biological processes that occur at the membrane 

is essential.  Most of the important reactions of cells occur on the membrane, 

including immune response, ion transfer, and receptor–ligand interactions.  In work 

done by the Savatier group, the authors used two photon, two-color, fluorescence 

crosscorrelation spectroscopy to measure the interactions of estrogen receptor (ER) 

subtypes a and b, in transfected COS-7 cells, with transcriptional co-regulatorprotein, 

TIF2.  In addition, the authors studied the heterodimerization of ER subtypes and 

presented the first quantitative measurement of the full-length coactivator.  The 

authors did so using a blue fluorescent protein, cerulean, fused to the N-terminus; in 

addition, the coregulator was fused to the red mCherry fluorescent protein.  
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Concentration and diffusion times were determined from autocorrelation curves and 

showed significant differences in protein interaction affinities as a function of protein 

concentration.43   

 One of the novel techniques for cellular analysis is combining total internal 

reflection and FCS.  This method provides a smaller probe volume than confocal 

instruments.  FCS requires a small number of fluorescently labeled species in order to 

obtain effective correlation.  This can be controlled in in vitro experiments, but it is 

not readily possible to control fluorescently labeled species in a cell.  However, by 

using an evanescent wave to excite molecules, the observation volume can be reduced 

to attoliters (10-18  L).44  This reduction in volume allows the effective excitation of 

single molecules within a cell. The method has been demonstrated by using TIR-FCS 

to measure fluctuations from fluorophores moving in and out of the evanescent 

wave.45  The authors were able to obtain information about the diffusion coefficients 

of particles and the 

depth of the evanescent wave. In addition, this method proved to be ideal for 

membrane measurements and was later used to measure the concentration and 

diffusion coefficients of fluorescently labeled IgG close to membranes (Fig. 7).46  

Advanced applications of this technique include using cross-correlation TIR-FCS to 

measure dual-labeled, double stranded DNA diffusing through the evanescent wave47  

and using TIRFCS to study lateral mobility in farnesylated enhanced green 

fluorescent protein (F-EGFP) in HeLa cells.48  TIR-FCS is quickly becoming a useful 

and capable technique in the field of cellular analysis.  

 There are also emerging applications using FCS with new types of probes. In 
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work done by Hui et al., fluorescent nanodiamonds (FND) containing nitrogen- 

vacancy defect centers were used as fluorescent probes.49  The authors compared one-

photon and two-photon confocal scanning fluorescence correlation spectroscopy in 

bare FND particles spin coated on glass slides, as well as single FNDs in HeLa cells. 

The authors observed that the intensity ratio between the FND fluorescence and the 

autofluorescence from the HeLa cells by twophoton excitation is enhanced at least 

two times over that of one-photon excitation. In addition, the authors conclude, by 

combining two-photon FCS with one-photon single-particle tracking (SPT), they 

were able to monitor both short-term and long-term tracking of single FNDs in the 

complex environment of the cell.49  

 In work by Wells et al.,  the authors demonstrate the use of time-resolved 3D 

molecular tracking of individual quantum- dot-labeled signaling molecules on and 

inside living cells. Trajectories were measured for minutes and were extended up to 

10 mm in all spatial dimensions. This enabled the tracking of particles throughout the 

entire volume of mammalian cells. In addition, the authors were able to utilize FCS to 

analyze the fluctuations of emission intensity during the trajectory and demonstrate 

that FCS could be performed on a live cell for an extended amount of time as 

molecules are moving at biological rates.50 Recently, our group was able to utilize 

FCS in the detection of caspase activity.51  We were able to rapidly identify apoptotic 

Jurkat cells by the cleavage of a sensitive probe of caspase-3 activity, bis(L-aspartic 

acid)-rhodamine 110 (D2R). Apoptosis was induced via the extrinsic pathway with 

anti-CD95 antibodies. Autocorrelation curves were generated as a result of the 

cleaving of D2 R by activated caspases. The cleaved probe resulted in free rhodamine 
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110 diffusing in and out of the probe volume. Autocorrelation curves were drastically 

different between blank Jurkat cells, control cells, and cells that had activated 

caspases. This approach was used to successfully distinguish apoptotic cells from 

autofluorescent (non-apoptotic) cells as early as 45 minutes after apoptosis induction. 

This technique has proven to have several advantages over conventional techniques, 

including high temporal resolution and sensitivity.  In addition, this method allowed 

the cells to be kept viable for further analysis and did not require transfection of the 

cells.   
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Figure 1. (A) Conceptual diagram of a fluctuating fluorescence signal as a function 
of time. (B) The fluctuation of the signal is used to calculate the autocorrelation, G(τ), 
where τ is the lag time from the original signal. The amplitude of the autocorrelation 
function (typically G(0)) is inversely proportional to the average number of molecules 
in the probe volume ). 
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Figure 2. A typical confocal FCS system.  Laser light is focused by an objective 
(usually with high numerical aperture) to a diffraction-limited spot.  Fluorescence is 
collected by the same objective and filtered by an interference filter. A pinhole placed 
in the conjugate image plane reduces out-of focus light.  The pinhole is usually 
omitted in two-photon excitation. 
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Chapter 3.  Single Molecule Fluorescence Correlation Spectroscopy of Single 
Apoptotic Cells using a Red-Fluorescent Probe 

 
 

3.1 Introduction 

 The detection of apoptosis on the single-cell level is of vital importance to a 

range of biomedical problems.  In cancer drug testing, for example, the initiation of 

apoptosis—and resistance to said initiation—is a critical factor in determining a 

compound’s efficacy in inducing cell death.  In developmental biology, the study of 

apoptosis on the single-cell level can lead to new discoveries of tissue development 

and turnover of proliferating tissue.  At the other extreme, unwanted apoptosis can 

lead to complications in heart failure.  In this case blocking apoptosis is a primary 

strategy.  Given that apoptosis induction is desired in some cases (cancer) and is to be 

prevented in others (heart disease), the study of apoptosis is of fundamental 

importance in chemistry and biology.1-6 

 The study of single cells yields insights into differences in temporal dynamics 

of the apoptosis process.  In previous work in our group7 the temporal dynamics of 

individual apoptotic cells was shown to vary greatly.  It was possible to identify and 

exclude cells that were naturally apoptotic in a cell culture from those that were 

induced via the receptor-mediated (CD95) apoptosis pathway.  In addition, individual 

cell response to apoptosis agonists varies greatly even within a set of otherwise 

identical cells.  In traditional single-cell analyses, the temporal resolution and 

sensitivity limit the measurement of apoptosis to the timescale of several hours.  
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However, by increasing the sensitivity and temporal resolution, stochastic behaviors 

of individual cells can be elucidated.   

 There are many techniques in the apoptosis toolbox8-10, ranging from 

spectroscopic to electrochemical.  Most analytical methods for apoptosis detection 

use specific hallmarks such as mitochondrial membrane potential11, Annexin-V 

conjugates12-13, or caspase probes7,14-15.  Spectroscopic methods, using probes to assay 

various points of apoptosis, are easily adapted to single cell techniques using confocal 

or wide-field microscopy.  In our own laboratory, combining single-cell techniques 

with single-molecule sensitivity has produced methods capable of increasing both 

sensitivity and temporal resolution in apoptosis measurements.  Using fluorescence 

correlation spectroscopy (FCS), caspase activity can be assayed in individual cells 

noninvasively14,16.  In work conducted by Saito and co-workers16, green fluorescent 

protein-red fluorescent protein constructs were used to detect cleavage of a linker 

between the two proteins by active caspases.  The drawback of their approach is that 

transfection of a target cell line was required, however the Förster resonance energy 

transfer (FRET) mechanism employed resulted in lower background signal compared 

with green-fluorescent probes. 

Signal intensity can be used in many cases for apoptotic cell detection.  

However, at the earliest times of detection (<1 hr) dye fluorescence is not sufficiently 

large enough to detect using standard epifluorescence or confocal microscopy without 

single-molecule sensitivity.  FCS approaches allow the discernment of the smallest 

signals.  One can also use photon counting histograms of single molecule 

fluorescence, although the hardware is almost identical for FCS use. 
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 We have adapted FCS to study single-cell apoptosis using fluorogenic caspase 

probes in previous work using bis(L-Aspartic acid) rhodamine 110 (D2R).  In healthy 

cells, the rhodamine-based probe freely entered the cell but did not fluoresce.  Upon 

caspase activation, the probe was cleaved to release rhodamine 110.  We used the 

FCS signatures of rhodamine 110 in the cytosol as a detection event14.  Using FCS, 

the diffusion time and molecular brightness of rhodamine 110 served as an 

identifying parameter.  Apoptosis was detected as early as 45 minutes after induction 

in cancer cells.  However, rhodamine-110 based probes suffer from spectral overlap 

with cell autofluorescence, and several statistical steps were developed to exclude the 

influence of autofluorescent species from the FCS data.  In addition, rhodamine 110 

is not strongly retained in cells and can partition back into the extracellular medium 

once cleaved into the fluorescent form. 

