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ABSTRACT
In the crowded cellular milieu, biological processes require coordinated
intermolecular interactions, conformational changes, and molecular transport that span a
wide range of spatial and temporal scales. This complexity requires an integrated, noninvasive, and multiscale experimental approach. In order to fulfill this task, a multimodal
fluorescence micro-spectroscopy system was designed and built on a single platform to
gain complementary molecular and cellular information at high spatial-temporal
resolution. These integrated biophotonics techniques include differential interference
contrast (DIC), confocal and two-photon (2P) microscopy, 2P-fluorescence lifetime
imaging microscopy (FLIM), steady state fluorescence polarization anisotropy imaging,
and fluorescence correlation spectroscopy (FCS). As a proof of principle, a breast cancer
cell line (Hs578T) labeled with the mitochondrial marker rhodamine 123 (Rh123) was
used as a model system. High resolution DIC and confocal images indicated distinct cell
morphology (amorphous, polygonal shape) with a perinuclear mitochondrial distribution.
In addition, the nucleus-to-cytoplasm ratio in the cancer cells appeared larger than the
normal counterpart. Time-dependent and 3D confocal images revealed dynamic
mitochondrial movements in the Hs578T cells. Two-photon FLIM demonstrated
heterogeneous conformations of and/or environment surrounding Rh123 with an average
lifetime of ~3.1 ns that is significantly different from the free fluorophore in phosphate
buffered saline at pH 7.4 (~3.7 ns). Steady state anisotropy imaging of Rh123 indicated a
restrictive environment in mitochondria with an average anisotropy of ~0.24. Timeresolved fluorescence anisotropy of Rh123 in cells revealed two major components (~2.2
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ns and ~48 ns), indicating a heterogeneous mitochondrial environment of Rh123. At the
single-molecule level, the lateral diffusion of mitochondrial Rh123 takes place on a much
slower time scale (~2 ms) compared with the free fluorophore (~0.1 ms). Our diffusion
studies indicate that the apparent hydrodynamic radius of mitochondrial Rh123 is ~39
nm, which is also sensitive to the temporal resolution. Further, the biomolecular
information gained using the proposed assay, within the context of cell morphology,
using the proposed assay, would be helpful for modeling the functional response of living
cells to extracellular stimulation (chemical, mechanical, or otherwise). More importantly,
our non-invasive approach complements conventional biochemical techniques on cell
lysates and is also applicable to a wide range of molecular and cellular studies. For
example, pathology-induced changes of energy metabolism and redox state in breast
cancer cells are currently under investigation using natural cofactors (namely, NADH and
FAD), without the need of exogenous dyes.
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Chapter 1
Introduction
Biomolecular dynamics and molecule-molecule interactions, associated with
signaling, metabolic pathways, and protein trafficking in living cells, span a wide range
of spatial and temporal scales. Fluorescence-based techniques provide a powerful and
non-invasive tool for cell studies with minimal interference with the cell machinery.
Different modalities of fluorescence microscopy (e.g., confocal,1-3 two-photon4, 5) have
been used to visualize and interrogate cellular (and tissue) compartments and
biomolecules with diffraction-limited spatial resolution (~/2 nm). Near-field scanning
optical microscopy (NSOM),6 total internal reflection (TIR),7 and more recently,
stimulated emission depletion (STED)8, have provided a means to image cell organelles
with a spatial resolution that extends beyond the diffraction limit. The recent
development of single-molecule techniques has reached a new pinnacle, yielding
molecular insights into the complexity of enzyme dynamics and chemical kinetics,9, 10 as
well as protein folding.11,
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From the dynamics perspective, translational diffusion

( DT ~10-6 – 10-12 cm2/s) has been characterized using fluorescence recovery after
photobleaching (FRAP),13 single particle tracking (SPT),14 and fluorescence correlation
spectroscopy (FCS).15 On a faster time scale, rotational diffusion and excited-state
lifetime (10-12 – 10-8 s) have been used for cell16 and protein17 studies due to their
sensitivity to both molecular conformation and local environment.
Fluorescence microscopy, such as confocal and two-photon microscopy, can
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provide information on the localization of species of interest that are intrinsically
fluorescent or labeled with certain fluorophores. On the other hand, time resolved
fluorescence decays are able to reveal details of the structure and surrounding
environment of the macromolecules using a combination of picosecond/femtosecond
laser sources and high-speed photodetectors.18 The process between light absorption and
emission can be demonstrated with a Jablonski diagram (Figure 1.1), in which a
fluorophore is usually excited to a higher electronic state (S1) following the absorption of
one or two photons and emits a photon with lower energy before returning to the ground
state (S0). Fluorescence lifetime, τ, which is defined as the average amount of time a
fluorophore spends in the excited state prior to deactivation to the ground state via
emission, is highly sensitive to molecular structure and environment. For example,
binding to another molecule, changing of local viscosity and solvent polarity 19 influence
the fluorescence lifetime.

Figure 1.1: Simplified Jablonski diagram. A fluorophore is excited from the ground state
S0 to a higher energy state S1 or S2 at the rate of Kx following absorption of one (dot blue)
or two (solid red) photon(s). Emission from S1 to S0 (green) is called fluorescence with a
relaxation rate of Kfl. Molecules can also undergo intersystem conversion at the rate of
KISC to the first triplet state T1 and emit phosphorescence at the rate of KT.
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The mitochondrion is an elongated organelle with a cylindrical shape (~0.5-1 µm
in diameter) and can be found throughout most of the cytoplasmic area in eukaryotic
cells.20 The mitochondrial matrix is an aqueous compartment containing enzymes mainly
for the citric acid cycle, while the mitochondrial inner membrane surrounding it contains
enzymes for the electron transport chain that are essential for oxidative phosphorylaton21.
Figure 1.2 shows the simplified, schematic structure of a eukaryotic mitochondrion.
Mitochondria, which are dynamic and undergo constant fission and fusion, play a key
role in energy metabolism.22 Mitochondria provide more than 80% of cellular energy
currency (ATP) via oxidative phosphorylation, which is 15 times more efficient than
glycolysis.23,

24

In addition, mitochondria are also essential in apoptosis.20 Previous

research has shown that mitochondrial malfunction correlates with a wide range of health
problems such as diabetes, neurodegenerative diseases and cancer. 20, 25, 26

Figure 1.2: Simplified demonstration of mitochondrial structure27.
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The mitochondrial marker, rhodamine 123 (Rh123 hereafter), was synthesized by
the Chen lab in the 1980s. Figure 1.3 shows the chemical structure of Rh123,20, 28 which
is a lipophilic, photostable fluorophore with a high extinction coefficient (ε ~7.5104cm-1
mol-1) and fluorescence (~525 nm emission) quantum yield (~0.9).20,

25, 29

Since then,

Rh123 has been widely used as a mitochondrial label with minimal cell toxicity.20 The
high affinity of Rh123 for mitochondria has been attributed to its positive charge and the
highly negative membrane potential of mitochondria,20,

30

a discovery that has been

exploited in membrane potential studies.31 Compared with normal cells, cancer cells
generally exhibit a relatively high mitochondrial membrane potential, and thus have a
stronger ability to attract and retain Rh123 in their mitochondria32. The nature of Rh123
interaction with mitochondria is not fully understood even though this fluorescent label
has been widely used for tracking and electrophysiological assessment of mitochondria.