 To compensate for these and other limitations of green-fluorescent caspase 

probes, we built upon previous work by Tung17-19 and Burgess20-22 using Nile Blue 

derivatives.  These fluorophores have strong fluorescence in the red region of the 

visible spectrum and they may be derivatized for enhanced solubility and fluorogenic 

activity.  The Nile Blue derivative, 9-di-3-sulfonyl-propyl-

aminobenzo[a]phenoxazonium perchlorate (2SBPO), is water soluble and has a 

quantum yield that is suitable for single molecule spectroscopy.  We have synthesized 

a 2SBPO derivative that is cleaved by caspases during apoptosis (2SBPO-Casp, 

Figure 1).  The probe consists of a 2SBPO molecule coupled to L-aspartic acid that 

imparts caspase selectivity and fluorogenic activity.  In this work, we discuss the use 

of this probe in single-molecule spectroscopy in individual cancer cells.  The 2SBPO-
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Casp probe has been shown to be relatively immune to interference from 

autofluorescence.  Excited by a simple diode laser, this new probe has proved to have 

higher sensitivity than earlier single molecule FCS studies using green-fluorescent 

probes.  In addition, it is a single-wavelength system that does not require cell 

transfection or complicated sample preparation.   

 

3.2 Methods 

3.2.1 Fluorescence Measurements 

Single molecule fluorescence correlation spectroscopy experiments were 

conducted on a custom confocal microscopy system.  A red diode laser (635 nm, 

Edmund Optics) was directed into the back port of a microscope base (IX51, 

Olympus) via a mirror periscope.  The laser beam was reflected onto the back 

aperture of an oil-immersion objective (100X, 1.3 NA, Olympus) using a long-pass 

dichroic mirror (Semrock).  The beam was focused into individual cells by 

manipulating the sample stage and aligning the beam in the cell cytosol.  

Fluorescence from 2SBPO was collected by the same objective, passed through the 

dichroic mirror, and spatially filtered using a 100 mm pinhole (Newport).  The 

fluorescence was then filtered using a 660 nm interference filter and detected by a 

single-photon avalanche photodiode.  Fluorescence autocorrelation was calculated in 

photon arrival mode using software developed by Rieger and coworkers23 using a 

National Instruments counting board (PCI-6022) and software (Labview v8.0). 

 

3.2.2 Fluorescence Correlation Spectroscopy Measurements 
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 For analysis, a 30-mL drop of Ramos or HuT 78 cell suspension (105-106 cells 

mL-1) was placed on a 150 mm thick coverslip coupled to the microscope objective 

with immersion oil.  A new drop of cells was used for each time frame.  The red-

fluorogenic probe, 2SPBO-Casp, was then added to the drop for a final probe 

concentration of 0.2 mM.  Immediately after the addition of the probe, the cell was 

exposed to 150 mW of laser light and data acquisition was started.  Cleavage of the 

probe by active caspases was rapid, allowing for fast measurements.  Each cell was 

selected randomly, and the laser was positioned in the cytosol of the cell, away from 

the nucleus.  The power of 150 mW was determined to be optimal to minimize 

photobleaching and cell damage and while maintaining a sufficient signal.  Each cell 

was continually exposed for three sequential 10 s time frames and the data averaged.  

After 30 s, a new cell was located and tested.  Data acquired by the Labview software 

was exported as text files and then imported into Origin.  Autocorrelation functions 

were fit using a Levenberg-Marquardt algorithm.  From the autocorrelation functions 

generated in Origin, information such as diffusion time (tD), the average number of 

molecules in the probe volume (N), and mean fluorescence intensity (<F(t)>) were 

determined.   

 

3.2.3 Red Fluorescence Caspase Probe 

In the synthesis of 2SBO, a benzo[a]phenoxazonium salt was synthesized by 

heating an arylazo-substituted aminophenol with 1-aminonaphthalene in DMF in the 

presence of perchloric acid (see Electronic Supplementary Information for synthetic 

schemes).  Two sulfonic acid groups were then added in order to increase water 
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solubility.  Aspartic acid residues activated in situ by N,N,N,N-Tetramethyl-O-(7-

azabenzotriazol-1-yl)uronium hexafluorophosphate (HATU) were coupled to 2SBPO 

using 2,4,6-collidine as a base.  This 2SBPO-Casp conjugate was very soluble in 

water and gave minimal background signals before cleavage.  Figures 1A and 1B 

show the structures of 2SBPO and its aspartic acid conjugate 2SBPO-Casp.  The 

cleavage mechanism of 2SBPO-Casp is shown in Figure 1C.  Non-fluorescent 

2SBPO-Casp is cell permeable and enters into cells freely.  Upon cleavage of the 

amide linker group by caspases, the fluorogenic dye, 2SBPO, is produced and is 

strongly fluorescent.  This is a “turn on” mechanism of detection with significant 

changes in the  fluorescence signal after cleavage, making it suitable for single 

molecule fluorescence. 

3.2.4 Cell Culture, Apoptosis Induction, and Inhibition 

Ramos and HuT 78 lymphocytes were cultured separately in RPMI 1640 

medium supplemented with 10% fetal bovine serum and penicillin/streptomycin 

solution (20 mL/L) at 37 °C and 5% CO2 atmosphere.  The cells were sub-cultured 

weekly in a biosafety laminar flow hood rated for the appropriate biosafety level.24  

Cells were induced to undergo apoptosis via the mitochondrial pathway mechanism.  

For induction, cells were incubated with 1.75 mg/mL staurosporine for the desired 

time (1-4 h) then washed, centrifuged, and resuspended in phosphate buffered saline 

(PBS, pH = 7.4).  For inhibition, cells were incubated in the presence of staurosporine 

along with 20 µmol/L Z-VAD-FMK, a pan-caspase inhibitor.  The inhibition 

experiments were performed for the same time intervals as the induction.   

 



Texas Tech University, Michelle M. Quiroz, May 2013 

37 

3.2.5 Determination of Apoptotic Cells 

The fluorescence signal was calculated by the normalized fluorescence 

fluctuation autocorrelation function:  

      Equation (1)
 

The signal, G(t), corresponds to the diffusion of the probe (2SBPO molecule) inside 

the probe volume at time (t) and the self-similarity of the diffusion of the fluorophore 

after a lag time (t + τ).25  

The release of freely diffusing 2SBPO, generated by activated caspases, gives 

rise to the autocorrelation signal.  Since the background fluorescence signal of cells in 

the red region is low, correlation of fluorescence is the only parameter needed for 

characterization.  Fluorescence can be characterized as correlated or uncorrelated, 

stable or unstable through autocorrelation functions.26  In our work, the 

autocorrelation curves were fit with the 3D diffusion model: 

     Equation (2)
 

where N is the average number of molecules in the probe volume, tD is the diffusion 

time, and the S term defines the probe volume (the ratio of the z and xy radii, wz/wxy).  

The R2 value of the 3D model was obtained from the fit of the correlation curves, and 

was used as an indicator of how well the fluorescence was correlated.  Cells that had 

non-correlated curves were considered to be healthy and were indicative of non-

activated caspases.  This definition was developed in previous work14 and verified by 
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measuring control cells incubated with 2SBPO-Casp.  Therefore, in order for a 

fluorescence curve to be defined as correlated, the R2 value must be significantly 

higher than the autocorrelation functions of blank cell samples and control cell 

samples. 

 

3.2.6 Fluorescence Microscopy 

 Fluorescence imaging was performed with an inverted microscope (IX-71, 

Olympus).  A 100 W mercury or metal halide lamp was used for fluorescence 

excitation using appropriate filters.  All images were taken using a 10X objective and 

were recorded by a 12-bit CCD camera (Orca-285, Hamamatsu).  The images were 

then processed in ImageJ (v. 1.41, National Institutes of Heath).    

 

3.3 Results and Discussion 

3.3.1 Single Molecule Fluorescence Properties of 2SBPO 

 For successful use in cells, a dye system should have sufficient fluorescence at 

single molecule concentrations.  Figure 2A shows the autocorrelation function of 1 

nM 2SBPO generated by FCS.  Using the three-dimensional diffusion model, the FCS 

curve showed high correlation with an R2 = 0.99.  The average number of molecules 

in the probe volume is determined from the amplitude of the autocorrelation function 

at lag time zero (i.e. G(0) = <N>-1). At this working concentration, there are 

approximately 10 molecules in the probe volume at any given time.  However, high 

background signal can give inaccurate values for <N>.  In this case, the background 

is negligible compared to the signal, and accurate values for <N> can be obtained. 
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To demonstrate the apoptosis-sensing capability of 2SBPO-Casp in living 

cells, Ramos cells were induced with 1.75 µg/mL staurosporine and stained with 0.2 

µM 2SBPO-Casp.  After three hours, an increase in the fluorescence signal was 

observed within the cell using standard fluorescence microscopy.  Figure 3A and 

Figure 3B show the white light and fluorescence image of apoptotic cells three hours 

after induction.  Apoptotic cells are readily identified by red fluorescence, while 

healthy cells have no signal at these wavelengths.  In experiments of the excitation 

and emission maxima of 2SBPO and 2SBPO-Casp, the intact probe showed no 

fluorescence signal (data not shown).  Since autofluorescence at 660 nm is negligible, 

the fluorescence signal in the apoptotic cells originated from 2SBPO cleaved via 

caspase activity.   

 

3.3.2 Cell Membrane Permeability of 2SBPO 

 In our previous work, the rhodamine 110-based probe (D2R) was cell 

permeable. However, upon cleavage, the free rhodamine 100 was a zwitterion and it 

was not strongly retained in cells, unlike other rhodamine analogs.  The rate of dye 

production (via cleavage) is countered on some level by the rate of dye loss due to 

photobleaching or leakage from the cell.  Photobleaching is typically minimized by 

using short exposures of low duty cycle.  Dye leakage is difficult to minimize, and 

presents a fundamental limit to an assay’s sensitivity.  In the case of rhodamine 110 

probes, this leakage leads to reduced sensitivity.  Therefore, it was important to study 

the permeability of our new dye.  The intact probe (2SBPO-Casp) must be cell 

permeant, but the cleaved dye (2SBPO) should not be able to cross the cell 
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membrane.   There would be an enhancement of sensitivity for FCS measurements if 

the free dye, 2SBPO, was retained in the cell cytosol instead of passing through the 

cell membrane and back to the extracellular medium.   

In order to test the 2SBPO dye permeability, the free 2SBPO dye was 

incubated with HuT 78 cells and FCS measurements were performed in the cells and 

in the extracellular medium.  Figures 4A-4D are autocorrelation curves and photon 

counting histogram (PCH) data that show that stained cells had low signal intensity 

and no autocorrelation within the cytosol (R2 = 0.01), and were comparable to blank 

cells (R2 = 0.11).  However, high intensity and high correlation (R2 = 0.82) were 

observed outside of the cell, proving that cleaved 2SBPO dye was not found within 

the cell.  The results indicate that no dye was detected inside stained cell, which 

further showed 2SBPO is not cell membrane permeable and would not leak back to 

the extracellular medium.  Thus 2SBPO cleaved from 2SBPO-Casp by activated 

caspases would stay and accumulate in cell cytosol.  Fluorescence signal loss is 

minimized, leading to an improvement of sensitivity.  Since apoptotic cells can be 

detected earlier due to the enhanced sensitivity, temporal resolution is also expected 

to increase. 

 

 3.3.3 Induction and Detection of Apoptosis in Single Cells by Fluorescence 

Correlation Spectroscopy 

  To demonstrate the capability of our new probe to detect apoptosis, we 

assayed Ramos cells using 2SBPO-Casp, and compared results with our previous 

work with rhodamine-derived probes.  Thirty blank Ramos cells were measured and 
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had FCS fit correlation coefficients (R2) ranging from 0-0.43.  Figure 5A shows a 

representative autocorrelation function of blank Ramos cells.  In the case of control 

cell experiments, 0.2 mM of 2SBPO-Casp was added to blank Ramos cells without 

any apoptosis-inducing agent.  Correlation coefficients (R2) ranged from 0-0.28 

(Figure 5B).  The low correlation coefficient (R2) indicates that no fluorescence 

correlation was observed in blank cells and control cells and that the autofluorescence 

of cells in the red region was minimal.  For apoptosis induction experiments, FCS 

measurements were taken every 15 minutes for the first hour and then every hour (4 

hours total) with a sample of 30 cells for each time frame.  An increase in the 

correlation coefficient (R2) was observed after 30 minutes of induction (mean R2 = 

0.78).  The autocorrelation continued to increase and resulted in a maximum number 

of correlated cells after 3 hours of induction (Figure 5C).  This increase of 

autocorrelated fluorescence is indicative of an increase in the production of 2SBPO 

dye via caspase cleavage.  Thus higher correlation coefficients (R2) were observed as 

the number 2SBPO molecules inside cells increased.  In addition, from the PCH data, 

it is clear that the number of fluorescent molecules present within the probe volume 

was significantly different between the three cell types (Figure 5D).  In the case of the 

blank and control cells, the intensity averaged around zero counts per millisecond.  In 

the induced sample, a distinct shift was observed and further verified the production 

of fluorescent species (median signal = 45 counts per millisecond).  While it is 

possible to use the intensity alone to distinguish single-molecule fluorescence in this 

case, the use of FCS data alongside photon counting histograms ensures that, in the 
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case of the occasional bright blank cell, accurate apoptosis measurements can still be 

conducted. 

The difference of correlation coefficients (R2) between blank cells, control 

cells and induced cells was significant, with induced cells having an average R2 value 

above 0.65.  Therefore, cells were determined apoptotic if the autocorrelation fit R2 

coefficient was  0.65.   Because the correlation coefficients (R2) of blank and 

control cells were so low, the presence of a correlated signal was the only parameter 

needed to signify an apoptotic cell.  In this way, identification of apoptotic cells is 

simplified compared with our previous work as no more statistical steps are needed to 

exclude the effect of cell autofluorescence.    

Apoptosis inhibition was also studied using 2SBPO-Casp.  The experiment 

performed was similar to staurosporine induction experiments with the exception of 

the addition of 20 µmol L−1 of the inhibitor Z-VAD-FMK.   The inhibitor was added 

to Ramos cell samples and incubated.   FCS measurements were taken every hour (4 

hours total), and 30 cells were measured each hour.  Figures 6A and 6B show most of 

the correlation curves generated from the inhibited cells samples were uncorrelated 

and did not meet the aforementioned criteria for identifying apoptotic cells.  

However, a fraction of inhibited Ramos cells showed caspase activity at 3 and 4 

hours.  The number of apoptotic cells at three hours in the inhibited sample (10%) is 

smaller than in the sample without inhibitor (53%).  We have seen this effect at 

longer time periods with our lower-sensitivity approaches.7  In mitochondrial-driven 

apoptosis, cytochrome c and apaf-1 form the apoptosome, a caspase-cleaving 

supermolecular complex.  The inhibitor used, Z-VAD-FMK, is a pan-caspase 

! 
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inhibitor.  The apoptosome is not inhibited in the presence of Z-VAD-FMK, and 

continues to produce activated caspase 9.  Z-VAD-FMK is a fluoromethyl ketone 

inhibitor and irreversibly binds to the active site of caspases.  Eventually, the Z-VAD-

FMK in the cell is consumed completely and the continued production of caspase 9 

results in the cleavage of downstream caspases such as caspase 3.  Once the inhibitor 

is exhausted, any caspase sensitive probe will register a signal.  Since our single 

molecule approach has high sensitivity, we can observe the consumption of the 

inhibitor earlier than in previous work. 

 

3.3.4 Temporal Dynamics and Early Detection of Caspase Activity in Apoptotic Cells 

  The temporal effect of staurosporine on apoptosis induction is shown in 

Figure 7 (n = 30 cells for each time point, control, and inhibited sample).  No blank 

cells or control cells were determined apoptotic.  In the induction experiments, 

apoptotic cells started to be observed after 30 minutes of induction, and the number of 

apoptotic cells continued to increase for the first three hours.  At the third hour of 

induction, a large increase in the number of apoptotic cells was observed.  This 

increase at three hours is consistent with previous work conducted in our laboratory.14  

Caspases are also auto-proteolytic, and a decrease in caspase activity is observed at 

the fourth hour of apoptosis.  This decrease in caspase activity has been seen using 

rhodamine 110-based probes.7  Since the 2SBPO-Casp probe was added to each cell 

sample just before measurement, the fluorescence signal is indicative of the 

instantaneous caspase activity, rather than of an accumulation of 2SBPO over the 

entire time period.  Our approach therefore can track not only apoptotic cells, but can 



Texas Tech University, Michelle M. Quiroz, May 2013 

44 

also identify the decrease in caspase activity due to auto-proteolysis.  In the inhibited 

experiments, no apoptotic cells were seen in the one or two hour time frames.  

However, three apoptotic cells were identified after 3 hours, and this result is 

attributed to an excess of caspases relative to the concentration of inhibitor used.   

The first identification of apoptosis was detected as early as 30 minutes after 

induction, which was earlier than previous work.  This result meets our 

aforementioned expectations, since 2SBPO is cell membrane impermeable, 

minimizing signal loss.  This early detection capability, combined with the high 

sensitivity from single molecule measurements, will enable new apoptosis assays to 

be developed.  

 

3.4 Conclusions 

 In this work, we use single molecule FCS to identify apoptosis in single, 

viable cancer cells using a new red fluorescent caspase probe.  This work builds upon 

previous studies in our group using FCS but offers high sensitivity and temporal 

resolution.  The limitations of methods using shorter wavelength probes were that the 

cell autofluorescence overlapped with the cleaved dye.  In addition, rhodamine 110 

was cell membrane permeable after cleavage and would slowly escape the cell 

causing a lower signal.  Our newly developed probe, 2SBPO-Casp, generates higher 

signal and less background, simplifying analysis and improves the sensitivity of the 

method.  Since cell autofluorescence is minimal in the red region, determination of 

apoptosis was based on the autocorrelation of fluorescence and fit correlation 

coefficient value (R2) as a parameter.  Although the background is small in the red 
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region of the visible spectrum, the signal at the earliest stages of apoptosis (<1hr after 

induction) is too small to be detected by conventional epifluorescence or confocal 

microscopy.  The use of single molecule techniques such as FCS allows the minimal 

signal to be indentified as coming from 2SBPO.  

 Apoptotic cells, induced via the mitochondrial-driven pathway, were 

identified as early as 30 minutes after induction.  Other methods, with similar early 

detection capabilities, do not leave the cell intact and viable.  In future work, we will 

identify apoptotic cells and follow single cells through the entire caspase activity 

period as well as later apoptosis steps.  Although more work still needs to be done in 

order to improve the throughput of this method, we have demonstrated the capability 

of single molecule FCS as a powerful tool in single cell analysis.   
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A.  

B.  