Figure 1.3: Chemical structure of Rh12320
Each of the biophotonics techniques mentioned previously has been used
extensively on an individual basis over a wide range of cell biology. However, some of
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these techniques are a challenge to apply towards modeling a cellular functional response
due to the inherent variations associated with each experiment, including sample
preparation, operator, and observables. Importantly, the molecular events underlying
cellular function take place on a wide range of time scales (10-15 s to >10 s). As a result,
and within the spirit of the system-biology philosophy, there is a need for a more
comprehensive look at the same biological system with a non-invasive, integrated,
multiscale biophotonics approach. The objective of this thesis is to develop and test a
multimodal, multiscale spectroscopy system, built on a single platform, for gaining
quantitative biomolecular information in living cells without interfering with cellular
processes. These fluorescence techniques include differential interference contrast (DIC),
confocal microscopy, two-photon (2P) microscopy, steady state and time-resolved
anisotropy, two-photon fluorescence lifetime imaging (2P-FLIM) and fluorescence
correlation spectroscopy (FCS). As a proof of principle, mitochondrial-specific
fluorescent dye, Rh123 in solution and/or Rh123 stained human breast cancer cell line
Hs578T, were used to characterize the system.
This thesis is comprised of four major parts. Chapter 1 is an introduction that
surveys the current state of technique development for biomolecular and cellular
biophysics. Brief background on the biological function of mitochondria, health-related
problems associated with mitochondrial anomalies, and fluorescent markers for tracking
mitochondria are also provided. The methodology, data analysis, and materials are
described in Chapter 2. The results and discussion (Chapter 3) provide the fluorescence
dynamics of Rh123 in solution and Rh123-stained human breast cancer cell line Hs578T
over broad temporal and spatial scales as a proof of principle for the integrated imaging
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system. Finally, the conclusions and future outlook, drawn from the previous results and
future directions, are summarized in Chapter 4.
The work presented in this thesis is published, in parts, in the Journal of
Biomedical Optics (Qianru Yu, Michael Proia and Ahmed A. Heikal, “Integrated
biophotonics approach for noninvasive and multiscale studies of biomodecular and
cellular biophysics”, 13(4), 041315).
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Chapter 2
Materials, Methods and Technique Development

2.1 Cell Culture and Mitochondrial Labeling
The human breast cancer cell line Hs578T and its culture media were obtained
from American Type Culture Collection (ATCC, Manassas, VA). The epithelial Hs578T
cell line was derived from a rare infiltrating ductal carcinoma of a 74-year-old female
patient. Unlike most breast cancer cell lines, which express estrogen receptors, Hs578T
represents the scarce transformed breast cell lines that are estrogen receptor negative. The
media is a mixture of Dulbecco’s Modified Eagle Media (DMEM) with 10% Fetal
Bovine Serum (FBS) and 1% Penicillin-Streptomycin (PS). Cells were cultured in T-75
flasks (BD Biosciences, San Jose, CA) in a 37°C incubator with 5% CO2 and allowed to
reach 80-90% confluence before passing. The cells were then passed to glass-bottomed
petri dishes (MatTek, Ashland, MA) and incubated overnight. On the day of experiments,
the culture media was removed and the adherent cells were incubated for ~15 minutes
with fresh DMEM containing Rh123 (Invitrogen, Chicago, IL) at a final concentration of
0.5 μM. For single-molecule FCS measurements, the concentration of free Rh123 in
solution and Rh123 for cell incubation was reduced to a few nM and 0.1 μM,
respectively. The labeled cells were washed three times with phosphate buffered saline
(PBS) (Invitrogen, Grand Island, NY) prior to imaging in 2 mL Tyrodes buffer (135 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 20 mM HEPES and 5 mM glucose).
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Under these conditions, no significant dye aggregations were observed on the glass
substrate. Further, the observation confocal volume was selected away from the glass
bottom to avoid the substrate effects on the diffusion kinetics. Free Rh123 (5 μM) was
used for control experiments in PBS (pH 7.4). The absorption and emission spectra of
Rh123 (a few µM) were obtained using a UV-Vis spectrophotometer (DU800) and
spectrofluorometer (Fluorolog FL3-12, Horiba Jobin Yvon), respectively. The absorption
and emission spectra of Rh123 is shown in Figure 2.1. Rh123 has an absorption spectrum
ranging from ~425 nm to ~525 nm with a peak at ~490 nm. The emission spectrum of
Rh123 extends from ~490 nm to ~600 nm with a peak at about 525 nm. In our study, a
continuous wave (CW) argon laser at 488 nm was used for DIC and confocal imaging.
Two photon excitation was at 960 nm and one photon pulsed excitation was at 480 nm.

Figure 2.1: Absorption and emission spectra of Rh123.
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2.2 Brief History, Experimental Setup and Data Analysis Related to the Multimodal
Fluorescence Microspectroscopy System
We have designed and built a multimodal microspectroscopy system (Figure 2.2)
for both imaging (confocal, DIC, and 2P-microscopy) and spectroscopy (FLIM and FCS)
of biomolecules in cellular environments. The system spans a wide range of spatial and
temporal scales. Below, we provide background, experimental setup, and data analysis
for each technique, within the context of biological questions.

2.2.1 Spectrophotometry and Spectrofluorometry
The absorption and emission spectra of Rh123 were obtained using a UV-Vis
spectrophotometer (DU800) and spectrofluorometer (Fluorolog FL3-12, Horiba Jobin
Yvon), respectively. Briefly, a blank sample (the buffer solution used to dilute the dye)
was placed in the spectrophotometer and served as the baseline. The diluted dye sample
(a few µM) was then scanned from 200 nm to 800 nm to obtain the absorption spectrum
of the specific dye. A similar procedure was used for spectrofluorometer measurements,
except that the sample was excited at a specific wavelength and the emission of the dye
was recorded over a series of wavelengths.

2.2.2 DIC, Confocal and 1P-Steady State Anisotropy Images
The basic concept of confocal microscopy, first developed by Minsky in 1955, is
to use a pinhole (in a plane conjugate with the image plane before the detector) to reject
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out-of-focus emission so that only the signal at the focal plane is detected.1 Unlike
general wide-field microscopy, in which an entire image is obtained at once, the
acquisition of the confocal image is via a “point by point, line by line” reconstruction.
The wide application of confocal microscopy was not realized until the 1980s, after the
wide-stream development of lasers. Compared with traditional wide-field microscopy,
confocal microscopy not only provides better resolution, but also has optical sectioning
ability, which provides the opportunity for imaging thick biological samples in three
dimensions.1-3 Nowadays, confocal microscopy has been applied in a wide variety of
research areas, such as biology, biochemistry, biomedicine, and clinical research.4
The confocal microscope consists of an inverted microscope with DIC capability
(Olympus, IX81, Melville, NY), 1.2 NA (60) water-immersion objective, a laser
scanning unit (FV300, Olympus), and continuous wave (CW) lasers at different
wavelengths (Figure 2.2A). Rh123 was excited using 488 nm from an argon ion laser
(Melles Griot, Carlsbad, CA), while the fluorescence was collected using a 525/30BP
filter (Chroma, Rockingham, VT) and two photomultiplier tubes (PMTs). There are three
detecting channels in the confocal system, with channel 1 and channel 2 for fluorescence
detection and channel 3 for DIC. The confocal scanning unit was also modified to allow
for 1P-steady state fluorescence polarization anisotropy imaging with the addition of
polarizers. By using different combinations of lasers, beamsplitters, dichroic mirrors and
detection filters, the confocoal microscope can be applied to biological systems with
multi-wavelength fluorescence. For DIC and confocal imaging, data acquisition and
image analysis were carried out using Fluoview300 (Olympus) imaging software. The
XYZ and XYT functions were used to acquire 3D and time series confocal images,
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respectively. The Fluoview300 software also possesses implemented basic image analysis
functions, such as chopping, adding, subtracting and reading out intensity distributions.

2.2.3 Femtosecond Laser System for Multiphoton Excitation
The theory of simultaneous absorption of two photons by an atom was first
developed by Maria Göppert-Mayer in 1931, decades before lasers were invented
(~1960) to allow for testing of such a theory.5 It took another several decades (1990)
before the first two-photon excitation (TPE) microscope was developed for cellular
and tissue imaging by Watt Webb and his co-workers.6 Two-photon microscopy
allows for the excitation of a very small sample region, down to 0.1 fL,2 so that no
confocal pinhole is needed to reject the emission from outside of the focal plane. In
other words, TPE is “inherently confocal” because of its nonlinear nature (F1/x4;
where F is the 2P-fluorescence and x is the distance away from the focal plane). More
importantly, TPE allows for imaging within turbid biological tissues due to the
infrared laser pulses typically used.2 While the use of one-photon excitation is a
common

practice

for

fluorescence

microscopy,7

it

suffers

from

extended

photobleaching, scattering, and limited penetration depth in turbid biological
samples.8 In addition, 1P excitation at ultraviolet (UV) may cause DNA mutations 9
and cellular photodamage.10 Multi-photon microscopy overcomes these challenges,6,
11, 12

albeit with a smaller excitation cross-section.13 2P fluorescence microscopy has

been used in a broad spectrum of biological and medical studies.14-17
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For 2P microscopy and dynamics studies, femtosecond laser pulses (~120 fs,
76 MHz) were generated using a titanium-sapphire solid state laser system (Mira 900F, Coherent, Santa Clara, CA) pumped by a diode laser (Verdi-10W, Coherent). The
fundamental excitation wavelength range ( ex : 700 – 1000 nm) was extended to 350–
500 nm using a second harmonic generator (SHG 4500, Coherent). The laser pulses
(1P or 2P) were steered towards either the modified FV300 scanner or the back exit
port of the microscope for sample excitation using a high NA objective. The
repetition rate of the laser could be reduced to 4.2 MHz using a pulse picker (Mira
9200, Coherent). Figure 2.2B shows the detailed pathways of the femtosecond laser
system.

2.2.4 Fluorescence Lifetime Imaging
Fluorescence lifetime imaging(FLIM) in frequency domain was first developed
by Lakowicz et al. in 1992.18 This technique combines fluorescence lifetime
measurements with 2D imaging, which creates images that reveal the lifetime distribution
over the whole sample using lifetime as the image contrast. Recently, FLIM has been
developed using the principle of time-correlated single-photon counting principle, for
direct time-resolved fluorescence measurements in various cell lines and animal
studies.19, 20
For 2P-FLIM, the pulsed laser was steered towards the confocal FV300 scanning
unit and then to the objective of the microscope. Following pulsed excitation, the
epifluorescence was isolated using a dichroic mirror and emission filters (690SP plus
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525/50BP for Rh123 emission) before being directed into one or two channels (using
either a 50/50, dichroic, or polarizing beam splitter) for lifetime imaging (Figure 2.2C).
The epi-fluorescence polarization was resolved using a Glan-Thompson polarizer per
channel prior to being amplified, routed, and then detected using multi-channel platePMTs (R3809U, Hamamatsu, Hamamatsu City, Japan). The time-correlated singlephoton counting histogram was then recorded using the SPC-830 module (Becker and
Hickl, Berlin, Germany), which was synchronized with a fast photodiode signal.
FLIM was analyzed using SPCImage software (Becker & Hickl). The measured
fluorescence decays at a given pixel can generally be described as a sum of exponentials
with time constants (  i ) and amplitudes (  i ):21, 22

I 54.7 (t , x, y )  i ( x, y )  exp[ t /  i ( x, y )]

(3.1)

i

The average fluorescence lifetime is calculated as:
 fl    i i /   i

(3.2)

where the number of exponentials depends on the fluorophore structure and its
surroundings. In the SPCImage software, the sum of αi is normalized to 1.
These measurements were carried out using magic-angle (54.7º) polarization to
eliminate rotational diffusion effects on the measured lifetime. A non-linear least-squares
fitting routine (SPCM, Becker & Hickl) was used to analyze fluorescence decays via a
deconvolution algorithm. The system response function could be generated either by the
software (based on the decay rise time) or measured experimentally (using the second
harmonic signal from monobasic potassium phosphate crystals). In 2P-FLIM, 256256
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pixels were used with 64 time bins per pixel (i.e., 259 ps/bin), which naturally leads to a
low signal-to-noise ratio and low time resolution per pixel. The signal level is improved
by increasing the binning number, which accounts for the signal of the surrounding
pixels. However, over-increase of the binning number, especially for a heterogeneous
biological environment, could lead to artifacts and false results. The binning number is
kept at 1 or 2 in our analysis. The fitting quality was evaluated using the residual and 2
(<1.3). The lifetime distribution histogram was also exported from the SPCImage
software.