 
 

Figure 1.  Structures of 2SBPO-Casp(A) and 2SBPO(B).  The aspartic acid group 
renders the probe cell permeable and non-fluorescent.  Upon cleavage, 2SBPO is 
retained in cells, generating a strong fluorescence signal. 
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Figure 2.  Autocorrelation function of 1 nM 2SBPO.  The FCS signal was 
readily detectable over the background and the three-dimensional diffusion 
model served as an adequate fit for the data (R2 = 0.99). 
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Figure 3.  White light (A) and red fluorescence(B) images of Ramos cells induced by 
1.75 µg/mL staurosporine for 3 h and stained by 0.2 µM 2SBPO-Casp.  Apoptotic 
cells are easily distinguished from healthy cells by a strong, background-free 
fluorescence.  
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Figure 4.  Representative autocorrelation functions of 1 µM 2SBPO in solution 
outside of a cell (A), a blank HuT 78 cell (B), and a HuT 78 cell stained with 1 µM 
2SBPO (C).  The free dye gives an autocorrelated signal (with low amplitude given 
the large number of molecules present.  The blank cell and cell incubated with the 
free dye both show no autocorrelated fluorescence signal, indicating 2SBPO is not 
inside the cell.  Photon counting histograms (D) of 1 µM 2SBPO in solution outside 
of cell (red), blank-Hut 78 cell (black), and Hut-78 cell stained by 1 µM 2SBPO 
(blue) show the fluorescence intensity of the cytosol does not increase with 
incubation with the free dye.  This lack of fluorescence increase indicates 2SBPO 
cannot cross the cell membrane. 
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Figure 5. Autocorrelation functions of representative blank Ramos cell (A), control 
Ramos cell stained with 0.2 µM 2SBPO-Casp(B), and a Ramos cell induced with 1.75 
mg/ml staurosporine and incubated for 3 h (C).  The fluorescence signal is 
uncorrelated in both the blank and control cells, while apoptotic cells show a 
correlated fluorescence.  Photon counting histograms (D) of blank Ramos cell 
(black), control Ramos cell stained with 0.2 µM 2SBPO-Casp(red), and a Ramos cell 
induced with 1.75 mg/mL staurosporine and incubated for 3 h (blue) show the 
intensity differences can also be used to distinguish apoptotic cells. 
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Figure 6.  Representative autocorrelation function and photon counting histogram of a 
Ramos cell induced with STSP and 20 µmol/L Z-VAD-FMK for 3h and stained with 0.2 µM 
2SBPO-Casp (A,B).   As apoptosis continues, the inhibitor is eventually consumed and 
caspase activity is observed. 
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Figure 7.  Temporal dynamics of apoptosis induction via the mitochondrial 
pathway.  Errors bars represent the counting error (n = 30 cells per time 
frame).  The number of apoptotic cells is seen to increase as early as 30 
minutes after induction.  Caspase activity in the cells reaches a maximum at 
three hours and reduces at the fourth hour due to autoproteolysis.7  No blank or 
control cells were observed to be apoptotic, although in inhibited samples, 
there was sufficient activated caspases to consume all of the inhibitor so that 
excess caspases could cleave 2SBPO-Casp. 
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Chapter 4.  Combined Fluorescence Intensity and Fluorescence Correlation 
Spectroscopy for the Detection of Intracellular Probes in High- and Low- 

Background Conditions 

 
 
4.1 Introduction 
  
 Fluorescence microscopy-based techniques continue to be sensitive tools in 

cellular analyses.  In addition to cell, organelle, and protein labeling, fluorescent dyes 

have also been widely used as sensitive probes for environmental changes, 

intracellular ion concentration, etc.  One of the most sensitive analytical approaches 

involving fluorescence is the detection of intracellular protease activity using 

fluorogenic probes.  Some fluorogenic probes are nonspecific, while others target a 

specific enzyme with varying degrees of specificity.  Confocal microscopy techniques 

are ideally suited to intracellular fluorescence measurements, since out of focus 

fluorescence and background scatter is minimized.  In addition, confocal microscopy 

has the ability to measure local concentrations in different regions of a cell, and 

analyze molecular motion.  Confocal methods can also be extended with single-

molecule sensitivity, elucidating chemical kinetics and single molecule conformation 

changes, among other applications. [1] 

 Among these confocal techniques, Fluorescence Correlation Spectroscopy 

(FCS) and fluorescence Intensity Histograms (IHs) have evolved into sensitive 

methods for intracellular molecular dynamics.  FCS and IH analyses can often be 

performed on the same data set, making them complimentary techniques that can be 

executed simultaneously. [2]  FCS is routinely used to study photophysical effects, 

conformational dynamics, molecular motion, as well as molecular density on 
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membranes. [3-6]  IH measurements are simpler experimentally and can be used to 

probe local concentrations, cell motion (via fluorescence recovery after 

photobleaching), molecular interactions (via Förster Resonance Energy Transfer), and 

a number of other assays.  However, cell autofluorescence, a primary source of 

background, poses a significant problem in many analyses.  Other sources of 

background include residual fluorescence from fluorogenic reagents, Rayleigh scatter, 

Raman scatter, and fluorescence from cell medium, buffers, and the culture/sample 

chamber.  Since FCS and IH analyses can be used to detect small concentrations of 

molecules in the probe volume, they are ideally suited for intracellular fluorescence 

detection.  FCS and IH methods can be used to distinguish fluorescence from 

molecular probes from autofluorescence and other background sources.  The two 

methods can also be used in tandem to extend the dynamic range of cell analysis.  In 

this work, we discuss the use of FCS and IH under single- or few-molecule 

conditions, with high- or low- background signal as encountered in cells.  Using data 

from previous studies, as well as new experiments, we demonstrate the effect of 

background on the classification of cells using fluorescence.  The benefits of using 

one method over the other are discussed in both cases.  In addition, the combined use 

of FCS and IH is presented as a method of expanding the dynamic range of probe 

detection within cells.  Since FCS and IH measurements can be conducted 

simultaneously, the two approaches can be used to analyze cells over wide ranges of 

analyte concentrations and background levels. 

 

4.2 Theory  
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During its initial development, FCS initially suffered from poor signal to 

noise, involved large excitation volumes, and long measurement times.  However, 

after FCS was combined with confocal optics and sensitive detectors, the method 

became capable of single molecule detection, short measurement times, and allowed 

studies of fast dynamic processes in living cells.[7-10]  The autocorrelation function 

is a measure of a signal’s self-similarity as a function of observation time.  

Fluorescence fluctuations in the probe volume are due to several effects, including 

molecular diffusion.  The normalized autocorrelation function is expressed as: 

 

      Equation (1)
 

 

where the signal, G(t), is indicative of fluorescent molecules inside the probe volume 

at time (t) and the fluctuations of intensity after a lag time (t + t).  For fluctuations 

arising mainly from diffusion of molecules into and out of the probe volume, the 

autocorrelation function can be expressed using a 3D diffusion model: 

     Equation (2) 

where N is the average number of molecules in the probe volume, tD is the diffusion 

time, and S the ratio of the xy and z radii of the confocal, Gaussian ellipsoid.  In FCS 

the molecular brightness can be estimated by dividing the fluorescence intensity by 

the average number of molecules in the probe volume.  For our measurements of 

intracellular probes in apoptosis studies, the diffusion time and molecular brightness 
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were key parameters used to distinguish between cells that were healthy or apoptotic. 

[2] 

 Intensity histogram measurements are a complementary method to FCS; 

however, instead of measuring the fluctuations in fluorescence with time, IH methods 

record fluorescent bursts as molecules diffuse through the probe volume, and analyze 

differences in fluorescence amplitude.  At single-molecule levels, the intensity 

distribution of molecular fluorescence follows a Poisson distribution: 

      Equation (3)
 

 

where Poisson (k,x) is the probability of getting k photons when the average number 

of photons received is x.  In our previous work, the intensity histogram was used to 

determine the intensity of cell fluorescence in order to detect the presence or absence 

of intracellular probes.        

 FCS relies on small numbers of molecules diffusing in and out of the probe 

volume to yield an autocorrelated signal.  At very low concentrations, the FCS signal 

degrades because the fluorescence signal is too low to detect with a sufficient signal-

to-noise ratio.  At higher concentrations, the number of molecules in the probe 

volume is too large to yield an autocorrelated signal.  There is therefore an optimal 

concentration range over which FCS is effective.  The exact concentration range 

varies with differences in instrumentation, molecular probe, and experimental 

conditions.  IH analysis, on the other hand, does not have an upper range, in which 

the intensity of the fluorescence at higher concentrations will have an increasing 
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signal-to-noise ratio.  Of course, at very high concentrations self-absorption can 

occur, but this effect is rare in most analytical measurements of biological systems.  

At lower concentrations, however, intensity measurements must satisfy the Limit of 

Detection 

,       Equation (4) 

where s is the standard deviation of the background and b is the mean value of 

background counts.  Alternately, the stricter Limit of Identification can be used, 

  .         Equation (5) 

At progressively lower concentrations, intensity analysis via IH or other methods will 

not be able to determine if a cell contains the analyte of interest.  However, FCS 

methods can continue to identify molecules within a cell based on diffusion time 

analysis.  Using these two methods in tandem can therefore extend the dynamic range 

of identifying cells as positive or negative for a particular dye or probe. 