2.2.5 Fluorescence Polarization Anisotropy Imaging
During the excited lifetime, molecules rotate with characteristic times that depend
on their hydrodynamic volumes and immediate surroundings. Both the rotational
diffusion and dipole-moment orientation distribution can be measured using fluorescence
anisotropy imaging. At any given pixel coordinates (x,y), the fluorescence polarization
anisotropy, r ( x, y, t ) , can be calculated from two simultaneously measured fluorescence
intensity images of parallel I // (t, x, y ) and perpendicular I  (t, x, y ) polarizations such
that:22

[ I // (t , x, y )  I //0 (t , x, y )]  G  [ I  (t , x, y )  I 0 (t , x, y )]
r (t , x, y ) 
[ I // (t , x, y )  I //0 (t , x, y )]  2G  [ I  (t , x, y )  I 0 (t , x, y )]

(3.3)

where the G-factor accounts for the bias of the polarization detection. For 1P-steadystate anisotropy imaging, the G-factor can be estimated by comparing steady-state
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anisotropy of reference fluorophores in a spectrofluorimeter and in the confocal
system.23 For time-resolved anosotropy, the G factor can be estimated using the tailmatching approach21 of a small molecule with a long excited-state lifetime (e.g.,
fluorescein) and a similar emission spectra. The background of parallel I //0 (t, x, y ) and
perpendicular I 0 (t, x, y ) images was estimated in an area away from the cell
boundaries (or from the baseline of a corresponding fluorescence decay) and
subtracted prior to calculating the corresponding anisotropy decays. Based on
molecular and cellular complexity, time-resolved anisotropy decays can generally be
described as:
3

r (t , x, y)    i ( x, y )  exp[ t /  i ( x, y )]

(3.4)

i 1

where the sum of pre-exponential factors (  i ) equals the initial anisotropy ( r0 ). A
fluorophore tethered to a large macromolecule would undergo segmental motion on a
fast time scale while the overall rotational time (  i ) would become too slow with
respect to the fluorescence lifetime. In this case, the corresponding pre-exponential
factor for the relatively immobile fraction is called a residual anisotropy ( r ). Timeresolved fluorescence polarization anisotropy decays were analyzed using OriginPro 7
(Origin Lab®, Northampton, MA) without deconvolution with the system response
function (FWHM ~ 50 ps). The initial anisotropy depends on the orientation angle
(  ) between the absorbing and emitting dipoles such that:21

21

r0 ( x, y ) 

2  3 cos 2  ( x, y )  1 


2  3 
2


(3.5)

where  is the number of excitation photons (= 1 for 1P and = 2 for 2P) and the
maximum theoretical value of r0 is 0.4 for 1P and 0.57 for 2P.21 High NA objectives can
also introduce optical depolarization effects, i.e., smaller steady-state anisotropy.24, 25

2.2.6 Fluorescence Correlation Spectroscopy (FCS)
The concept of fluorescence correlation spectroscopy (FCS) started with the
seminal paper by Watt Webb and his coworkers in 1972.26 However, FCS was not widely
used in scientific research until in the 1990s due to severe technical difficulties in its
early development.27 As a single, fluorescent molecule diffuses through an observation
volume (~10-15 L) defined by the optical setup, the fluorescence signal will fluctuate due
to lateral diffusion, chemical reactions, and photophysical processes28,29-31. These timeaveraged fluctuations are then correlated in time to extract valuable kinetics parameters at
the single-molecule level. FCS can be excited via both one-photon (both pulse and
continuous) and two-photon excitation.28 Up until now, FCS has been applied in a wide
variety of studies such as membrane dynamics,32 diffusion and chemical kinetics of
DNA-drug interactions,33 and receptor-translocator interactions.34 FCS provides ms – s
time resolution and is thus a supplementary technique to the ultrafast fluorescence
lifetime imaging (ps to ns).
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FCS is a powerful tool for investigating translational diffusion and the chemical
kinetics that cause concentration (i.e., fluorescence) fluctuations of single molecules as
they diffuse throughout an open observation volume29-31. To extend our observation time
for monitoring translational diffusion and association kinetics, we have integrated
different modalities of FCS into our experimental platform (Figure 2.2D). The
epifluorescence was isolated from the excitation light using a dichroic mirror (690SP)
and a filter (525/50BP) prior to being separated into two channels (using either 50/50 or
polarizing beam-splitter). Fluorescence fluctuation signal from an open observation
volume (~10-15 L) was then focused onto an optical fiber (50 µm diameter), which acted
as a confocal pinhole prior to detection by one (autocorrelation) or two (cross-correlation)
avalanche photodiodes (APDs, SPCM CD-2969, Perkin-Elmer, Fremont, CA). The
signals were then correlated using an external multiple-tau-digital correlator (ALV/6010160, Langen / Hessen, Germany). The system was routinely calibrated using a
photostable fluorophore, rhodamine green (Invitrogen), with known diffusion coefficient
( DT ~2.8x10-6 cm2/s).29, 31
In FCS, the autocorrelation function G() of the fluorescence fluctuations is
defined as:29-31

GD ( )  [F (t ).F (t   )] /  F (t )  2

(3.6)

where F(t) is the fluorescence intensity at a given time t, and F(t) is the corresponding
fluorescence fluctuation. The autocorrelation for a single diffusing species in a 3DGaussian observation volume is given by:29-31
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GD ( , x, y ) 

1
1
N [1   /  D ( x, y )]  [1   / S 2 D ( x, y )]

(3.7)

where N is the average number of molecules with a residence diffusion time of  D and an
axial-to-lateral dimension ratio (or structure parameter) of

S  0 / z . For spherical

fluorophores under 1P-excitation, the diffusion coefficient, DT  02 / 4 D  k BT / 6a ,
where k B and a are the Boltzmann constant and the radius of the diffusing fluorophore,
respectively. The translational diffusion time obtained using FCS depends on 3 V and is
therefore less sensitive to the molecular hydrodynamic volume.
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Figure 2.2: Schematic diagram of the integrated multimodal biophotonics system. (A)
Confocal microscopy system with FV300 confocal scanning unit and 1X81 microscope;
(B) Femtosecond laser system with pumping laser Verdi V-10 and solid state laser MIRA
900 to generate the laser at 76 MHz from 700 – 1000 nm. Laser pulse repetition rate and
wavelength will be reduced using the pulse picker MIRA 9200 and the second harmonic
generator SHG 4500; (C) FLIM system with epifluorescence going to the multi-channel
plate PMTs; (D) FCS system with epifluorescence signal going to the avalanche
photodiodes (APDs) and correlator ALV 6010. M: mirror, P: polarizer; PHD: pohotodiode;
L: lens; ND: neutral density filter; BS: beamsplitter; G: 10% reflecting mirror; F: filter.
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Chapter 3
Results and Discussion

3.1 DIC and Confocal Microscopy Images of Rh123-Stained Human Breast Cancer
Cells Reveal Intracellular Mitochondrial Distribution and Movement
DIC and confocal fluorescence images of the Rh123-stained human breast cancer
cell line Hs578T reveal a relatively large nucleus-to-cell-size ratio (Figure 3.1), which
agrees with previous reports on other cancer cell lines, such as human gastric carcinoma
cells.1 This increase of nucleus-to-cytoplasm ratio in cancer cells has already been used
by pathologists as a qualitative indicator for malignancy.2 The representative DIC
(Figure 3.1A) and confocal (Figure 3.1B) images show the cell morphology and
mitochondrial distribution where Rh123 is localized. The observed perinuclear
mitochondrial distribution in cancer cells has been observed previously in other cancer
cell lines such as breast cancer cells (MCF-7) and human lung carcinoma cells (A549),3
which is attributed to the increased supply of ATP supply for detoxification and high
motility in these carcinoma cells.3
Figure 3.2 shows the fluorescence intensity distribution of Rh123 in one single
mitochondrion. It is obvious that Rh123 is heterogeneously distributed inside
mitochondria, which indicates that different compartments in the mitochondria actually
have various affinities for Rh123 molecules.
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Figure 3.1: High resolution DIC and confocal fluorescence images of Rh123-stained
single breast cancer cells reveal cell morphological features. (A) DIC image of a human
breast cancer cell. (B) The mitochondria appear clustered in the vicinity of the nucleus
with a range of mitochondrial shapes. (C) Overlay of DIC and confocal images. Scale bar
is 10 µm.