 

4.3 Sources of Background in Intracellular Assays 

 Cellular autofluorescence occurs in a variety of cell types, and covers a wide 

range of the excitation and emission wavelengths.  In mammalian cells, 

autofluorescence has been shown to occur more prominently in two distinct spectral 

regions.  The first region occurs at an excitation maximum near 365 nm and an 

emission maximum near 445 nm.  The second region occurs at an excitation 

maximum near 380 nm and 440 nm, and an emission maximum near 520 nm.  The 

intensity of fluorescence is highest in discrete cytoplasmic locations.  Mammalian cell 

autofluorescence is comprised primarily of emission from bound, intracellular 

LOD = 3! + b

LOI = 6! + b
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nicotinamide adenine dinucleotide (NADH), riboflavin, flavin coenzymes, and 

flavoproteins bound in the mitochondria. [11-15] 

Due to the variability between different cell lines, cell autofluorescence 

intensity is more intense in some cell lines compared to others.  Indeed, cell-to-cell 

variations in the same sample make intensity-based measurements difficult.  This 

difference in cell autofluorescence can be expected since different metabolic rates and 

different cytoplasmic-to-nuclear volumes can result in larger concentrations of bound 

flavins and NADH between cells in a given sample.   

 In addition to cell autofluorescence, other sources of background contribute to 

reduced signal-to-noise ratios.  The contribution of Raman scatter of water becomes 

problematic at low analyte concentrations.  For common excitation wavelengths such 

as 488 nm and 635 nm, the Raman band of water (3600 cm-1) appears at a detector 

wavelength of 592 nm and 823 nm, respectively.  For excitation by blue lasers, the 

Raman band can be problematic for certain fluorophores.  For red-laser excitation, the 

Raman contribution is negligible due to the larger wavelength shift of the Raman 

scatter. 

 

4.4 Experimental 

4.4.1 Confocal Setup.   

The confocal microscope used in this work is similar to others described in the 

literature.  Either a red diode laser (635 nm Edmund Optics) or a 488 nm argon ion 

laser (Melles Griot) was used.  The laser was directed into the back port of an 

Olympus microscope base (IX 51) via a mirror periscope.  The beam was then 
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reflected onto the back aperture of an oil-immersion 100X objective (1.3 NA, 

Olympus) by a long-pass dichroic mirror (Semrock).  The beam was focused in the 

cytosol of individual cells.  The fluorescence of cleaved caspase probes was collected 

by the same objective, passed through the dichroic mirror, and spatially filtered using 

a 100 mm pinhole (Newport).  The fluorescence was then spectrally filtered using the 

respective interference filter for each fluorophore, and detected by a single-photon 

avalanche photodiode.  Fluorescence and autocorrelation were calculated using 

software developed by Rieger and coworkers [2] using a National Instruments 

counting board (PCI-6022) and software (LabView v.8.0). 

 

4.4.2 Fluorescence Intensity and Fluorescence Correlation Spectroscopy 

Measurements.   In our analyses, a 30 mL drop containing either a Ramos or 

Jurkat cell suspension (105-106 cells mL-1) was placed on a coverslip (150 mm thick).  

The coverslip was coupled to the microscope objective with immersion oil.  This 

procedure was repeated for every time frame using a fresh sample.  Fluorogenic 

probes were added to the cell droplet for a final probe concentration of 0.2 µM. 

Immediately upon addition of the probe, the cell solution was exposed to laser light 

(150 µW – 230 µW, depending on the probe) and data acquisition was started.  

Cleavage of the probes by active caspases was rapid, allowing for fast acquisition.  

For high-background conditions, a green-fluorescent caspase probe (Rhodamine 110 

bis(L-Aspartic acid), referred to as D2R in this work) was used.  The absorption and 

emission maxima of D2R are near 480 nm and 525 nm, respectively.  For low-

background conditions, a red-fluorescent caspase probe (2SBPO-Casp) was used.  
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The excitation and emission maximum of 2SBPO are near 635 nm and 667 nm, 

respectively.  For dynamic range experiments, calcein-AM was added to cells and 

allowed to be cleaved by esterases in the cytosol.  The excitation and emission 

maximum of calcein are similar to those of rhodamine 110.  For all measurements, 

cells were chosen at random, and the laser spot was positioned within the cytosol 

away from the nucleus.  Each cell was continually irradiated for three sequential 10 s 

time frames and the data was averaged.  Data acquired from LabView was exported 

as text files and then analyzed in Origin software.  Autocorrelation functions were fit 

using a Levenberg-Marquardt algorithm for the 3D diffusion FCS model. 

 

4.4.3 Cell Culture, Apoptosis Induction.   

Jurkat and Ramos cells were cultured separately in RPMI 1640 medium that 

was supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin 

solution (20 mL L-1) at 37 °C and 5% CO2 atmosphere.  Cell cultures were sub-

cultured weekly in an appropriately rated biosafety laminar flow hood.  Cells 

underwent apoptosis via two pathways.  Apoptosis via the mitochondrial pathway 

was initiated using staurosporine.  Cells were incubated with 1.75 mg mL-1 

staurosporine for 15 min-4 h.  After incubation, cells were washed, centrifuged, and 

resuspended with phosphate buffered saline (PBS, pH = 7.4).  For apoptosis via the 

caspase 8 (receptor initiated) pathway, cells were incubated with 0.8 mg mL-1 of 

functional anti-CD95 (Fas) antibody (eBioscience).  Cells were induced for 15-180 

min.  The method of induction differed between experiments, but both induction 
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methods produced activated caspases in apoptotic cells.  Cells were then washed, 

centrifuged, and resuspended in phosphate buffered saline prior to analysis.  

 

4.5 Results and Discussion 

4.5.1 Detection of apoptosis in single cells by FCS and Fluorescence Intensity under 

High Background Conditions.   

 In earlier experiments with the probe D2R (bis-(L-aspartic acid)-rhodamine 

110) Jurkat cells were induced via the caspase 8 pathway using anti-CD95 antibodies 

that trigger the Fas receptor. [18]  The correlation curves of control cells and induced 

cells were markedly different (Figure 2).  Autocorrelated fluorescence indicated 

rhodamine molecules were being produced as a result of caspase activation.  

Although there are evident differences in the curves, there were some control cells 

that did have autocorrelation that could be fit with the 3D diffusion model, albeit with 

tD values that did not match those of free rhodamine-110 (Figure 2).  This difference 

was expected since the autofluorescence of cells spectrally overlaps with the emission 

of rhodamine 110. [16-17]    However, because of the fluorescence signal present in 

control cells, it was concluded that fluorescence intensity alone would be too 

subjective as the sole indicator of apoptotic cells (Figure 2).  Figure 2 shows a case 

when the intensity histogram of a control cell is higher than an induced cell leading to 

a false positive.  Therefore, in high background conditions several parameters may be 

needed to accurately identify positive apoptotic cells.  In our studies, cells that 

contained a correlation coefficient (R2) higher than 0.75 were determined to have 

correlated fluorescence.[18]  The R2 threshold was determined by analyzing the R2 
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coefficients for FCS signals of control cells.  Second, cells had to have a diffusion 

time within an acceptable range, as defined by measurements of free rhodamine 110 

in solution.  The third parameter used was molecular brightness (h).  This parameter 

determined the counts per second per molecule (cpsm).  Using rhodamine 110 

controls, we determined threshold tD, h and R2 values to classify cells as positive or 

negative for the caspase probe (and therefore as apoptotic or non-apoptotic). 

Using these three parameters, we were able to detect apoptotic cells as early as 

45 minutes after induction in our previous study.  However, due to the spectral 

overlap with cell autofluorescence, several statistical steps were needed to avoid false 

positives.  In general, using more than one detection parameter allows one to gate out 

false positives through careful control measurements.  In the case of high background 

and low signal, the use of FCS allowed for better classification of cells than through 

intensity alone. 

 

4.5.2 Detection of apoptosis in single cells by FCS and Fluorescence Intensity under 

Low Background Conditions (Red Probe). 

Due to the limitations of the green-fluorescent probes, our group developed a 

red-fluorescent caspase probe (2SBPO-Casp) for caspase detection and the 

identification of apoptotic cells. [19]   2SBPO-Casp has a single aspartic acid residue, 

which is cleaved to produce the fluorescent 2SBPO dye.   Like the green probe, 

cleavage of the aspartic acid residues rendered the probe fluorescent, and allowed 

single molecule detection of free dye.  However, unlike the green probe, the emission 

in the red region (663 nm) is beyond the cell autofluorescence range and it yields a 
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much higher signal to noise ratio.  In addition, the free dye, 2SBPO, is retained 

strongly in the cell cytosol and was shown to provide higher sensitivity than D2R.   

In low background conditions, autocorrelation curves were shown to be 

markedly different for control and induced cells (Figure 3).  The average R2 value for 

induced cells (R2 ≥ 0.65) was significantly higher than the blank and control cells R2 

= 0-0.43).  The reduction of necessary gating parameters simplifies data analysis and 

reduces the user subjectivity in cell classification. 