Figure 3.2: Fluorescence intensity distribution of a single mitochondrion in the confocal
image. Scale bar is 5 µm.

32
It is known that mitochondria are dynamic organelles in cells that undergo fission
and fusion constantly.3 In order to assess the mobility of the mitochondria, a timedependent measurement on Rh123-stained breast cancer cells was carried out at
10s/frame, as shown by the time-series XYT confocal images in Figure 3.3. It is
apparent that during the time windows measured, mitochondria in cells underwent both
shape and position changes. Therefore, it is important to monitor the observation time
for single mitochondrial studies. Moreover, no significant intensity decrease was
observed during the time windows, indicating the photostability of Rh123 in the cellular
environment.

Figure 3.3: Time series images of Rh123 stained human breast cancer cells. Scale bar is
10 µm.
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One advantage of confocal microscopy is its optical sectioning capability, which
makes 3D imaging possible. Figure 3.4 shows a representative confocal image sequence
as a function of imaging depth at an interval of 1 µm. These images reveal mitochondrial
distributions over the full volume of the cell. The XYZ optical sectioning imaging mode
will be very useful in deep tissue 3D imaging.

Figure 3.4: Optical sectioning of a Rh123 stained breast cancer cells using XYZ scanning mode.
The scan is at 1 µm intervals. Scale bar is 10 µm.

34
3.2 1P-Steady State Anisotropy Indicates Restrictive Environment of Mitochondria
for Rh123
Steady state fluorescence anisotropy imaging provides spatial visualization of the
dipole-moment distribution of fluorophores and their orientation order with respect to the
laser polarization. Steady-state fluorescence polarization anisotropy images of Rh123stained cancer cells can be constructed using parallel- and perpendicular-polarization
images (either confocal or 2P) that are recorded simultaneously. The anisotropy image of
each pixel was calculated using Equation 3.1, with background subtractions. Typical
confocal 1P-fluorescence images with parallel and perpendicular polarizations (using 488
nm, CW) are shown in Figure 3.5 (A and B). The calculated anisotropy image is shown
in Figure 3.5C with a color coded bar indicating the initial anisotropy per pixel. Since the
polarization-analyzed images were recorded with a high NA objective (1.2 NA, 60,
water immersion), the apparent steady-state anisotropy per pixel is convoluted with a
possible objective-induced depolarization effect.4 The wide range of average anisotropy
per pixel reveals a heterogeneous molecular environment with different degrees of
restriction on the fluorophore rotational mobility (or tumbling). The average steady state
anisotropy per single cancer cell is 0.23±0.04 (n=7), which is significantly smaller than
the theoretical maximum ( r0 =0.4 for 1P). The observed anisotropy images with low
average anisotropy indicate competing depolarization effects that may include (i) high
NA objective, (ii) fluorescence resonance energy transfer (e.g., homo-FRET), and (iii) a
percentage of free Rh123 in a non-restrictive mitochondrial environment. However, the
average value is misleading due to the heterogeneous cell environment as revealed by the
2D anisotropy image (Figure 3.5C). Using Equation 3.2, the anisotropy per pixel can be
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converted to the angle () between the absorbing and emitting dipole5,

6

of a Rh123

molecule. The corresponding average angle for the 1P average anisotropy per single cell
is  33º± 4º (n=7).
To the best of our knowledge, these steady-state anisotropy results of Rh123stained mitochondria in live cells are the first to be reported. Previously, Gidwani et al.7
studied the steady state fluorescence anisotropy (<r0> ~0.13) of NBD-PE-labeled lipid
bilayers in a cuvette. More recently, Davey et al.5, 8 reported changes in the anisotropy
(  r0  ~0.1) of DiI-C18-labeled plasma membrane under different conditions of extensive
cross-linking of IgE-receptor in RBL-2H3 mast cells, compared with  r0  =0.300.01
for DiI-C12-labeled fluid giant unilamellar vesicles (GUVs).5,

8

However, the lipid

markers used in those studies have different chemical structures and, therefore,
intercalation mechanisms with the lipid bilayer.5,

8

In addition, the inner membrane of

mitochondria is known to have a higher membrane potential than the plasma membrane
in living cells or synthetic lipid bilayers such as GUVs, which explains the labeling
specificity of Rh123 to mitochondria.9 As a result, we conclude that Rh123 experiences a
more restrictive environment in mitochondria.
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Figure 3.5: Parallel (A), perpendicular (B), and steady state anisotropy (C) images of Rh123
stained human breast cancer cells under excitation 1P CW laser at 488 nm.
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3.3 2P-FLIM Reveals that Excited-State Dynamics of Rh123 is Sensitive to Cellular
Environment
Typical 2P-fluorescence intensity and lifetime images of Rh123-labeled
mitochondria in a single cancer cell are shown in Figure 3.6 (A, B), respectively. These
images were recorded using 960-nm excitation (76 MHz, ~3 mW at the sample) and a
collection time of up to 120 s. The pseudo-color of FLIM images (256256 pixels, 64
time channels/pixel, ~259 ps/channel) represents the average lifetime per pixel of Rh123
throughout the cell. The fluorescence of mitochondrial Rh123 decays as a single
exponential with an average lifetime of 3.1±0.3 ns (n=5), which is shorter than free
Rh123 in solution (3.7±0.3 ns, n=3), measured under the same conditions. The
corresponding pixel-lifetime histogram (Figure 3.6C) shows a broad lifetime distribution
due to the heterogeneity of the mitochondrial environment. The observed singleexponential fluorescence decay of Rh123 is in agreement with Schneckenburger et al.,10
who studied Rh123-stained BKEz-7 endothelial cells using a combination of one-photon
FLIM and total-internal reflection techniques. However, the reported fluorescence
lifetime of Rh123 is slightly shorter (2.70.3 ns) in BKEz-7 endothelial cells (using 5 and
10 M in a 30 minute incubation).10 As the dye concentration was increased to 50 and
100 M, the authors reported biexponential decays with a fast decay component of
0.550.1 ns (amplitude fraction = 0.40.2). Further reduction of Rh123 fluorescence
lifetime was reported in the BKEz-7 mitochondria.10 These differences with our Rh123
fluorescence lifetime in cancer cells can be attributed to the low concentration used in our
studies, which would minimize possible homo-FRET. In addition, the sensitivity of this
lipophilic fluorophore to the mitochondrial membrane potential,9 which would depend on
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the cell line, should not be ruled out. Finally, the use of magic-angle polarization in our
studies would eliminate rotational effects on the measured excited-state dynamics of
Rh123. These FLIM results demonstrate the sensitivity of Rh123 fluorescence lifetime
(i.e., quantum yield) to the cellular environment.

Figure 3.6: 2P-FLIM image of a single cancer cell reflects a heterogeneous environment of
the mitochondrial marker Rh123. The 2P-fluorescence (filter) images 256x256 pixels) were
recorded using 960 nm excitation, 120 s acquisition time and 195 ps/channel. While the
average steady state 2P-fluorescence intensity image (A) provide a means for visualization
by recording the Rh123 (i.e., mitochondrial) distribution, the corresponding 2P-FLIM(B)
exhibits molecular information concerning the excited state dynamics and their sensitivity
to the environment. Such heterogeneity can be seen in the lifetime-pixel histogram (C),
with an estimated average lifetime of 3.1±0.3 ns (n=9). The arrow marks the lifetime of
free Rh123 in solution.
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3.4 Time-resolved, 1P-fluorescence Anisotropy
Environment of Mitochondria

Reveals

the

Heterogeneous

To elucidate the structural conformation that underlies Rh123 interactions with
mitochondria, we have conducted time-resolved anisotropy measurements in living cells
where the laser pulses (480 nm, 4.2 MHz) were strategically focused on a single
mitochondrion. Time-resolved anisotropy of mitochondrial Rh123 decays as multiexponential, which represents a complex pattern of rotational motion (tumbling). On
average (n=6), Rh123 in the mitochondrial compartment exhibits a bi-exponential decay
with 1 = 2.2±0.6 ns (  1 = 0.08±0.01) and  2 = 48±17 ns (  2 = 0.23±0.01), in addition to
a minor fast component (~100 ps and an amplitude of ~0.03). The overall initial
anisotropy ( r0 = 0.30 ± 0.01) and fitting parameters as summarized in Table 3.1. Since the
rotational diffusion time is limited by the fluorescence lifetime of the fluorophore(3.7 ns
for Rh123), the slower component will be less accurate for large (or more restricted)
molecules. In contrast, the fluorescence polarization anisotropy of free Rh123 exhibits a
single exponential decay with a fast rotational time (~120 ps) in PBS (pH 7.4) at room
temperature.
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Table 3.1: Fitting parameters for time-resolved fluorescence polarization anisotropy of
Rh123 in the mitochondria of cancer cells. In these one-photon measurements (480 nm
pulses at 4.22 MHz), the laser was strategically focused on selected mitochondria and
parallel and perpendicular polarizations of the fluorescence (525/50BP filter) were detected
simultaneously (n=6). The corresponding anisotropy decay of free Rh123 (PBS, pH 7.4, at
room temperature) is also shown for comparison.
Environment

1 

1 (ns)

2 

 2 (ns)

3 

 3 (ns)

r0

Mitochondria

0.024(4)*

0.08(3)

0.07(1)

2.2(4)

0.23(2)

42(4)

0.32(1)

PBS (pH 7.4)

0.28(3)

0.11(1)

--

--

--

--

--

* The number in parentheses represents the standard deviation in the last digit of a given
fitting parameter

Verkman and coworkers have investigated the rotational diffusion of green
fluorescent protein (GFP) in the mitochondrial matrix using time-resolved anisotropy.11
The authors have reported that the rotational times of GFP in both the mitochondrial
matrix and buffer solution are basically the same.11 However, Rh123 is a much smaller
fluorophore and, yet, exhibits a much slower rotational diffusion component inside cells
than in solution (~120 ps). Moreover, the large population fraction (~73%) of the slow
diffusion component of Rh123 suggests that Rh123 is predominately restricted to the
mitochondrial inner membrane. The minor fast rotational component (<100 ps) is likely
due to free Rh123 in the mitochondrial matrix (since free Rh123 in the cytosol is
negligible) or segmental mobility within a small wobbling angle. Assigning the
intermediate rotational time (~3 ns), however, to a well-defined conformation is not
straightforward using only these results. One possibility is that Rh123 intercalates to the
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mitochondria via two different mechanisms. First, the majority (~73%) of Rh123 is
attached to the inner membrane of the mitochondria in the presence of high membrane
potential. To be more specific, Rh123 may be attached to F0F1-ATPases causing
inhibition to its activities, as proposed by Modica-Napolitano and Aprille.23 Second, a
small fraction (~27%) of the fluorescent label, which is positively charged, may exist in a
relatively restricted environment either on the inner membrane or in the space between
the inner and outer membranes of the mitochondria. These multiple conformations may
explain the observed multi-exponential fluorescence decays using high temporal
resolution (i.e., single-point measurements). The high slow-to-fast ratio of anisotropy
amplitudes of mitochondrial Rh123 indicates a significant degree of orientation constraint
on the fluorophore dipole moment.12 This argument is consistent with previous studies on
Rh123 inhibition of oxidative phosphorylation via the disruption of the electron transport
chain in the inner mitochondrial membrane.13