In addition to FCS curves, fluorescence intensity was also markedly different 

between control and induced cells (Figure 3).  For control cells the average intensity 

was zero counts per millisecond.   However, for induced cells a distinct intensity shift 

occurred with the average being 45 counts per millisecond.  Because the intensity 

measurements of blank, control and induced cells were readily distinguishable, it was 

possible to indentify apoptotic cells solely by their fluorescence intensity using the 

LOD or LOI.  When intensity measurements were coupled with FCS, the likelihood 

of a false positive from an abnormally bright control or blank cell was low.  Having 

the ability to signify an apoptotic cell using one parameter dramatically simplified the 

statistical analysis when using a green probe. 

 

4.5.3 Identification of Cells as Probe-Positive or Probe-Negative in High and Low 

Background Conditions.  

 In cases where spectral overlap between the signal and autofluorescence 

make it difficult to classify cells, the likelihood of false positives increases.  As the 

signal decreases at lower concentrations, FCS is less prone to false positives as the 
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autocorrelation of analyte and autofluorescence often differ.   In our study with D2R, 

the spectral overlap with cell autofluorescence made it impossible to identify 

apoptotic cells using only one parameter (either FCS curves or intensity data).  In 

fact, the conditions required three parameters for cell classification.  Intensity 

histogram measurements led to a large number of false positives, particularly for 

blank cells, which contained no fluorogenic probe (Table 1).  Therefore, in the case of 

high background conditions, it is preferable to use FCS data at low signal ranges.  

 In contrast, when using a probe in low background conditions, intensity can be 

used as a sole parameter for identifying apoptotic cells.  In these cases, a detected 

fluorescence signal above the LOD or LOI signifies the presence of the intracellular 

probe.  Because of the low background, FCS is not essential for determining if a cell 

is apoptotic, but it can still be used if desired.   

 In high background conditions, the effects of cell autofluorescence could be 

minimized using FCS and careful gating of threshold values (Table 1).  By optimizing 

the cell classification, no control or blank cells were misidentified.  However, using 

the LOD or LOI classifications of IH data led to 24 and 7 control cells misidentified, 

respectively.  This result is not surprising, as autofluorescence can vary between cells, 

and even in a control sample brighter autofluorescent cells can be observed (Figure 

2).  As apoptosis ensues, the number of apoptotic cells classified by FCS increases as 

expected, as does the number of cells classified by the LOD and LOI.  However, 

given the large number of false positives with intensity-based measurements, FCS 

classification is preferable under high background conditions. 
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 In low background situations, FCS, the LOD, and LOI methods led to no false 

positives in the cell samples measured (Table 2).  In cases where cell background is 

uniformly low, such as in the case of red-based probes, the LOD method had a better 

agreement with FCS than the LOI approach.  This agreement is expected, as the LOI 

has stricter thresholds for cell classification.  However, given the low false positive 

rate of the LOD method, and the close agreement between the LOD and FCS 

approaches, it is clear that either FCS or intensity methods can be used when the 

background is low.  

 

4.5.4 Combined FCS and Fluorescence Intensity Data for Extended Dynamic Range 

of Cell Classification.   

 In many intracellular assays, quantification of probe inside the cells is not the 

goal.  Rather, the detection of a probe/label in the cell or on the cell membrane 

identifies a cell as “positive” or “negative” for the desired trait.  There are many 

examples of assays using this approach to classification, such as viability, protease 

activation, immunophenotyping, etc.  In these cases, a threshold parameter or series 

of parameters is set, and cells are classified as they are analyzed.  As mentioned 

previously, cell autofluorescence makes FCS ideally suited for cell classification 

when signals are low, but at higher analyte concentration ranges FCS signals degrade.  

There is therefore an optimum window for FCS analysis that depends on the 

experiment at hand.  In contrast, intensity-based measurements are a poor indicator at 

the lower concentration ranges when background is high.  However, at high 

intracellular probe concentrations and large signals, intensity measurements 
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adequately distinguished between positive and negative cells.  By classifying viable 

cells using calcein-AM, we were able to investigate the ranges over which FCS and 

intensity data complement each other (Figure 4).  In calcein-AM assays, cells 

identified as calcein-positive are viable, while those that fall below a certain intensity 

threshold are considered dead.  In this proof of principle, we used calcein-AM as a 

system where all viable cells will contain the dye; we are not concerned with culture 

viability in this work.   

As shown in Figure 4, FCS identifies cells as 100% calcein-positive from a 

staining concentration of 0.1-1 mM.  It is important to note that the concentrations 

discussed here and in Figure 4 are the staining concentrations of calcein-AM, not the 

intracellular concentration of calcein.  Below 0.1 mM, the signal from cleaved calcein 

was too low for autocorrelation to be measured on our system. At higher staining 

concentrations (10 mM), the intracellular calcein concentration is high enough to 

cause a decrease in autocorrelation signals due to the larger number of molecules in 

the probe volume.  Our expected percentage of calcein-AM positive cells is 100%, as 

viability in the sample was high.  When intensity measurements are used, only 

staining concentrations of 10 mM and higher yielded the correct percentage of 

calcein-positive cells.  Concentrations below 10 mM show a smaller fraction of 

positive cells, due to decreasing intracellular calcein fluorescence.  Therefore, by 

combining FCS and intensity data from the same dataset, the range of cell detection 

for a target probe is extended by two orders of magnitude, and can be improved 

further through additional optimization.  

 



Texas Tech University, Michelle M. Quiroz, May 2013 

69 

4.6 Conclusion 

 FCS and intensity measurements can be performed in the same experiment, 

using photon-counting hardware.  At the lowest intracellular fluorescence signals, 

autofluorescence and background can introduce false positive measurements or limit 

the dynamic range of cell detection.  By judiciously using FCS and intensity 

measurements, one can minimize the effects of background fluorescence and extend 

the usable range of sensitive fluorescence spectroscopy.  Under high background 

situations, where probe emission overlaps with autofluorescence, Raman bands, or 

background fluorescence, FCS is more sensitive to low concentrations of analytes 

than intensity-based measurements.  However, when background is small compared 

to the signal, FCS or intensity measurements yielded satisfactory results.  By careful 

analysis of the rate of false positive classification using FCS and intensity histograms, 

the appropriate analytical method can be selected at low signals. 
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Sample IH > LOD IH > LOI FCS 
Blank Cell 0 0 0 
Control Cell 24 7 0 
Induced Cell 45 min 1 0 1 
Induced Cell 60 min 0 0 0 
Induced Cell 75 min 0 0 1 
Induced Cell 90 min 13 4 2 
Induced Cell 120 min 14 11 5 
Induced Cell 150 min 21 10 3 
Induced Cell 180 min 19 11 11 

 
Table 1.  Cells identified as apoptotic using Intensity Histograms (IH) or 
Fluorescence Correlation Spectroscopy under high background conditions.  Blank 
cells did not contain any fluorogenic probe.  Control cells contained the probe, but 
were not induced to undergo apoptosis.  LOD = Limit of Detection, LOI = Limit of 
Identification.  30 cells were analyzed for each sample, blank, and control.  Both the 
LOD and LOI methods result in large numbers of false positive cells. 
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 Sample IH > LOD IH > LOI FCS 
Blank Cell 0 0 0 
Control Cell 0 0 0 
Induced Cell 60 min 1 0 3 
Induced Cell 120 min 1 0 5 
Induced Cell 180 min 12 7 16 
Induced Cell 240 min 5 4 3 

 
Table 2.  Cells identified as apoptotic using Intensity Histograms (IH) or 
Fluorescence Correlation Spectroscopy under low background conditions.  
Experimental conditions were the same as Table 1. 
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Figure 1.  Tutorial diagram of cell fluorescence in high and low background 
conditions (conceptualized drawing of signals and data).  Under low background 
conditions, FCS signals between probe-positive and probe-negative cells (e.g. a 
control cell) are distinguishable.  Intensity measurements under high background 
yield false positives as control cells can have significant background fluorescence.  In 
low background conditions, FCS still serves as a powerful method to classify positive 
and negative cells.  However, differences in intensity histograms of positive and 
negative cells are larger, allowing for effective classification of cells with few false 
positives. 
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(A)  

(B)  
 

Figure 2.  (A) FCS measurements of a control cell and induced cell stained with a 
green-fluorescent caspase probe and induced to undergo apoptosis.  The intensity 
histograms from each cell (B) show a large overlap between signal intensities, with 
the control cell registering as brighter than the induced cell.  The FCS signals, 
however, are clearly distinct and can be used to classify cells.  Under these types of 
high background conditions, FCS serves as a better identifier of cell response via a 
fluorescent probe. 
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(A)        
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Figure 3.  (A) FCS measurements of a control cell and induced cell stained with a 
red-fluorescent caspase probe and induced to undergo apoptosis.  The FCS signal of 
the induced cell is distinguishable from the control (negative) cell.  Moreover, the 
intensity histogram for each cell (B) is different, with the induced cell always brighter 
than control cells.  Under low background conditions, either FCS or intensity 
histogram methods are capable of classifying cells as positive or negative for a 
particular probe. 
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Figure 4.  Identification of cells as positive or negative for an intracellular probe.  In 
this case, calcein-AM was used, and the expected percentage of positive cells was 
100%.  The concentration shown is the staining concentration of calcein-AM, not the 
intracellular concentration of cleaved calcein.  Using intensity measurements (red 
circles), as the signal decreases eventually the limit of detection (LOD) is no longer 
satisfied and cells are misidentified as calcein-negative.  In that low concentration, 
high background range, FCS measurements continue to identify cells as positive for 
the dye.  FCS and intensity histograms are generated for each cell from the same data 
set.  Both using FCS and intensity measurements can therefore extend the dynamic 
range of cell identification, using each measurement method where it is ideally suited. 
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Chapter 5. Cellular Analysis in a Microfluidic Device 
 
5.1 Introduction 
 
 Microfluidic systems have been widely used in chemical, biochemical, and 

environmental areas.1  To date, there has been an increased interest in using 

microfluidics to study apoptosis.  The advantage of reduced sample consumption, 

short analysis times, and high sensitivity makes these microdevices a suitable match 

for cellular biochemistry.  The majority of these devices used in apoptosis studies 

examine caspase activity outside of cells, or perform on-chip flow cytometry or 

electrophoresis.  Simple designs use traps with various geometries to capture and hold 

cells in place while they are cultured, and subject to apoptosis inducing drugs.2-4  A 

microdevice demonstrated in our lab by Reif et. al., used affinity interactions to 

capture Jurkat cells on a glass surface.  The microfluidic channel was coated with 

anti-CD95, which resulted in the simultaneous capture and induction of cells.5  Cells 

were then stained and early stage6 and late stage7 apoptosis was detected. With the 

addition of electrophoresis to microdevices, the benefits of miniaturization are not 

just lower reagent consumption, but the ability to achieve total analysis systems, and 

dramatically reduced analysis times.   

 The goal of this work is to fabricate a microdevice that is capable of high 

throughput electrophoretic separation of biological samples, with laser induced 

fluorescence (LIF) detection.   

 

5.2 Microchip Fabrication 
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 Microdevices reported in literature are commonly fabricated from a variety of 

materials including silicon, glass, and polymeric materials.  In chemical analysis, 

glass and polymers such as poly(dimethylsiloxane), poly(methyl methacrylate), and 

polycarbonate have been most popular.  There are several advantages and 

disadvantages to using both glass and polymeric materials.  Glass is an ideal substrate 

because it is optically transparent, supports a high electroosmotic flow, has 

hydrophilic surfaces that are well understood, and can be modified if needed.  The 

main disadvantage to glass chips is the fabrication process.  Clean room facilities are 

needed and the fabrication process is tedious, time consuming, and requires the use of 

caustic materials (e.g. hydrofluoric acid).  In addition, glass devices are expensive and 

extremely fragile.  Therefore, the use of polymeric materials has been widespread.8-13  

PDMS is one of the most popular polymeric materials because it is relatively 

inexpensive, is easily fabricated from molds, has good optical transparency, good 

electrical resistivity, and adequate thermal conductivity.14  However, PDMS also 

suffers from several inadequacies.  For example, native PDMS has an electroosmotic 

flow (EOF) that is about one-fourth that of glass, is extremely hydrophobic, and more 

importantly hydrophobic analytes will actually absorb into the PDMS. 15-17  To 

improve these characteristics, Culbertson’s group has developed Sol-gel modified 

PDMS.18  These devices have channels that contain SiO2 particles embedded into the 

PDMS, which improve EOF, hydrophillicity, and prevents analyte absorbtion.  In this 

work, PDMS devices, PMMA devices and Sol-gel modified PDMS devices have 

been fabricated.   
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5.2.1 PDMS Chip Fabrication 

 Photolithography fabrication was used for PDMS microfluidic devices.  This 

approach offers more flexibility and high spatial resolution (Figure 1).19  Briefly, SU-

8 was spin-coated onto a silicon wafer at 3000 rpm for 30s resulting in a film 

thickness of 15µm.  The spin-coated wafer was baked on a hot plate at 60° C for 30 

minutes, then the temperature was increased to 95° C and allowed to continue baking 

for 30 more minutes.  The prebaked spin-coated wafer was then exposed to UV 

radiation through a patterning mask.  Following exposure, the glass slide was allowed 

to ‘hard bake’ for an addition hour at 95° C.  The wafer was then immersed in SU-8 

developer for 5 minutes, cleaned with isopropyl alcohol, and allowed to dry resulting 

in a mold.  The PDMS was prepared by mixing the pre-polymer and cross-linking 

agent in a 10:1 ratio (w/w) and stiring thoroughly.  The uncured PDMS was degassed 

under vacuum for 30 minutes.  The PDMS mixture was then poured over the silicon 

wafer mold and cured at 100ºC for 1 hour.  The cured PDMS devices contained 

channels 15µm high, 100µm wide, and 35mm long.  After the chips were removed 

from the oven holes were bored using an aluminum rod (~1mm diameter).  The 

PDMS was then sealed to a second blank piece of PDMS using a plasma sealer.   

 

5.2.2 PMMA Chip Fabrication 

 A thermal bonding protocol developed by Woolley and coworkers was 

slightly modified and was used in PMMA fabrication.20  In this work, MCE devices 

were made by imprinting a PMMA piece with a photolithography patterned glass 

slide template and then bonding a top plate to the imprinted PMMA substrate.  
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Conventional photolithographic procedures described above were used to create the 

glass slide template.  

 The elevated design in the glass slide was then embossed into a 5mm thick 

PMMA substrate by placing the polymeric material in between two glass microscope 

slides, two aluminum plates, and two C-clamps (Figure 2). The assembly was 

tightened with C-clamps with high pressure applied, and the entire apparatus was 

placed in an oven at 140°C for approximately 15 min.  Afterwards, the apparatus was 

rapidly cooled in the freezer for 5 minutes and then dismantled.  

 Access wells were drilled using a 3/16 drill bit to form the buffer and sample 

reservoirs in the embossed substrate.  The patterned PMMA was then bonded to an 

unimprinted PMMA piece by clamping the substrates together with the same 

assembly used to emboss.  Low pressure is applied with the C-clamps, and the 

apparatus was placed into an oven at 100°C for 40 min.  The assembly is again 

rapidly cooled in the freezer for 5 minutes, and then disassembled.   

 
5.2.3 Sol-gel Modified PDMS Chip Fabrication 

 Sol-gel chip fabrication was modified from protocol developed by Culbertson 

and co-workers.18  PDMS devices were fabricated as discussed previously.  The 

PDMS was then soaked in tetraethyl orthosilicate (TEOS).  Optimal soak time was 

determined by Culbertson et. al., to be 30 min for a chip 1.5mm thick.  After 30 min, 

the PDMS was removed and placed in a solution of 2.8% (v/v) ethylamine in 

Millipore water for 15h.  Afterwards, the PDMS was removed, rinsed with ultrapure 

water for 1min, and place in the oven at 95°C for 1h.  Finally, the PDMS was plasma 
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sealed to a glass slide.  The chips were conditioned by pushing sodium phosphate 

(between pH 7.5 and 9.5) through the channels for 5 min and letting the chip sit for 2 

h.  

 

5.2.4 Dynamic Coating of PDMS with Sodium Dodecyl Sulfate (SDS) 

 The coating of PDMS with SDS was performed using protocol from 

Culbertson and coworkers.21  Straight T-channel PDMS devices were fabricated and 

sealed.  The channels were filled with 50 mM SDS and 10 mM sodium borate buffer 

for experiments.   

 

5.2.5 Separation and Detection of Fluorescent Dyes 

 In PDMS, PMMA and sol-gel devices, a standard T-junction Chip was 

fabricated.  To perform the electrophoretic separations, channels were filled with the 

appropriate run buffer (with appropriate pH).  Voltage potentials of between of 

600V/cm and 570 V/cm were applied for injection and separation, respectively, using 

a custom power supply.  An inverted microscope (IX 71, Olympus) was used to 

obtain all images of the separation.  For fluorescence excitation, a 100-W Hg lamp 

was used with the appropriate filters for the excitation and emission collection for 

both fluorescein (1µM) and hydrolyzed Cal-AM (80nM).  All images were taken with 

an x 10 objective and recorded by a 12-bit CCD camera (Orca-285, Hamamatsu).  

The images were processed in ImageJ (v. 1.41, National Institute of Health).   

 

5.2.6 Single-Point Detection Setup 
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 Experiments were also performed using a single-point detection system 

similar to other systems describe in literature.  In brief, laser induced fluorescence 

(LIF) detection of dyes was excited by a 488nm Argon ion laser.  The laser line was 

attenuated using a half-wave plate and polarizing beam splitter (Newport) before 

passing through an interference filter (488nm).  The beam was directed into the back 

port of an inverted microscope (IX51, Olympus).  A dichoric mirror (505 long pass) 

reflected the laser into the back aperture of a 100X oil immersion objective (NA 1.3, 

Olympus).  Fluorescence of the dyes is collected by the same objective and passed 

through the microscope.  The beam is directed into a 100-mm pinhole that rejects the 

out-of-plane fluorescence.  Finally, the beam exits the back end of the pinhole and is 

projected on to the active area of single-photon-counting avalanche photo diode 

(APD, Perkin-Elmer).  Pulses from the APD are counted by a high-speed counting 

board (6602, National Instruments).   