3.5 FCS Probes the Translational Diffusion of Mitochondrial Rh123 with an
Extended Observation Scales
To further explore translational diffusion of Rh123 in mitochondria, fluorescence
autocorrelation analysis using FCS with an extended observation time scale up to seconds
(with ~200 ns resolution) was performed. In these measurements, the confocal
observation volume was strategically chosen away from the glass bottom of Petri dishes
to avoid substrate effects on the translational diffusion kinetics. The fluorescence
fluctuation autocorrelation of rhodamine green (RhG), which has a lateral diffusion
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coefficient DRhG ~2.8x10-6 cm2/s,14 was measured to calibrate our FCS setup with an
under-filled objective (1.2 NA, 60, water immersion) and a 50-m fiber as the confocal
pinhole. Figure 3.7A shows the fluorescence correlation curve of RhG. The excited-state
lifetime of Rh123 (~3.7 ns in solution and ~3.1 ns in cells, from the FLIM measurements
above) and the absorption cross-section at 488-nm excitation (~1.15x10-16 cm2) suggest a
saturation intensity of ~614 kW/cm2 for cellular studies and ~442 kW/cm2 in solution.15
As a result, all FCS measurements reported here were carried out in the linear-excitation
intensity regime (typically, 200 W/cm2) to avoid cellular photodamage or other
photophysical processes (e.g., photobleaching, intersystem crossing, and saturation) that
would complicate data interpretation. Under such a low excitation intensity, the
fluorescence fluctuation autocorrelation function of free rhodamine green (N~19
molecules) in solution is best described by diffusion alone (i.e., Equation 3.6) with an
estimated diffusion time of  D =0.106±0.002 ms (n=3) at room temperature. Based on the
measured diffusion time of RhG and the axial-to-lateral dimension (or structural
parameter; S10.8), an observation volume of ~1.87 m3 (for 3D-Gaussian) was
calculated. Under the same experimental conditions, the stained cells were first imaged
(or visualized using the microscope eye-piece) to select a region of interest (e.g., a
mitochondrion) where the laser was strategically focused for FCS measurements. Since
FCS is a single-molecule technique that requires only a few molecules in the observation
volume at any given time, the incubation concentration of the stock Rh123 was reduced
(~100 nM for ~15 min) for FCS versus other fluorescence measurements. Further
photobleaching was usually necessary before an autocorrelation function was observed.
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As a result, it is not clear if the estimated observation volumes in solution and in
restrictive environments that require photobleaching (e.g., mitochondria) are exactly the
same.
Having an average dimension of ~1–2 m in diameter, a single mitochondrion is
unlikely to move considerably during the acquisition time (100 s – 300 s) of FCS
measurements due to its projected small diffusion coefficient according to the literature
(~510-12 cm2s-1).16 Typical autocorrelation curves of Rh123 in solution and
mitochondria are shown in Figure 3.7 (B). Free Rh123 exhibits a single diffusion
coefficient of ~3.3x10-6cm2s-1 in solution (at room temperature) with an estimated
brightness ( F / N ) of ~4.35x103 photon.s-1molec-1. The autocorrelation of cytosolic
Rh123 fluorescence (i.e., away from mitochondria) can also generally be described as a
single diffusing species, with a diffusion coefficient comparable to that of free Rh123 in
solution ( DT ~3.6x10-6cm2s-1). In contrast, the autocorrelation function of mitochondrial
Rh123 is best described as two diffusing species (or the same species in two different
microenvironments) such that:17

GT ( , x, y)  (1  f )GD1 ( , x, y)  f  GD 2 ( , x, y)

(3.1)

where f is the fraction of the second diffusing species and GDi ( x, y) is the corresponding
autocorrelation function of the ith species at the pixel coordinates (x,y) of a cell image.
The estimated diffusion coefficients of these species are DT 1 ~2.3x10-6 cm2s-1 and

DT 2 ~10.6x10-8 cm2s-1, where the amplitude fraction of the slower component is ~82%.
The diffusion coefficients of both diffusing species in mitochondria (Table 3.2) have
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large standard deviations, which indicate the complex sampling environment inside the
observation volume. Previous studies have suggested that Rh123 is likely to partition
into the mitochondrial inner membrane,18 where the intermembrane region (i.e., the space
between the inner and outer membranes) of mitochondria is roughly 18-20 nm in
thickness.19 This provides a number of possible scenarios for the interpretation of our
FCS results. Furthermore, any measurement on the inner membrane of mitochondria has
the propensity to sample fluorophores from the cytosol and/or the mitochondrial matrix.19
Verkman and coworkers have reported the translational diffusion of GFP in
mitochondrial matrix compartments using FRAP11, with a reported diffusion coefficient
of ~2-3 x10-7 cm2s-1. These results were attributed to a relatively uncrowded
mitochondrial matrix.11 In this case, we assign the fast component to free Rh123
diffusing in the mitochondrial matrix. However, sampling fluorophores from the cytosol
should not be ruled out, considering the observation volume (~1.87 m3) and the singlemolecule sensitivity of FCS. The slow component can be assigned to the translational
diffusion of Rh123 in the inner membrane of mitochondria, which is expected to be a
more restrictive region than the mitochondrial matrix. Previous research has assigned
Rh123 interactions with the mitochondrial inner membrane.20, 21 The lack of an immobile
fraction in FCS autocorrelation curves suggest negligible (i) dye aggregations on the
glass bottom of Petri dishes and (ii) substrate effects on the translational diffusion
kinetics. Apart from the apparent differences in translational diffusion coefficients, there
is also a notable decrease in molecular brightness ( F / N ) from free solution to Rh123
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in mitochondria (Table 3.2), which is due to the observed reduction of Rh123
fluorescence lifetime in mitochondria (see above).
Table 3.2: A summary of fluorescence correlation spectroscopy results on Rh123 in solution
and living cancer cells. The fluorescence fluctuation autocorrelation of mitochondrial Rh123
is described using two diffusion species with fast and slow diffusion rates. The apparent
diffusion coefficients in cellular Rh123 were calculated relative to that of RhG in solution at
room temperature (~2.8x10-6 cm2s-1). The molecular brightness (number of fluorescence
photons per molecule per second) of Rh123 is also shown as a function of the surrounding
environment.

Region Sampled

PBS

(pH

7.4)

D1

D2

f

Brightness

(x10-6 cm2.s-1)

(x10-8 cm2.s-1)

(%)

(photon.s-1.molecule-1)

-

6(x 103

3.3(3)*

-

1.3 (8)

7 (3)

(n=3)
Mitochondria

0.33 (8)

0.8(3) x 103

(n=6)

*The numbers in parentheses represent the standard deviation in the last digit of a given fitting
pa
parameter.
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Figure 3.7: (A) Fluorescence correlation spectroscopy of RhG in PBS (pH 7.4); (B) FCS
measurements reveal distinct and heterogeneous autocorrelation functions of Rh123labeled cancer cells. Mitochondrial Rh123 (▲) diffuses much slower and the
autocorrelation functions are best described by two diffusing species (or the same species
in different microenvironments):  D1 = 0.12 ms (18%) and  D 2 = 2.65 ms (82%). The
fluorescence fluctuation autocorrelation of free Rh123 (PBS, pH 7.4; ■) can be described
as a single diffusing species with a diffusion time of ~0.08 ms.
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3.6 Hydrodynamic Model Analysis Reveals Different Models for Rh123 Solutions
and Mitochondrial Environment
Saffman and Delbrück have developed a hydrodynamic model for the Brownian
diffusion of transmembrane proteins in a membrane (i.e., 2D diffusion). In this model,
the membrane is considered as an infinite sheet of fluid lipid (with viscosity η) separating
less viscous aqueous region (with viscosity η’). In that model, the translational diffusion
coefficient ( DTSD ) of the protein is given by22:

DTSD 

k BT
ln h / ' a   0.5772
4 h

(3.2)

where kB is Boltzmann’s constant, T is the absolute temperature, a is the radius of
cylindrical protein, and h is the thickness of the membrane. Saffman and Delbrück have
also suggested that the translational-to-rotational diffusion coefficient ratio of a
transmembrane protein can be calculated as22:

DTSD / DR  ln h / ' a   0.5772a 2

(3.3)

In this hydrodynamic model, the authors treated the membrane as a Newtonian fluid layer
(with a constant viscosity and perfectly flat surface over large distances) for purely twodimensional diffusion. For a spherical fluorophore diffusing in a three-dimensional,
homogeneous medium (e.g., aqueous solution), the translational and rotational diffusion
coefficients in the Stokes-Einstein model are given by8:

DTSE 

k BT
6 a

(3.4)
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DRSE 

k BT
8 a 3

where a now stands for the particle radius.