 The sophisticated set-up of the confocal microscope is comparable with other 

LIF systems, but has the added flexibility of required for multi-parameter 

measurements.  In addition, we have the possibility to couple electrophoretic 

separations to fluorescence correlation spectroscopy (FCS), anisotropy, and pulse 

counter measurements.  LabVIEW-based software (National Instruments) allows us 

to detect counts (photons) from the counting board in photon-arrival time mode and 

generate time traces (intensity trajectories), photon counting histograms (PCH), or 

autocorrelation functions.  Time traces, PCH measurements, and FCS data were fitted 

in Origin software.   
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5.3 Results and Discussion 

5.3.1 Separations in a PMMA Device 

 To determine separation characteristics of the PMMA chip, 1µM fluorescein 

and 80nM hydrolyzed calcein-AM were each separated in a straight-T device using 

fluorescence microscopy.  When both dyes were injected and separated 

simultaneously, two distinct peaks were slightly evident just downstream of the T-

junction.  However, when moved further down from the T-junction, the two dyes 

merged together.  When the dyes were detected using our LIF system, it was 

determined that the separation efficiency is this device was not comparable to those 

of previous studies.  This is based on a reasonable qualitative comparison since it is 

impossible to obtain an exact comparison to previous work due to differences in 

buffers, EOF’s, and field strength.  However, the results showed slow separation 

time, broad peaks, and poor resolution.  This could be due to limitations in our power 

supply in addition to the poor EOF and field strength generated in this type of 

polymer material.  

 In addition to poor separation results, repeat use of PMMA devices was 

problematic.  Because buffers where continuously present within the wells and 

channels, chips had to be rinsed and stored with Millipore water.  This prevented 

crystal formation, and channel blockage.  However, over time the two layers of 

PMMA would delaminate in water storage, and the chip was unusable.      

 

5.3.2 Separations in Sol-gel Modified PDMS 
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 Due to the limitations in PMMA devices and problems with delamination, 

Sol-gel modified PDMS devices were fabricated.  The same experiments with 

fluoroscein and hydrolyzed calcein-AM that were performed in the PMMA chips, 

were repeated in the modified PDMS devices.  The results from the device showed 

sharper peaks and increased EOF.  With the SiO2 particles embedded in the PDMS, 

hydrophillicity and wettability of the chip also increased.  In addition, separation 

experiments were performed with green fluorescent protein (GFP) cells.  Cells were 

loaded into the sample well and upon the application of a potential, were lysed and 

green fluorescence was detected downstream (Figure 3).  The overall advantages of 

the Sol-gel chips were the reduction of adsorption of analyte into the PDMS walls, 

and an increase in EOF.  However, there were problems with crystal formation in the 

channels.  These crystallized particles would block channels and disrupt fluid flow.  

In addition, the soaking process of PDMS during fabrication would occasionally give 

rise to uneven coatings and warped PDMS pieces.     

 

5.3.3 Separations in PDMS with a Dynamic Coating 

 Sol-gel modified microfluidic devices improved the limitations of native 

PDMS.  However, due to the inconsistencies in fabrication and long soaking times 

(~20 h), dynamic coating of PDMS with sodium dodecyl sulfate (SDS) was explored.  

SDS has been shown to provide a pseudo-stationary chromatographic phase in the 

channels and generate EOF.  In addition, SDS eliminates the adsorption of analyte 

into the PDMS.  In our work, the same two dyes, 10µM fluorescein and 80nM 

hydrolyzed calcein-AM were separated in a PDMS device coated with SDS (512 
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V/cm).  Figure 4 shows 3 distinct peaks with the two early peaks being fluorescein 

and the later peak being hydrolyzed calcein-AM.  The results were reproducible and 

consistent over several experiments.  In addition, no dye was adsorbed into the PDMS 

and the chip could be reused several times.  With the success of the separation of 

dyes, a cellular experiment was performed.  Ramos cells were stained with the two 

dyes, loaded into the well and upon application of a potential, the cells were lysed and 

the dyes were detected.  Again, we were able to see three peaks (Figure 5).          

 

5.4 Conclusion 

 Three different types of polymer-based microdevices have been fabricated and 

demonstrated.  The quality of electrophoretic separations is currently being improved 

with the incorporation of different geometries and the use of different coatings.  

PMMA devices were initially fabricated as an alternative to costly glass devices.  

However, due to problems with chip stability and poor separations these devices were 

no longer utilized.  Native PDMS is known to be the worst material for 

electrophoretic separations.  However, the modification of this material with silicon 

nanoparticles or with a dynamic coating has given us the ability to mimic glass 

surfaces.  These devices not only improve separation efficiency, but also provide a 

facile, robust, and reproducible method for cellular analysis.   
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Figure 1.  Photolithographic methods for microfluidic device fabrication.21 a) a mask 
is used to selectively irradiate photoresist spin-coated on a substrate. b) The image is 
then produced on the substrate creating a mold.  For glass devices, the photoresist is 
used to protect glass from etching, so that only channels are etched. c) A glass top is 
sealed by thermal bonding forming an all-glass device.  d) In PDMS devices, a layer 
of PDMS is poured over the mold, and baked in the oven.  e) After cooling, the 
PDMS is then sealed against a substrate forming the device. 
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Figure 2.  Sandwich complex of PMMA embossing system. PMMA is embossed 
with an imprinted glass slide and is sandwiched between two aluminum plates.  The 
apparatus is clamped together with a C-clamp. 
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Figure 3.  GFP cells in a Sol-gel PDMS device.  Left: white light image of GFP cells 
in sample well.  No potential has been applied, cells are whole and healthy.  Right: 9 
sequential injections of lysed GFP cells downstream of T-junction in a straight T 
chip. 
 



Texas Tech University, Michelle M. Quiroz, May 2013 

93 

 
Figure 4.  4 sequential injections of 10µM fluorescein and 80nM hydrolyzed calcein-
AM in a PDMS device with SDS dynamic coating.  The first two peaks are 
fluorescein and the last peak is hydrolyzed calcein-AM.  Running buffer = 50mM 
SDS and 10mM sodium borate. Electric Field = 514 V/cm.
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Figure 5.  Separation of Ramos cells stained with 10µM fluorescein and 80nM 
hydrolyzed calcein-AM in a PDMS device with SDS dynamic coating.  First peaks 
are fluorescein and last peak is hydrozlyed calcein-AM.  Running buffer = 50mM 
SDS and 10mM sodium borate.  Electric Field = 512 V/cm.  
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Chapter 6. Conclusion and Future Work 

 The use of single molecule FCS and microfluidic CE in cellular analysis has 

been demonstrated.  In the first analytical application, single molecule FCS was used 

to identify apoptosis in single, viable cancer cells using a newly developed red 

fluorescent probe.  This work offers higher sensitivity and temporal resolution than 

previous studies in our lab.  

  The rhodamine 110 based probe used previously had limitations due to 

spectral overlap with cell autofluorescence and dye retention in the cells. Our newly 

developed red probe, 2SBPO-Casp generated higher signal and less background, 

simplifying data analysis and improving the sensitivity of the signal.  Due to minimal 

autofluorescence in the red region, cells were determined apoptotic based on the 

autocorrelation of fluorescence and the fit correlation coefficient value (R2). 

Apoptotic cells, induced via the mitochondrial pathway, were identified as early as 30 

minutes and were defined as having an R2 value ≥ 0.65.  The use of single molecule 

FCS allowed the minimal signal to be identified from 2SBPO, which is too small to 

be detected by conventional epifluorescence or confocal microscopy.   

 Further investigation of high and low background conditions from probes was 

also conducted.  FCS and intensity measurements were compared using the same 

photon-counting hardware.  At the lowest intracellular fluorescence signals, the 

autofluorescence of cells can introduce false positive measurements.  In addition, the 

dynamic range of cell detection can be limited.  When FCS and intensity 

measurements are combined, the effects of background fluorescence can be 
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minimized and the usable range of sensitive fluorescence spectroscopy can be 

extended.  Under high background conditions, where spectral overlap occurs between 

the probe and cell autofluorescence, Raman bands, or background, FCS has been 

shown to be more sensitive in the detection of low concentration of analytes than 

intensity-based measurements alone.  However, when background is small compared 

to the signal, FCS alone or intensity measurements alone yielded satisfactory results. 

 Lastly, due to the limitation of throughput in our apoptosis studies, the 

fabrication of microfluidic electrophoresis devices was also demonstrated.  In our 

work, different types of polymer-based devices were fabricated. PMMA devices were 

initially fabricated as an alternative to costly glass devices.  However, due to 

problems with delamination, the chip quality was inconsistent, and their low rate 

fabrication success deemed the need for alternative methods to be explored.  Native 

PDMS has been known to be the worst material for electrophorectic separations.  

However the modification of the polymer material with silicon nanaparticles or with a 

dynamic coating has given us the ability to mimic glass surfaces.  Therefore, these 

devices showed an improvement in separation efficiency and provided a facile, 

robust, and reproducible method for cellular analysis.  

 Future work with the red fluorescent caspase probe will involve indentifying 

apoptotic cells and following single cells through the entire caspase activity period as 

well as later apoptosis steps.  The studies thus far have used a nonspecific caspase 

probe to monitor caspase activation as a whole.  Different caspase probes that are 

specific for individual caspases could potentially be detected simultaneously allowing 

for more precise activation times and elucidating the temporal dynamics of apoptosis.  
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In addition, specific caspase inhibitors could also be examined along with their 

effects on apoptosis.   In addition, more work still needs to be done in order to 

improve the throughput of cellular analysis. The quality of electrophorectic 

separations is currently being improved with the use of different coatings and 

geometries.  In addition, new power supply systems have been designed in order to 

better control the electric field within each chip.  In the future new assays will be 

constructed in order to take advantage of the high throughput properties of these 

microchip electrophoresis systems.       
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