(3.5)
Here, we use both Saffman-Delbrück

(Equation 3.2) and Stokes-Einstein ( DTSE / DR  4a 2 / 3 ) models to compare our
experimental results of the calculated ratio of translational-to-rotational diffusion
coefficients of Rh123.
As mentioned above, the rotational (~1.5±0.1×109 s-1) and translational
(~3.3±0.1×10-6cm2s-1) diffusion coefficients of free Rh123 in PBS solution were
measured using time-resolved anisotropy and FCS, respectively. In these calculations, we
used the Stokes-Einstein model for a spherical fluorophore. Consequently, the
experimental estimate of the DT/DR ratio is ~0.22±0.02 nm2. Based on the molecular
weight of Rh123 (381 Da), the calculated radius (a) is 0.48 nm8, which is in a good
agreement with the experimental estimate (~0.51 nm) using time-resolved anisotropy
(section 3.5). Thus, the theoretical DT/DR ratio for Rh123, according to the StokesEinstein model, is ~0.31 nm2. The good agreement between the experimental and
theoretical estimate of the DT/DR ratio of Rh123 supports the predicted validity of the
Stokes-Einstein model for a spherical fluorophore diffusing in a homogeneous, isotropic,
aqueous medium.
For Rh123 diffusing in the inner mitochondrial membrane, the translational
diffusion coefficient of the dominant slow component, measured using FCS, is
~6.5±3.1×10-8cm2s-1 and the average rotational diffusion coefficient is ~5.5±0.4×106s-1.
We are using the average values here to ensure that the calculated diffusion coefficient
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analyses are independent of the fitting protocol, especially without reliable assignment of
the different fitting parameters. These values yield an experimental DT/DR ratio of
1.18±0.57 nm2. Using the hydrodynamic model by Saffman and Delbrück22, and
assuming that a = 0.48 nm, h = 3 nm, = 58 cP,23, 24 and ’ = 1 cP, the predicted DT/DR
ratio (Equation 3.3) is ~1.22 nm2, which is in a good agreement with the experimental
value. In contrast, the experimental DT/DR value (~1.18 nm2) seems significantly larger
than the predicted value (0.31 nm2) using the Stokes-Einstein model. Such agreement
between the experimental and theoretical calculations suggests that the SaffmanDelbrück model describes well the multiscale diffusion of Rh123 in the complex
environment of the inner membrane of mitochondria. Care must be taken in reaching
concrete conclusions due to the following:

First, Rh123 is much smaller than a

transmembrane protein used in the hydrodynamic model, especially if the dye diffuses
freely as a monomer in the membrane. Second, the microviscosity of the inner membrane
of mitochondria may be heterogeneous or different from the assumed value used in these
calculations (58 cP, here). In fact, a wide range of possible membrane viscosities has
been reported, from ~5 cP to ~120 cP,25 which yield a DT/DR between 0.66 – 1.39 nm2
using the Saffman-Delbrück model. Finally, Rh123 may form clusters/complexes with
proteins, which may further complicate the calculation of its effective hydrodynamic
radius. The experimental and theoretical estimations of DT/DR of Rh123 in solution and
in cells were summarized in Table 3.3.
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Table 3.3: Summarization of the experimental and theoretical calculations of translational
over rotational diffusion ((DT/DR) using the Stokes-Einstein and Saffman-Delbruck
models.
DT/D (nm2)

Theoretical
Experimental

Sample

Stokes-Einstein

Saffman-Delbrück

Model

Model

Rh123 in PBS

0.22±0.02

0.31

----

Rh123 in mitochondria

1.2±0.6

0.31

0.66-1.39
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Chapter 4
Conclusions and Future Directions
In this thesis, an integrated biophotonics approach, built on a single platform, was
developed. As a proof of principle, this tool was used for multiscale biophysical studies
of the dye Rh123 and Rh123 stained mitochondria in human breast cancer cells Hs578T
to probe the heterogeneity of the mitochondrial environment in living cells. This
experimental approach allows for imaging the cell morphology and mitochondrial
distribution using DIC and fluorescence (confocal and two-photon) microscopy at a
diffraction-limited spatial resolution (~λ/2). Moreover, by adding a pair of polarizers (one
parallel and one perpendicular) to the confocal scanning unit, 1P-steady state anisotropy
measurements were obtained, which reflect the restrictiveness of the local cellular
environment of Rh123. The sensitivity of excited state fluorescence lifetime (10-12 -10-8s)
imaging microscopy of Rh123 enables us to quantify the mitochondrial environment
effects on the fluorescence quantum yield. The same FLIM approach can also be used to
investigate molecule-molecule interactions (i.e.., time-resolved FRET). Time resolved
anisotropy was used to study the rotational diffusion of Rh123 in mitochondria and
quantify the fraction of Rh123 in different environments and/or in various conformations.
The integrated FCS capability extended our observation time to investigate translational
diffusion (10-6 – 10 s) and chemical kinetics of equilibrated reactions with singlemolecule sensitivity. As a result, FCS enabled us to distinguish between conformational
changes (that may be transient) and the existence of multiple species with varying
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volumes. Though we use the human breast cancer cell line Hs578T as a model biological
system to test the validity of this integrated biophotonics approach, the application of this
assay, however, is far beyond the model cell line. For example, we have used the same
imaging system to study the fluorescence dynamics of intrinsic metabolic cofactor
nicotinamide adenine dinucleotide (NADH) under 740-nm excitation using normal breast
cell line Hs578Bst, normal and oncogene ras-activated primary keratinocyte from mouse
(an ongoing collaboration with Dr. Adam Glick from Biology Department, Penn State)
and normal and drug-manipulated primary neuron cells (an ongoing collaboration with
Dr. June Liu from Biology Department, Penn State).
While each method in this biophotonics approach may be quite complex and
would require a specialized user (protocol), which might limit the use of the developed
assay, the interdisciplinary trend in graduate student education would likely help in
implementing the proposed approach for multiscale studies. We also acknowledge that
some of these measurements will be difficult to carry out simultaneously due to the time
consumed in switching between different exit ports. Yet we believe that by using this
integrated biophotonics approach, it will be possible to quantify functionally-driven
changes in the structural conformation and surroundings of fluorescent molecules in
inherently complex systems. These modalities will provide researchers with a unique
opportunity to assess functionally-driven, multiscale changes in molecular and cellular
biology under controlled stimulation and towards model building. In addition, this
integrated approach can be applied to a wide range of molecular and cellular processes
such as receptor-mediated signaling. Ultimately, the capability of characterizing the state
of molecular assemblies and dynamics within the context of cell morphology may lead to
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biomedical cell diagnosis and to the high-throughput screening of therapeutic drugs, with
single-molecule sensitivity. Currently, the same experimental approach is being used for
biomembrane studies (both in engineered model systems and in vivo), energy
metabolism, and protein-protein interactions in our lab.

